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We have identified an isomeric state in 201Fr for which we propose a spin and parity of 13/2+, and interpret
it as arising from the π (i13/2 ) configuration. A half-life of 720(40) ns was measured, corresponding to B(M2) =
0.17(2) W.u., in good agreement with those of other 13/2+ → 9/2− [π (i13/2 ) → π (h9/2 )] transitions observed in
other nuclei in the region. The nuclei of interest were produced in a fusion-evaporation reaction and their decay
properties were investigated using the GREAT spectrometer at the focal plane of the RITU gas-filled recoil
separator.
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I. INTRODUCTION

One of the typical properties of nuclei in the region beyond
lead is the presence of various isomeric states [1]. In the
odd-mass nuclei a low-spin isomeric intruder 1/2+ state, inter-
preted to arise from a π (s−1

1/2
) configuration, has been observed

in bismuth (see Ref. [2] and references therein), astatine
[3–7], and francium nuclei [8–12]. The energy of this state
decreases with decreasing neutron number along an isotopic
chain, providing an experimental signature of the onset of
oblate deformation and increasing collectivity. The 1/2+ state
becomes the ground state at 185Bi [2] and 195At [5], and it
might become the ground state of francium starting at 199Fr
[8,11,12]. In this publication we report an improved half-life
value for the α-decaying 1/2+ isomeric state in 201Fr. The
present data remove the issue of anomalously large reduced
α-decay widths reported in Refs. [8,13], which were obtained
with very limited statistics.

The primary purpose of this work, however, is to expand
the knowledge on the isomeric 13/2+ [π (i13/2 )] state. Similar to

*kalle.e.k.auranen@jyu.fi
†Present address: CERN, CH-1211, Geneva 23, Switzerland.
‡Present address: STFC Daresbury Laboratory, Daresbury, War-

rington WA4 4AD, United Kingdom.
§Deceased.
�Present address: MTC Limited, Ansty Park, Coventry CV79JU,

United Kingdom.
¶Present address: Radiation and Nuclear Safety Authority–STUK,

Laippatie 4, 00880 Helsinki, Finland.
**Present address: Physics Division, Argonne National Laboratory,

9700 South Cass Avenue, Lemont, IL 60439, USA.

the 1/2+ state, the 13/2+ state is well known throughout the bis-
muth and astatine isotopes and has been associated with oblate
deformation (see, for example, Refs. [2,14–16] and references
therein). In the astatine isotopes, consistent with the oblate
deformed interpretation, a rotational band has been identified
above the 13/2+ state in the 199,197,195At isotopes [17,18]. In
francium isotopes, the state has been characterized in 205Fr
[10] and 203Fr [9], the former having a similar rotational band
built on the 13/2+ state, whereas a tentative assignment for
the beginning of said band has been made for the latter. In
Ref. [13] an isomeric state with T1/2 = 700+500

−200 ns was reported
in 201Fr. Based on Weisskopf estimates, an M2 transition
was proposed to depopulate this isomer. A level energy of
101–300 keV was estimated based on K-shell atomic elec-
tron binding energy and the trends of the internal-conversion
coefficient αK for an M2-type transition as a function of tran-
sition energy. In this work we provide improved experimental
evidence for the level energy and half-life of the isomer, as
well as for the M2 character of the depopulating transition.
The obtained results are compared to the systematics of 13/2+
states observed in the region.

II. EXPERIMENTAL DETAILS

The experiment was carried out at the Accelerator Lab-
oratory of the University of Jyväskylä. The nuclei of in-
terest were produced in the fusion-evaporation reaction
169Tm( 36Ar, 4n) 201Fr. The experimental details used at dif-
ferent phases of this study are listed in Table I, and the results
reported here represent the sum of all the data. The fusion-
evaporation residues recoiling out of the target (referred as
recoils hereafter) were filtered from the primary beam using
the RITU separator [19,20] and subsequently studied at the
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TABLE I. The beam energies (ELAB
b ), the typical beam intensities

(Ib), the irradiation times (t), and the thicknesses of the thulium target
(dTm) and possible 12C degrader foils (dU

C and dD
C , stacked upstream

and downstream of the target, respectively) used at different phases
of this study.

ELAB
b Ib t dTm dU

C dD
C

Phase (MeV) (pnA) (h) (μg/cm2) (μg/cm2) (μg/cm2)

1 178 90 8 1000 0 70
2 184 100 6 1000 0 70
3 187 120 38 1000 177 0
4 187 75 1 410 200 70
5 187 100 49 1000 200 70

focal plane of the RITU using the GREAT spectrometer [21].
The recoils passed through a multiwire proportional counter
(MWPC), after which they were implanted into a 300-μm-
thick double-sided silicon strip detector (DSSD). The high-
granularity DSSD was used to correlate spatially the recoils,
identified based on their energy loss in the MWPC and on the
MWPC-DSSD time-of-flight, with the subsequent α-decay
events. An event without the MWPC signal was considered
as a decay event. Known as the recoil-decay tagging, the
above-described method is extremely selective and therefore
suitable for the studies of the weakest production channels.
A cross section of the order of 6 nb was estimated for the
production of 201Fr based on the number of observed α-
decay events. An array of silicon PIN diodes was assembled
in a tunnel geometry upstream from the DSSD. The PIN
diodes were used to detect internal-conversion electrons and
α particles escaping from the DSSD. Delayed γ rays were
detected using three clover-type germanium detectors outside
the GREAT vacuum chamber and one planar-type detector
placed immediately behind the DSSD, inside the vacuum
space. Data from all detectors were time stamped with a
100-MHz clock, and the GRAIN software package [22] was
employed in the analysis.

III. RESULTS AND DISCUSSION

The events of interest were identified by searching for
recoil-implantation events, subsequently correlated with an
α-decay event of 201Fr in the same pixel of the DSSD. The
efficiency of the setup was enhanced further by adding back
the energies of the escaped α particles observed in the PIN
diodes. An energy spectrum of internal conversion electrons,
observed in the PIN diodes within 5 μs of the preceding
recoil implantation, is displayed in Fig. 1(a). The two peaks
of the spectrum fit to the energies of a K and L + M + · · ·
internal conversion of a 289.5-keV transition. A K/L+M+···
intensity ratio of 3.0(9) was extracted, in good agreement with
a theoretical value of 2.7(3) obtained for a 289.5-keV M2-
type transition using the BrIcc calculator [24]. The transition
energy of 289.5(4) keV was obtained by fitting the γ -ray
energy spectrum displayed in Fig. 1(b), in which the data from
the clover- and planar-type detectors were combined under the
same conditions as for the electrons of Fig 1(a).
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FIG. 1. (a) Energy spectrum of internal conversion electrons
emitted in the decay of the 13/2+ isomeric state in 201Fr. The decay-
time distribution of the electrons is displayed in the inset, and the
solid line is a least-square fit [23] to the data. (b) The respective γ -ray
energy spectrum. See the text for details.

As the α decay of the 201Fr ground state into the (9/2−)
ground state of 197At exhibits allowed character [8,13], in-
dicating a (9/2−) ground state for 201Fr, we assign a spin
and parity of (13/2+) for the presently observed isomeric state
deexcited by the M2 transition to the 201Fr ground state.
A comparison of the deduced level energy to those of the
nearby 13/2+ (π i13/2) states is presented in Fig. 2(a). The level
energy is seen to reduce with increasing proton number as
the Fermi surface comes closer to the π i13/2 orbital as the
proton levels are filled. In bismuth nuclei the 13/2+ level
energy appears to be stable near the N = 126 shell closure,
and then it plateaus again near the N = 104 neutron-midshell,
in between having a well-pronounced transitional region of
3–4 odd-mass isotopes where the energy of the state drops
over 1 MeV. In astatine nuclei a similar trend has been
observed, yet the transitional region is not as pronounced
as in bismuth nuclei. The present level energy indicates an
even more gradual decrease in the francium isotopes. This
can be expected when one moves towards heavier elements,
away from the Z = 82 shell closure due to earlier onset of
deformation. The downsloping trend of the 13/2+ level energy
as a function of decreasing neutron number is interpreted as
a fingerprint of the onset of deformation and is illustrated
in Fig 3. In this figure the 13/2+ state excitation energy is
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FIG. 2. (a) Level energy of the 13/2+ (π i13/2) state in bismuth,
astatine, and francium isotopes. (b) The reduced transition strength
of the M2 transition depopulating the 13/2+ state. The neutron number
of 201Fr is 114. Two of the data points are upper (lower) limits as in-
dicated with the downward (upward) arrow. Some of the data points
in panel (b) are slightly shifted horizontally for better visualization.
Data for bismuth isotopes were obtained from Refs. [14,25–32], for
astatine from Refs. [4,15–18,33–35], and for francium nuclei from
this work and Refs. [9,10].

plotted against the ground-state deformation obtained from
the laser spectroscopy studies. From Fig. 3 it is evident
that there is a striking, seemingly linear correlation between
the level energy and the ground-state deformation. This cor-
relation can be understood through the Nilsson model, in
which the 13/2+[606] proton orbital of π i13/2 spherical parent-
age approaches the Fermi surface in an essentially linear
manner as the nucleus takes on oblate deformation. Should
a similar trend occur also in francium isotopes, a ground-
state deformation of ≈0.15 in magnitude can be reasonably
expected for 201Fr (see the dashed line in Fig. 3). This is in
reasonable agreement with the value of ≈0.14 predicted by the
Hartree-Fock-Bogoliubov calculations [36] based on the D1S
Gogny effective nucleon-nucleon interaction, but contradicts
the value of −0.217 predicted through the finite-range droplet
model [37].

The decay-time distribution of the electrons of Fig. 1(a)
is displayed in the inset, and a half-life of 720(40) ns was
obtained through the least-square fitting method described in
Ref. [23]. This half-life yields a reduced transition strength of
0.17(2) W.u., in agreement with those of other M2 (π i13/2 →
πh9/2) transitions observed in nearby nuclei [see Fig. 2(b) for

FIG. 3. The energy of the 13/2+ state as a function of the mag-
nitude of the ground-state deformation. The solid lines are a linear
fit to the bismuth and astatine data, intended to guide the eye. The
level energy of 201Fr (N = 114) obtained in the present work is
marked with a dashed line, and the numbers adjacent to some of
the data points denote the neutron number of the given nucleus.
The level-energy data was obtained from the references listed in the
caption of Fig. 2, whereas the droplet model deformation (|βDM|) is
that obtained through laser spectroscopy studies [38–42]. The de-
formation of 199,201Bi (N = 116 and 118) isotopes is experimentally
unknown; for completeness, a quadrupole deformation predicted by
the finite-range droplet model [37] is used.

comparison]. This further supports the (13/2+) π i13/2 assign-
ment for the observed isomeric state in 201Fr.

As a separate observation, the half-life of the α-decaying
1/2+ π (s−1

1/2
) isomeric state in 201Fr was improved due to

the higher level of statistics obtained. This state has been
identified in Refs. [8,13], both reporting three correlated
decay events. In the present study altogether 14 correlated
201Fr(1/2+) →197At(1/2+) →193Bi(1/2+) α-decay chains were
observed. A comparison of the present results to those re-
ported earlier is presented in Table II. Within the uncertainties,
the present half-life is in agreement with that of Ref. [8], but
is in contrast to that of Ref. [13]. In Ref. [8] it was speculated
that the large reduced α-decay width of 201Fr(1/2+) might
be due to an E3 transition competing with the α decay. The

TABLE II. Decay properties of the α-emitting isomeric
1/2+ π (s−1

1/2 ) state in 201Fr. Reduced α-decay widths (δ2
α) were cal-

culated with the method described by Rasmussen [43] assuming
α-particle emission with l = 0 and a 100% α-decay branch. N is the
number of observed α-decay events in a given study.

Ref. Eα (keV) T1/2 (ms) δ2
α (keV) N

This work 7457(9) 37+14
−8 64+24

−21 14

[8] 7454(8) 19+19
−6 126(71) 3

[13] 7445(8) 8+12
−3 300+500

−100 3
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present value corresponds to an α-decay hindrance factor of
≈1.1, which is typical for an α decay proceeding between two
states of identical spin and parity, hence removing the issue of
anomalously large reduced α-decay widths reported earlier.

IV. SUMMARY

The observations concerning the 13/2+ [π (i13/2 )] state in
201Fr have been remarkably improved in this study. A level
energy and a half-life of 289.5(4) keV and 720(40) ns were
measured, respectively, corresponding to a B(M2) value of
0.17(2) W.u. Evidence for the M2 character of the transition
depopulating the state was provided. The present results of
the 13/2+ isomeric state are in good agreement with those
proposed in Ref. [13], as well as with the systematic pattern
set by the observations of the same state in nearby nuclei.
A systematic comparison of the 13/2+ level energy to the

ground-state deformation revealed a clear correlation between
the two in the odd-Z nuclei beyond lead.
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