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Abstract：Low-lying states in odd-Z odd-mass nuclei at the proton drip-line beyond lead have recently

been studied through fusion-evaporation reactions using a gas-filled recoil separator. Isomeric 1/2+ and

13/2+ states have been observed in odd-mass astatine and francium nuclei. The systematic behaviour of

the level energies of these states have been studied and a similarity between the 1/2+ state in astatine

and francium has been found. Furthermore, the 13/2+ state has been observed in the francium nuclei

with an oblate behaviour suggesting a coupling of the i13/2 proton to the 2p−2h intruder excitation.
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1 Introduction

During the recent years progress has been made

in the study of low-lying states in odd-Z nuclei beyond

lead. Laser-spectroscopic studies have been performed

for the ground states in francium nuclei[1–2]. Alpha-

decay as well as prompt and delayed gamma-ray spec-

troscopy have been used in studying low-lying states

in neutron-deficient astatine and francium nuclei
[3–9]

.

These studies include the discovery of previously unob-

served isomers and the investigation of the properties

of already discovered ones. Two new isotopes of fran-

cium have recently been observed, namely 197Fr
[7]

and
198Fr[7–8], with neither of them showing signs of pro-

ton emission. To date the only proton emitter known

above lead is thus 185Bi
[10]

. There is only this one

known proton emitter, although recent spectroscopic

results in this region have been extended to nuclei be-

yond the proton drip-line. For instance, the new fran-

cium isotopes are proton unbound in their ground state

by close to 1 MeV and in-beam spectroscopy has been

performed for nuclei where all excited states are pro-

ton unbound, see for instance Ref. [3]. Fig. 1 presents

proton separation energies for odd-Z nuclei in the re-

gion above lead. The filled circles indicate nuclei where

low-lying states have recently been studied.

A main topic of study in this region is nuclear

deformation and consequently shape coexistence. De-

formation in this region is based on the intruder pic-

ture associated with excitations across the Z =82 shell

closure. Such intruder excitations include the 2p−2h

and the 4p−4h excitation that in even-Z nuclei are as-

sociated with oblate and prolate deformation, respec-

tively. In the odd-Z nuclei a 1/2+ state is created by

a 1p−1h excitation. This state will have an “intrud-

ing” down-sloping trend when moving away from the

neutron shell closure, that is with an increasing num-

ber of neutron holes. Such a behaviour is typical for

a state based on an intruder configuration. Moreover,

structures based on this configuration will experience

deformation. The odd proton in odd-Z nuclei may

also couple to an intruder configuration. For instance

the coupling of the i13/2 proton to the 2p− 2h exci-

tation will result in a deformed 13/2+ state, with a

strongly-coupled rotational band built on it. Alter-

natively a coupling of the odd proton to the 4p− 4h
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excitation will create a prolate deformed 13/2+ state,

with a decoupled rotational structure built on it. The

level energy of the state will furthermore have a down-

sloping behaviour. The h9/2 proton can also couple

to an intruder excitation, but thus far such a coupling

has not been observed and the 9/2− state, that is the

ground state in heavier isotopes, is suggested to remain

spherical. A motivation for the study of intruder-based

states in these nuclei, is the question how far beyond

the Z = 82 proton shell closure the intruder picture

can be found as the shell closure moves further below

the Fermi surface.

Fig. 1 Proton separation energies for odd-Z odd-A
isotopes of elements above the Z = 82 proton
shell closure. The nuclei most recently studied
are indicated with filled circles. Of these the
new francium isotope 197Fr is shown with a filled
diamond. The only know proton emitter above
lead 185Bi is indicated with a filled square. The
data points are taken from Refs. [11-12] and for
197Fr derived from Refs. [7, 13].

Here we present results from our recent studies

in the astatine and francium nuclei. For further in-

formation please see the Refs. [3-4, 8-9] together with

references therein.

2 Experimental techniques

The nuclei were studied at the accelerator labo-

ratory at the University of Jyväskylä, Finland. Sta-

ble heavy-ion beams provided by an ECR ion source

were accelerated with the K-130 cyclotron and im-

pinged on a rotating thin target. The studied nu-

clei were produced through fusion-evaporation reac-

tions generally in the xn or the pxn evaporation chan-

nel. The forward-focused fusion-evaporation projec-

tiles (later called recoils) were separated from primary

beam particles and other unwanted reaction products

by the gas-filled recoil separator RITU (Recoil Ion

Transport Unit)[14–15]. After exiting RITU the re-

coils were deposited in the GREAT spectrometer[16–17]

at its focal plane. When arriving in GREAT the re-

coils passed through a MWPC and were implanted

in a highly-granular double-sided silicon strip detector

(DSSD), where their particle emission was observed.

Upstream from the DSSD a silicon PIN-detector array

is mounted to detect particles that have escaped from

the DSSD. The DSSD is, furthermore, surrounded by

clover HPGe-detectors mounted outside the GREAT

chamber for gamma-ray detection and a thin planar

Ge-detector is placed inside the GREAT chamber be-

hind the DSSD in order to detect low-energy gamma

rays. See Fig. 2 for a schematic drawing of the GREAT

spectrometer. All data channels are read out indepen-

dently using the total data readout technique TDR
[18]

.

Fig. 2 A schematic drawing of the GREAT spectrom-
eter. The clover Ge-detector facing the GREAT
chamber from the top has been omitted for
visual purposes.

The decay of the recoils, and that of their daugh-

ter nuclei, was observed in the same DSSD pixel as the

recoil implantation. With the help of temporal correla-

tions recoil-decay chains could be reconstructed within

the DSSD. Consequently, with the help of the known

decay properties of the daughter nucleus, the decay

properties of the parent nucleus could be extracted.

For more information on the technique see for instance

Ref. [8].

If the recoil arrived in GREAT in an isomeric

state, the decay or the de-excitation of the state could

be observed. If the half-life of the isomer was suffi-

ciently long to overcome the processing time of the

ADC of the DSSD channel, the isomeric transition

could be observed within the same DSSD pixel as

the recoil implantation and the possible subsequent
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ground-state decay had taken place. In the case where

the isomer decays via particle emission, recoil-decay

chains can be constructed as discussed above. If this

is not the case, the transition from the long-lived iso-

mer is often highly converted, and the conversion elec-

trons leave an energy deposit in the DSSD that can

be observed. If the isomer de-excites via intermediate

states to the ground state, a prompt cascade of conver-

sion electrons can be emitted. In this case the DSSD

serves as a calorimeter detecting the energy deposit

of the absorbed electrons together with the energy re-

leased in the relaxation of the electron cloud. As the

implantation depth of the recoils in the DSSD is in gen-

eral quite shallow, maximally 10 µm, roughly half of

the conversion electrons will escape the DSSD without

an energy deposit. Together with the fact that part of

the transitions in the cascade may not be converted,

the resulting electron spectrum depicting the multi-

step de-excitation of the isomer can be quite complex.

The “end-point” of this spectrum, however, represents

the excitation energy of the isomer. In this scenario all

transitions in the cascade have been converted and all

conversion electrons have been observed. We observed

such a spectrum associated with the decay of the 1/2+

isomer in the nuclei 199At, 201At, 203Fr and 205Fr.

With the knowledge of the available proton orbitals

in this region, the structure generating the cascade of

electrons could be reconstructed. In the astatine cases

gamma rays coincident with the cascade were further-

more observed, confirming the assignment of the level

energy of the isomer and the structure below it. In

the francium cases the statistics were too sparse to ob-

serve coincident gamma rays and GEANT4[19–20] sim-

ulations were used in the interpretation. For further in-

formation on the experimental details see Ref. [3-4, 9].

When the half-life of the isomer is shorter than

tens of microseconds, the energy deposit cannot be

detected within the DSSD. If the transition from the

isomer is not converted, the emitted gamma ray can

be observed in the Ge-detectors surrounding the DSSD

and the corresponding conversion electron can be ob-

served with the PIN-array if it escapes the DSSD.

In this case use of the recoil-decay tagging technique

(RDT)
[21–23]

was made to observe the isomer. As the

properties of the recoil had been deduced with the in-

formation gained by its decay in the DSSD, tempo-

ral correlations between the recoil implantation and

the detection of an isomeric event in the GREAT Ge-

detectors or the PIN-array could be performed. In

this way the gamma rays and conversion electrons were

assigned to the corresponding nuclide. Based on the

comparison of the gamma-ray peaks with the corre-

sponding conversion-electron peaks, the properties of

the isomers could be extracted. Such spectra were col-

lected in the case of the 13/2+ isomer in the nuclei
203Fr and 205Fr. For further experimental details see

Refs. [3-4].

3 Results and discussion

The 1/2+ state is relatively well-known in neutron-

deficient bismuth isotopes, where it is observed to have

a down-sloping behaviour when moving away from the

neutron shell closure, a trend that is typical to an in-

truder state. Moreover, it is observed to become the

ground state in 185Bi
[10]

close to the neutron mid-shell.

In the neutron-deficient astatine isotopes the informa-

tion available of the 1/2+ state is more scarce. Prior

to our studies it had been observed in 191At, 193At
[24]

and 195At
[25]

, where it is the ground state, and in 197At

at an excitation energy of only 52 keV
[26]

. Our recent

studies have extended the knowledge of the systemat-

ics of the 1/2+ state in astatine to heavier isotopes. We

observed this state at approximately 240 keV in 199At

with very low statistics through the internal conversion

of the isomeric transition in the DSSD subsequent to

the alpha decay of the parent nucleus 203Fr
[3]
. An

upward sloping behaviour could then be anticipated

to occur for the 1/2+ state when moving toward the

neutron shell closure. We later revisited this isotope

producing it directly in the fusion-evaporation reac-

tion, with high statistics, and confirmed our previous

results with a considerable improvement in the accu-

racy of the level energy of 244 keV and the half-life of

the isomer of 273(9) ms
[9]
.

In the same study we observed the 1/2+ state in
201At at a level energy of 459 keV and with a half-life

of 45(3) ms. With these new results the upward rising

trend of the 1/2+ state could be confirmed. Both in
199At and 201At the isomer de-excites through a cas-

cade consisting of an E3 transition to a 7/2− (πf7/2)

state followed by a M1 transition to the 9/2− ground

state. Furthermore, a 3/2+ and a 5/2+ state were ob-

served to feed the 1/2+ state in both nuclei. These

two states are suggested to originate from a (πd3/2)
−1

and (πd5/2)
−1 configuration, respectively. In that case

the resulting states would be based on the intruder

mechanism similarly to that of the 1/2+ state. In

the neutron-deficient francium isotopes the informa-

tion available for the 1/2+ state was previously even

more scarce than in the astatine isotopes. The state

had been observed in 201Fr at a level energy of 146 keV

through the observation of its alpha decay to the 1/2+

state in 197At. In the heavier isotope 203Fr the alpha

decay from the state had been observed, but as the

level energy of the corresponding state in the daugh-
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ter nucleus was not known, the level energy could

not be determined
[27]

. In our recent study
[3]

this

state was observed at a level energy of approximately

360 keV. With our new results for the level energy of

244 keV of the corresponding state in the daughter

nucleus 199At, the level energy can, however, now be

updated to a value of 362 keV in 203Fr. For this state

both an alpha-decay branch of 20(4)% and an internal-

transition branch was observed, whereas in the heavier

isotope 205Fr no alpha-decay branch was observed for

this state
[4]
. In this case the 1/2+ state observed at

close to 610 keV de-excites solely to the ground state

via intermediate states. In both nuclei this decay path

consists of a three-step cascade, where a M2 transition

to a 5/2− (πh9/2⊗2+) state is followed by a M1 tran-

sition to a 7/2− (πh7/2) state
[3–4] which in turn is fol-

lowed by a second M1 transition to the 9/2− ground

state. In the lighter isotope 199Fr the 1/2+ state is

suggested to become the ground state, resulting in a

deformation of the ground state[3, 8]. With the new

information available for the isotopes 199Fr, 203Fr and
205Fr of the behaviour of the level energy of the 1/2+

state a trend very similar to that of the astatine nu-

clei can be observed. See Fig. 3(a) for a comparison of

the systematic behaviour of the 1/2+ state in bismuth,

astatine and francium isotopes. A similarity in the

systematics between astatine and francium isotopes is

clearly visible, and the 1/2+ state reaches the ground

state earlier in the astatine and francium isotopes than

in the bismuth isotopes.

Fig. 3(b) presents the systematic behaviour of the

13/2+ state in neutron-deficient bismuth, astatine and

francium isotopes. The filled data points denote the

nuclei where recent studies have been made. As can be

seen in the figure, we have observed the 13/2+ state in

the francium isotopes for the first time[3–4]. The down-

sloping trend of the level energies can be anticipated to

follow that of the astatine and bismuth nuclei. In our

studies we also observed a strongly-coupled rotational

structure to be built on this state in both isotopes,

indicating that the 13/2+ state is oblate deformed in

this case. A coupling of the odd πi13/2 proton to the

oblate 2p− 2h excitation could be the cause for the

deformation.

Fig. 3 Systematics of level energy of (a) the 1/2+ state and (b) the 13/2+ state in odd-mass bismuth, astatine and
francium isotopes. The filled symbols indicate isotopes where the state in question has recently been discovered
or studied. For further information see Ref. [3] and references therein.

4 Outlook

At the moment the only known proton-emitting

nucleus above lead is 185Bi. We are slowly reaching

the limits of the usage of stable heavy-ion beams to-

gether with fusion-evaporation reactions to produce

new isotopes and to search for proton emitters in this

region. By using high-intensity ion beams and gas-

filled recoil separators to separate the reaction prod-

ucts, there exist still subjects of study. For instance,

the nucleus 189At can be reachable and the proton sep-

aration energy is expected to be low enough for pro-

ton emission to be observable. In heavier nuclei such

as francium, actinium and protactinium isotopes the

production cross sections already become too low for

fusion-evaporation reactions to be used in search of
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proton emission. In these cases production through

the alternative fragmentation reactions may, however,

be feasible. Nevertheless, beyond protactinium proton

emitters are no longer expected to be reached.

The study of the properties of low-lying states in

the already known isotopes that lie at the proton drip-

line still provides interesting topics of study. Shape

coexistence between these states still requires further

in-beam studies in several astatine and francium iso-

topes. For instance, the onset of prolate deformation in

astatine isotopes has not yet been observed, although

it has been reported in the lighter bismuth isotopes.

New low-lying states have been observed in neutron-

deficient astatine isotopes but the level energy system-

atics of these states is still sparse.
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