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a-decay studies of the francium isotopes '**Fr and *’Fr
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2Gesellschaft fiir Schwerionenforschung, D-64220 Darmstadt, Germany
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Very neutron deficient francium isotopes have been produced in fusion evaporation reactions using *°*Ni ions
on "“'Pr targets. The gas-filled recoil separator RITU was employed to collect the fusion products and to separate
them from the scattered beam. The activities were implanted into a position sensitive silicon detector after
passing through a gas-counter system. The isotopes were identified using spatial and time correlations between
the implants and the decays. Two «-particle activities, with E, = 7613(15) keV and T, = (151’;2) ms and
E, = 7684(15) keV and T /> = (1671*) ms were identified in the new isotope '**Fr. In addition, the half-life and
a-particle energy of 'Fr were measured with improved precision. The measured decay properties deduced for
199Fr and '"®Fr suggest that there is an onset of ground-state deformation at N = 112 in the Fr isotopes.

DOI: 10.1103/PhysRevC.87.064304

I. INTRODUCTION

There are 34 known francium isotopes to date. None of
them are stable and the longest living, 223Fr (T, »2 = 22 min),
a child of ?*’Ac, is the only one occurring in nature. Francium
is the most unstable of the first 105 elements in the periodic
system. The majority of the francium isotopes are « emitters
and a-particle spectroscopy can be employed to extract nuclear
structure information.

Not much is known about the low-lying structures in
neutron-deficient francium isotopes whereas the situation is
better with the corresponding child and grandchild activi-
ties. The low-lying structures of neutron-deficient odd-mass
bismuth isotopes from '®’Bi to 2**Bi have the following
basic characteristics [1]. The ground state is represented by a
spherical (7 hd 12)9/27 configuration, and a moderately oblate

(nhg /zsl_/lz)l /2% intruder state is present at low excitation
energies. In the bismuth isotopes the excitation energy of the
1/27 intruder state is coming down as a function of decreasing
neutron number and the minimum excitation energy is not
reached even when the neutron midshell is crossed at '87Bi.
In '85Bi only the 1/2% state has been observed and it was
identified to decay by direct proton emission [2,3]. In the
odd-mass astatine isotopes the (Jrhf)1 /2s1_/12)1 /27" intruder state

has been identified in "7 At [4], At [5], and '3 At, 1 At [6].
In ' At the 1/27 intruder state becomes the ground state [5]
and it persists as the ground state in '*3At and '°' At [6].
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In '97At, the ground state has a spherical (nhg 209/27
configuration. The 9/27 state, being the ground state in
odd-mass astatine isotopes, heavier than ' At, has not been
observed in the lighter astatine isotopes. In ' At, 13At, and
9T At a 7/2 state has been discovered to be the first excited
state [5,6]. In the astatine isotopes this state has been seen to
decay by a-particle emission and as a result the corresponding
low-lying 7/2~ states in odd-mass bismuth isotopes '°'Bi,
189B; and '®7Bi have been identified as well [5,6]. The falling
trend of excitation energy with decreasing neutron number is
also observed for the (7rij3/,)13/2%, single-particle state, in
these odd-mass bismuth and astatine nuclei.

In the light odd-mass bismuth and astatine isotopes the
above mentioned states are often also discussed in the Nilsson
scheme. It is proposed that, when approaching the neutron
midshell at N = 104, the nucleus is driven to a deformed
shape. Then the oblate proton states involved are 1/2%[400],
7/27[514], 7/27[503], and 13/21[606].

It has been demonstrated that intruder states also exist in
francium isotopes [7]. An «-decaying 1/2"-isomeric state,
at 144 keV excitation energy above the (nhg 12)9/27 ground
state in 2'Fr, was identified in that study. This was the first
time when an 1/2% intruder state was identified in francium
isotopes. In odd-mass francium isotopes the 1/2%-intruder
state has the configuration (nhg /2s1_/12)1 /27,

The francium isotope '*°Fr is the lightest francium isotope
known to date [8]. In that study the reported «-decay properties
were based on five identified events. No assignment for the spin
and parity of the decaying state were given even though the
reported decay values point to a favored « decay.

In odd-odd nuclei, «-decay studies have revealed quite
complicated spectral structures for which the study of
a-decay chains of 2%°Fr, 2%“Fr, and 20?Fr are excel-
lent examples [7,9]. For these odd-odd isotopes three
different « decaying isomeric states with configura-
tions  [7(ho/2)9/2~ ® v(i13/2)13/21107, [m(h9/2)9/2” ®
v(fs5/2)5/27177F, and [m(h9;2)9/2~ @ v(p3/2)3/27 13" have
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been reported [7,9]. In lighter odd-odd nuclei this picture is
affected by down-sloping single particle (proton and neutron)
states. For example in a recent study of 2°’Fr only one
a-decaying state was reported [10].

In the present paper new a-decay work on the odd-mass
isotope 'Fr is presented. In addition, «-decay properties of
the new even-mass isotope '**Fr are obtained.

II. EXPERIMENTAL DETAILS

Heavy-ion induced fusion-evaporation reactions of the
type "“'Pr(®*Ni,xn)*”'~*Fr were used to synthesize neutron
deficient francium isotopes in the present work. The ®Ni
beam was delivered by the K = 130 MeV cyclotron of the
Accelerator Laboratory at the Department of Physics of the
University of Jyvéskyld (JYFL). Energy losses in the retarder
foils, in the targets and in the helium gas (70 Pa) of the separator
used (see below) were calculated using the TRIM code [11].

Typical °Ni-beam intensities were 20-60 particle-nA and
the total beam on target time was 140 h. The total dose was
calculated to be 1.7 x 10'7 particles. The bombarding energy
in the middle of the target was calculated to be Ej,, =268 MeV,
5 MeV above the estimated interaction barrier [12]. Rolled
41Pr targets of 1.0 mg/cm? thickness, sandwiched between
two 50 pg/cm? thick carbon foils, were used. By using the
mass tables [13] an excitation energy E* from 28 MeV up
to 39 MeV for the formed compound nuclei was calculated
at the back and front of the target, respectively. This amount
of excitation favors channels where two or three particles are
evaporated. To produce these nuclei in the region were the
fissility is very high, it is advantageous to use a target and
beam combination in such a way that the final compound
nucleus is as cold as possible.

The gas-filled recoil separator RITU [14] was used to
separate evaporation residues formed in fusion evaporation
reactions from the primary beam and to transport them to the
focal plane. In the experiment the GREAT spectrometer [15]
was used at the focal plane of RITU (Fig. 1). The GREAT setup
consists of one multiwire proportional gas counter (MWPC)
and two double-sided silicon strip detectors (DSSD). The
silicon strip detectors have 60 vertical and 40 horizontal 1 mm

FIG. 1. Schematic view of the focal-plane setup. In the present
experiment only one large Ge-clover at the top position was used.
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wide strips and the two detectors are placed side by side so
that the total width of the detector system is 120 mm. Since
the vertical and horizontal position width of each strip is 1
mm the silicon detector can be treated as a pixel detector
of 4800 pixels. The time-of-flight (TOF) measured between
the gas counter and the silicon detectors combined with the
recoil energy deposited in the silicon detectors and the gas
counter were used to separate the candidate fusion evaporation
products from scattered beam particles. In addition, the gas
counter was used to separate the o particles from low-energy
recoils. Behind the main silicon detectors a planar Ge detector
was used to veto energetic light particles punching through
the silicon-strip detector (high-energy signals). The planar Ge
detector was also used to measure low-energy y rays and
x rays. In addition, a large Ge-clover detector was used to
detect y rays. Signals from all the detectors were collected
employing the triggerless Total Data Readout data-acquisition
system [16]. The experiment was monitored online using the
GRAIN software package [17].

The pressure of the helium filling gas in RITU was 70 Pa.
The RITU gas volume was separated from the high vacuum of
the beam line using a differential pumping system consisting of
aRoots pump and collimators. The counting gas in the MWPC
was isobutane of 300 Pa pressure and the counter windows,
made of 120 pg/cm? Mylar, were also used to keep the silicon
detector chamber in high vacuum. The silicon detectors were
cooled down to 253 K using circulating alcohol. In the analysis
the implants were linked with their subsequent o decays and
with « decays of their child nuclei using spatial and temporal
correlations.

The DSSD strips were gain matched using well known o
activities produced in a separate bombardment where the '*' Pr
target was replaced with a '%°Cd target [ 18]. For the energy cali-
bration (after gain matching) the e-particle energies were taken
from Refs. [19-21] and are 7205(5) keV '*®Rn, 7059(10) keV,
6995(10) keV Rns$™, 6850(4) keV, 6754(6) keV
98 At 6844(3) keV '"“Po, 6701(4) keV, 6613(7) keV
195posm  6643(3) keV '’ At, and 6520(3) keV *°Po. The full
width at half-maximum value with all the vertical 120 strips
summed up was measured to be 23 keV at the «-particle energy
around 7000 keV.

III. RESULTS

Figure 2(a) presents the energy spectrum of all o particles
observed in the silicon detector, vetoed with the gas counter
and the planar-Ge detector. The spectrum is dominated by
activities formed in fusion channels involving «-particle or
proton evaporation. In Fig. 2(b), only « decays correlated
within 1 s of an implanted residue inside the proper recoil
energy gates are shown. Activities produced involving pure
neutron evaporation or one proton in addition to neutron
evaporation can be recognized. In Fig. 2(c) the parent-«
activities followed by a second « decay within 60 s are shown
and finally in Fig. 2(d) the child activities which were preceded
by a parent activity are shown. In Fig. 3, a two-dimensional
a-energy plot is shown. From the plot different isotopes can be
recognized. The astatine isotopes '*° At and !> At, produced in
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FIG. 2. Energy spectra of o particles measured in the silicon detector and vetoed with the gas counter using the °Ni + !#!Pr reaction:
(a) all decays; (b) decays following recoil implants within 1 s; (c) parent decays followed by a second decay within 30 s; (d) child decays

following a parent decay.

the on and o2n fusion-evaporation channels, respectively, can
be identified. In the pn and p2n fusion-evaporation channels
the radon isotopes '’Rn and '®Rn were produced. Finally
the 1n, 2n, and 3n fusion evaporation channels yielded the
francium isotopes 2°°Fr, 'Fr, and '°3Fr. For the francium
isotopes triple a-decay chains, including the child activities
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FIG. 3. Parent and child «-particle energies for all chains of the
type ER — &, — ato(—0tg.) observed in the ®Ni + '#!Pr irradiation.
Maximum search times were 1 s for the ER — ), pair and 60 s
for the o, — a.(—0) pair. Dots are for the o, — . pairs and open
diamonds represent the ¢, — o, pairs. Some of the identified groups
are circled based on the two-sigma confidence level obtained from the
198Rn distribution. Note: From figure it can be seen that in practice all
the points are real correlations. The random correlations are expected
to show up there where the strongest « ‘lines’ are crossing.

195 At and '°* At and grandchild activities '°'Bi and '*°Bi, were
identified as illustrated in Fig. 3. The decay chains, originating
from the 2°°Fr, 1%°Fr, and '%8Fr isotopes, will be discussed in
more detail in the following.

Five decay chains were identified where the parent ac-
tivity with E, = 7468(15) keV and Ty, = (37139) ms was
followed by a second decay with E, = 7048(12) keV and
T = (350J_r%?8) ms. The second decay in the chains can
be recognized to belong to At for which the decay
properties with E, = 7048(5) keV, T, = 388(7) ms [22]
or with E, = 7055(7) keV, T, = 300(100) ms [23] have
been reported. Therefore, the activity with E, = 7468(15) keV
and Ty, = (37739) ms can be assigned to >*°Fr. These decay
values are in good agreement with the recently reported values
E, = 7473(12) keV and T > = 49(4) ms for >Fr [10].

Unambiguous identification of the francium isotopes '*°Fr
and '"®Fr is more difficult. The relative production yields
of the radon isotopes '’Rn and '°®Rn, produced in pn and
p2n evaporation channels, respectively, indicate that the 2n-
evaporation channel has higher yield than the 3n-evaporation
channel. The fact that the decay properties of the corresponding
child activities '3 At and '°* At overlap makes the identification
difficult. To justify the division of individual events between
the francium isotopes ' Fr and !®’Fr the reported decay
properties of the child and grandchild activities will be
discussed in more detail in the following.

A detailed a-decay spectroscopic study of '**At [24],
reports identification of two «-decaying states. A high-spin
state was observed to decay with a half-life of 310(8) ms,
the main «a-decay energy line being 7178 keV (78% branch).
Similarly a low-spin state has decay properties of 253(19) ms
and 7190 keV (83% branch). In addition, several fine structure
lines were identified.

064304-3
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A detailed a-decay study has also been performed for
195 At [5]. Two a-decaying states, 1/2% and 7/2~, with decay
properties of E, = 6953(3) keV and T, = 328(20) ms,
E, =7075(4) keV, and Ty, = 147(5) ms, respectively, are
given. The a decay with E, = 7075(4) keV was obtained from
a broad «-particle energy distribution (7050 keV=7250 keV)
which was due to conversion electron summing effects.

The situation is more clear with the grandchild activities
190Bi and '°'Bi. For '°!'Bi two a-decaying states with ™ =
9/27,E, = 6308(3)keV, T » = 12.4(4) s, I, = 51(10)% and
I™ = 1/2% E, = 6870(3) keV, Ty = 1211“? ms have been
obtained [5]. Finally for '°Bi two a-decaying states I™ =
3%, E, =6431(5) keV, T1), =5.7(8) s, I, = 90% and I =
107, E, = 6456(5) keV, T, = 5.9(6) s, I, = 70% have been
identified [25].

Based on these decay properties, a first division of events in
the group labeled as “A” in Fig. 3, is made based on the decay
properties obtained for the grandchild activities. The second
decay could then be either a full energy « or an escape. In total,
eight triple chains were identified, where the third decay in a
chain has the decay properties valid for '°! Bi. From those triple
chains five child events were obtained with a full a-particle
energy. The measured decay properties are E, = 7664 keV,
T1/» = 10 ms for the parent activity, E, = 7081-7168 keV,
Tij» = 164 ms for the child activity, and E, = 6308 keV,
Ti/> = 13 s for the grandchild activity.

In total, seven triple chains were identified where the third
decay in a chain has decay properties valid for '"Bi. All
these chains were obtained with a full « energy for the child
decay. These events could be divided into two groups. The first
group (five events) has the decay properties E, = 7684 keV,
Ti» = 16 ms for the parent activity, E, = 7189 keV, Ty, =
278 ms for the child activity, and E, = 6427 keV, Ti;, =
9.6 s for the grandchild activity and the second group (two
events) has decay properties E, = 7616 keV, T1,, = 6 ms,
E, =7180keV, Ty, =326 ms, and E, = 6422 keV, T, =
6.3 s for the parent activity, child activity, and grandchild
activity, respectively.

From group A in total 15 events were identified where the
two first o decays were found with full energies and where the
third decay was an escape or was missing (due to the 8 decay).
From the a-particle energy spectra shown in Refs. [5,24] it
can be seen that most of the a-particle energy distribution
originating from '**At is centered around 7182 keV whereas
there is a wide energy distribution starting from 7050 keV
up to 7160 keV identified for > At. This can be used as a
second stage to gain more statistics to obtain decay properties
for °8Fr and '"’Fr. With an energy window of 7050-7160
keV (and 7200-7300 keV) for the child «, 12 parent o decays
can be identified with the decay properties of E, = 7672 keV,
Ti/> = 4.9 ms for the parent activity and E, = 7068-7156 and
7215 keV, Ty, = 103 ms for the child activity. This stage
also yields three more events for another activity with decay
properties E, = 7610keV, 1/, = 22ms and E, = 7193 keV,
Tij, =311 ms for the parent activity and child activity,
respectively.

Following this procedure for group A we find 17 events
which can be identified to originate from '*’Fr and ten events

PHYSICAL REVIEW C 87, 064304 (2013)

which can be identified to originate from '*8Fr. From those 17
events belonging to '’Fr we obtained nine cases where the
third « is missing and therefore it can be assumed to be a 8
decay and similarly in two cases the third o was not found for
the chains belonging to '°®Fr. From these we get rough 8-decay
branches of 9/17 and 2/10 for the grandchild activities '°'Bi
and '°Bi, respectively. These numbers agree well with the
B-decay branches given in the literature [5,24].

In two cases, where the second o was grouped to belong to
194 At, the obtained child-« particle was in coincidence with a
y-ray events [24]. With the clover-Ge detector a y-ray event
with an energy of 75.0 keV was measured and another one,
a y-ray event with energy of 78.0 keV was obtained with the
planar-Ge detector.

All in all the events can be distributed between '*®Fr and
199Fr in a quite satisfying way although it cannot be fully ruled
out that some events are assigned to the wrong group. After
this splitting up of group A two a-decay lines can be obtained
for °8Fr with decay values, E, = 7684(15) keV, T\, =
(16*F) ms and E, = 7613(15) keV, Ti)» = (157 ms.
For '%Fr one « line can be obtained with properties of
E, =7668(15)keV and Ty, = (73) ms. These decay values
measured for !*Fr are well comparable to the values given in
literature with E, = 7655(40) keV and T}, = (1271°) ms [8].

Group B consists of three events where the parent activity
with E, = 7644 keV and T7,, = 5.1 ms was identified to be
followed by a second decay with E, = 6967 keV and T}, =
428 ms. One of these chains was identified to be followed by a
third decay with E, = 6882 keV and a decay time of 103 ms.
The second decay in the chains can be recognized to belong to
195 At for which the decay properties with E, = 6953(3) and
Tij> = 328(20) ms [5] have been reported to originate from
an isomeric 1/2% proton intruder state. The third decay with
E, = 6882 keV in one of the chains can be associated with
191Bi™ for which the decay properties with E, = 6870(3) keV
and Ty, = (121J_r§) ms [5] are reported for an isomeric 1/2%
proton intruder state. Therefore, the activity with E, = 7644
keV and 71/, = 5.1 ms can be justified to originate from 199Fr,

Group C includes four events. In three of them the first
« decay is followed by a second « decay which has decay
properties consistent with '3 At. The individual decay energies
for the child events are 7074 keV, 7165 keV, 7190 keV, and
Tove = 290 ms. The remaining event is followed by an event for
which the decay properties of E, = 6885 keV and decay time
of 493 ms are determined. For these four events the «-decay
properties E, = 7808(20) keV and Ti, = (1.67%) ms are
obtained. In one case the parent o was in coincidence with
a low-energy y ray. The energy was 80.5 keV obtained with
the clover-Ge detector. This value can be compared with the
astatine x-ray energy K, = 81.5 keV. As above this activity
could be justified to originate from '*Fr.

When the efficiency of the RITU separator is assumed to be
40(10)%, the francium and radon isotopes are estimated to be
produced with the following cross sections: '*Fr 240(80) pb,
198Fr 120(50) pb, '”Rn 18(5) nb, and ' Rn 5(2) nb. These
cross-section values do not represent the maximum values
since excitation functions were not measured and a relatively
thick target was used.
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TABLE 1. The a-decay properties of the francium isotopes and their corresponding child and grandchild isotopes observed in the present
work. The literature values are taken from Refs. [6,10]. The & decay reduced widths 62 and half-lives normalized to 2!>Po, calculated according
to Ref. [26], are also given. In column 8, the spin and parity of the decaying state are given.

Nuclide E, [keV] E, [keV] Ty, [ms] Ty, [ms] Tl";z [ms] 8% [keV] I
Meas. Lit. Meas. Lit. Calc.

200y 7468(15) 7473(12) 3739 49(4) 30 44(8) 3t
196 At 7048(12) 7048(5) 350+2% 388(7) 142 27(2) 3+
19! 7668(15) 7655(40) 773 12410 7 8075

195 Agm 7050-7250 7050-7250 13013 147(5) 119 56(4) 7/2-
191Bj¢ 6310(10) 6308(3) (139 s 12.4(4) s 14 41(11) 9/2~
199Frs 7644(20) - 5% - 9 130742

195 A8 6967(10) 6953(3) 4307350 328(20) 321 71(6) 12+
101Bjm 6882(20) 6870(3) 7043 12178 104 43(7) 172+
1992 7808(20) - 1.6%58 - 2.7 1207130

195 A 7184, 7159, 7068 7050-7250 200139 147(5) 119 56(4) 7/2-
191Bj¢ 6885(15) 6870(3) 3401180 12178 104 43(7) 1/2+
198y 7613(15) - 15712 - 11 6030 -
194 A 7188(12) 7190(15) 320133 253(10) 50 12(2) -
1908 6422(10) 6431(5) 65)s 5.7(8)s 4.7 s 54(20) 3+
198 2 7684(15) - 1671 - 7 30(20) -
194 A 7189(12) 7190(15) 28075 253(10) 50 12(2) -
190Bj¢ 6427(10) 6431(5) (105 s 57(8) s 4.7 s 54(20) 3+

IV. DISCUSSION

In the present work, a-decay hindrance factors HF (HF =
82,/8%,) and reduced widths 82 (8% = Ah/P), calculated
according to the Rasmussen formalism [26], are used to obtain
structure information of the decaying states. Above §2, denotes
to the reduced width of the ground state to ground state decay
of the closest even-even case, §2, denotes to the reduced width
of the decay under examination, X is the decay constant, 4 is
Planck’s constant, and P is the calculated barrier penetration
factor. The a-decay properties of the francium isotopes and
their corresponding child and grandchild isotopes observed in
the present work are summarized in Table I. The reduced width
values shown in Table I are calculated taking into account the
a-decay branches given in [13]. If the «-decay branch is not
known, a 100% branch is assumed, which is a reasonably good
approximation for most of the cases also when considering the
predicted B-decay half-life values given in [27].

In this work, three different a-decay lines (energies) were
identified for '"°Fr. To guide the discussion a speculative
a-decay scheme for '%°Fr is shown in Fig. 4. According to
experimental hindrance factors, all three decays are favored.
The child activity '*>At was recently studied in an in-beam
y-ray (recoil-decay-tagging) experiment in Jyvéskyld [28]. In
that work it was noticed that there is a 12(4)% E3 branch from
the 7/2~ excited state to the 1/2% ground state in ' At. In
addition, a collective band built on top of the 13/2% state was
identified albeit the de-excitation of the 13/27 state remains
unknown. This 13/27 state, at <130 keV, probably de-excites
by a cascade of M2 and M1 transitions to the 7/2~ state [28].
Hence, it is difficult to firmly determine from which states the

three « lines, obtained in this work, originate. Our preferred
scenario is given in the following.

The existence of three different o lines suggests that there is
a change in the low-energy structure compared to the heavier
odd-mass francium isotopes. The « lines could originate from
the 1/2%, 7/27, and 13/2% states. Since high-spin states
are favored in fusion-evaporation reactions the line with o-
decay properties E, = 7668(15) keV, T1,, = (73) ms could
originate either from the 7/2 or the 13/2" state. The origin of
the second line with a-decay properties E, = 7644(20) keV,
Tip= (Sf;) ms is not clear either, though it is followed by
second and third o decays with decay properties which can be
identified to originate from 1/2% states in At and '°'Bi.
Albeit the 1/2% states are weakly populated in heavy ion
induced fusion evaporation reactions, the E3 branch found
in At [28] could lead to a conclusion that the « decay
with E, = 7644(20) keV actually is from the same state as
the decay with E, = 7668(15) keV. In total 20 events were
attributed to the decay of '’Fr in groups A and B. The E3
branch of 12% in '%° At gives 2.4 events out of 20 events which
is close to the number of events obtained in group B. On the
other hand the energy difference of 24 keV between the « lines
of 7644 keV and 7668 keV is relatively large pointing to a pos-
sibility that the «-particle decay with the energy of 7644 keV
(or one or two of the events; note the scattering in the
two-dimensional plot) could originate from a different state.
The third line with a-decay properties E, = 7808(20) keV,
T = (1.61’(1):2) ms was also followed by known «-particle
decays from At and '°!'Bi. Since these decay properties
differ from those of the other two lines and the obtained
coincidence with the astatine x ray it is suggested that this
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FIG. 4. (Color online) Speculative a-decay schemes for ’Fr and '%®Fr are shown.

a-particle decay originates from an another isomeric state
decaying to the corresponding state in '®>At. If this is the
case then the 1/2% state would be the ground state (assuming
7644 keV 1/2% to 1/2% « decay) and the A Q value obtained
between the o decays with energies 7644 keV and 7668
keV (7808 keV) would be 24 keV pointing to an excitation
energy of 56 keV and <300 keV and for the 7/2~ and 13/2%
states, respectively, in '°’Fr. This would mean that there is a
possibility for an E£3 y-transition branch from the 7/2~ state
to the 1/27 the (and from the 13/2" state to the 7/2~ state) in
199Fr, In another scenario the 13/2% and 7/2 states could be
exchanged. Again the 1/27 state would be the ground state but
now the 7/2~ state would lie at 167 keV and the 13/27" state
would be at <150 keV based on «-decay energy differences. In
this case competing E3 transitions are also expected. However
the obtained x-ray coincidence event does not support the latter
scenario.

For the even-mass francium isotope '3Fr two «-particle
lines were identified. The speculative a-decay scheme for
198Fr is shown in Fig. 4. Both decays were followed by
child and grandchild activities, '"*At and '"°Bi, which
in the case of '"Bi was identified to originate from the

low-spin state. No clear sign of «-particle decays followed
by decays from the high-spin states in *At and '°Bi were
obtained. To make any conclusions, an investigation of the
situation in the heavier astatine and francium isotopes is
in order. For 20Fr, 22A¢ 204Fr and 200A¢ three a-particle
decaying isomeric states, [n(h9/2)9/2_®v(i13/2)13/2*]10‘,
(77 (ho2)9/2~ ®v( f5/2)5/27 17" and [ (he2)9/2”®
v(p3;2)3 /2713% have been reported [9]. These states
have been suggested to be members of multiplets where
single particle or hole proton and neutron states are coupled.
The origin of these isomeric states in odd-mass isotopes
is rather well reproduced from the known behavior of
single-particle states in the neighboring odd-mass nuclei
and by applying the parabolic rule [29]. A list of possible
configurations and /™ assignments for some of the states are
shown in Table II. For 2°?Fr and At only two a-particle
decaying isomeric states, [n(h9/2)9/2_®v(i13/2)13/2+]10_
and [71(h9/2)9/2_(X)v(p3/2)3/2_]3ﬁr have been reported [9].
And finally for the pair 2°Fr and '"°At only one a-particle
decaying state, [1(h9/2)9/2” ®v(p32)3/2713" has been
reported [10]. This can be understood by studying how
the single-particle proton and neutron states behave in the
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TABLE II. Possible configurations and /™ assignments.

Configuration Possible 1™ Observed ™
7 (1ho2)®@v(3p3/2) 3, ...,6% 3+

T (1he)QV(2 f5)2) 2t Tt 7+
7'[(1/19/2)@1)(”13/2) 27, ..., 117 10~
7(3512)®v(3p3/2) 1=, 27

7 (3512)@v(1i13/2) 6+, 7"

(2 f7,2)@v(3p3.2) 2%, ...,5*

72 f72)@v(1i132) 37,..., 100 9-, 10~
w(1i32)@v(3p3/2) 57,...,8"

ﬂ(1i13/2)®v(]i13/2) 0+,.‘., 13+

neighboring odd-mass polonium, astatine, radon and francium
isotopes. The 13/2% isomeric state in odd-mass polonium and
radon isotopes and the 1/2% and the 13/2" isomeric states in
odd-mass astatine and francium isotopes are down sloping as
a function of decreasing neutron number. At the same time
the neutron state 5/27 has an up sloping trend. In the case of
200Fr and '"8At, some of the other multiplet members have
energies between the 7+ and 3 states, with the result that the
77 state is not a-particle decaying anymore. This assumption
is supported by the in-beam measurement performed for *8 At
where almost all the y-ray transitions identified to feed the
a-decaying 10~ isomeric state were also seen in the a-particle
decaying 3" ground state tagged spectrum [30]. This supports
the assumption that there is an E3 y-transition branch to the
7% state which is then followed by lower multipolarity y-ray
transitions to the ground state. In the work [22] an isomeric
state feeding the 37 ground state in '°At was reported. The
y-ray transition was suggested to be a hindered E?2 transition
where the hindrance is due to structural changes. Since no
sign of the 10~ state has so far been reported for this nucleus
(and neither for 2°°Fr) it is suggested that some other multiplet
members come down between the 10~ isomeric state and the
3% ground state allowing the y-ray transitions to overcome
the «-particle decays. Finally the recent «-decay spectroscopy
studies of 1At and '** At support this picture [24,31]. In both
cases two o-particle decaying isomeric states were identified.
In '°2At the favoured «-particle decays do not feed the high
and low spin states (10~ and 3%) states in '8Bi directly
but instead they feed excited states above these states. The
a-particle decay from the high-spin state is followed by an
M1 y-ray transition (165 keV) and the «-particle decay from
the low spin state is followed by an E'1 (36 keV) transition. In
194 At the a-particle decay from the low-spin state is followed
by a 76 keV (E1) y-ray transition. The high-spin states in
192At and in '"*At were suggested to have the configuration
[n(2f7/2)7/2‘®v(i13/2)13/2*]9‘, 10~. The configurations of
the low-spin states were also discussed and it was suggested
that they could originate from a configuration multiplet
[71(s1/2)1/2+®v(p3/2)3/2_]1_, 2. These assumptions are
supported by the detailed spectroscopic measurements
performed for the neighboring odd-mass astatine isotopes
191,193,195At [5,6]

Since no clear sign of «-particle decays feeding the
high-spin state in '*At was identified in the present work
it is suggested that the two «-particle decays identified in
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FIG. 5. (Color online) Reduced-width 82 values are shown (a) for
the even-mass astatine isotopes; (b) for the even-mass francium iso-
topes. Tentative spin and parity assignments are given in brackets. A
down-pointing arrow indicates that there is a competing E 3 transition,
but the £3 branch is unknown and a 100% « branch is assumed.

198Fr originate from low(er) spin states. No clear signs of
electron summing can be identified and since the decays
are favored it is suggested that these two «-particle lines
could originate from two different isomeric low-spin states
(lower than 9). For example for these states the spin and
parity could be 2~ and 7% (or 57) originating from multiplets
[ (s12)1/2*@v(p3/2)3/27117,27  and  [n(s12)1/2T®v
(1132)13/2%16%, 71 (or  [w(f72)7/2”®@v(p32)3/2112%,
..., 5™), respectively, and feeding the corresponding states
in %*At. On the other hand the two decay times obtained for
198Fr are almost equal which is a sign that there may be only
one a-decaying state.

In Figs. 5(a) and 5(b) calculated reduced-width 8> values
for even-mass astatine and francium isotopes, respectively, are
shown. If the «-decay branch is not known an o-decay branch
value of 100% is used. Deviations from smooth behavior can
be seen in the o decays from the 10~ states in 206y, 204Fy,
and '8At. In the case of 2°°Fr and 2™Fr there is known to
be a competing E3 transition but the branching ratios have
not been measured. In the case of '%8At, as already discussed
before, evidence for an existing £3 branch was given based on
in-beam y-ray data from Ref. [30]. In these cases the reduced-
width values for « decays call for detailed branching-ratio
measurements. A deviation from the systematic behavior can
also be seen in '**At. It is interesting to note that in those cases
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FIG. 6. (Color online) Alpha-energy systematics are shown

(a) for the even-mass astatine and francium isotopes; (b) for the
odd-mass astatine and francium isotopes.

where the «-decay properties are well known the reduced-
width values are remarkably similar for each isotope for o-
decays from different isomers.

The above phenomenon can be examined also by looking
at the o-decay energy systematics in astatine and francium
isotopes. Figure 6(a) shows the «-particle energies for even-
mass francium and astatine isotopes whereas Fig. 6(b) shows
the a-particle energies for odd-mass francium and astatine
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isotopes. Only data for the favored decays are shown (and
in some cases the a-particle energy is calculated from known
level energies). From these data it can be seen that for odd-mass
astatine isotopes there is a bend at mass number A = 197
in the systematic behavior. This is due to structural changes
in the ground states between the parent and child activities.
Starting from At downward the favoured decays from the
ground states feed the corresponding excited states in the child
bismuth nuclei. Deviation from the systematics does not occur
in the case of francium isotopes. This can be considered as a
sign of favored o decays between the ground states.

The mass values given in Ref. [13] for 91B; and °8Rn and
the a-decay value measured for '°>At [6] combined with the
a-decay value measured for '’Fr in this work can be used to
obtain the proton separation value S, for 199Fr. The obtained
value S, = —690(30) keV implies that even though Fr is
proton unbound, the proton decay is too slow to noticeably
compete with o decay.

In conclusion, a new a-decaying francium isotope *®Fr was
identified. Two different «-particle energies were obtained.
The francium isotope '’Fr was studied with improved pre-
cision. In '’Fr evidence for three different -decaying states
is found. The origin of these decays in '’Fr and in '*8Fr
was discussed but due to the low number of events no final
conclusion could be given. It is also suggested that there is a
change in the ground-state configurations starting from '*Fr
downwards when compared to the heavier francium isotopes.
This suggests an onset of ground-state deformationat N = 112
in the francium isotopes.
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