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Abstract. With the Penning trap mass spectrometer ISOLTRAP, located at ISOLDE/CERN, preparatory
work has been performed towards mass and decay studies on neutron-rich Hg and T1 isotopes beyond
N = 126. The properties of these isotopes are not well known because of large isobaric contamination
coming mainly from surface-ionised Fr. Within the studies, production tests using several target-ion source
combinations were performed. It was furthermore demonstrated around mass number A = 209 that the
resolving power required to purify Fr is achievable with ISOLTRAP. In addition, masses of several isobaric
contaminants, ' 213Fr and ?''Ra, were determined with a three-fold improved precision. The results
influence masses of more than 20 other nuclides in the 2°*Pb region.

PACS. 21.10.Dr Binding energies and masses — 27.80.+w 190 < A < 219 — 32.10.Bi Atomic masses, mass

spectra, abundances, and isotopes

1 Introduction

Isotope Separation On Line (ISOL) facilities can produce
superior yields for many nuclides of interest over the nu-
clear chart. However, ISOL beams are often accompanied
by large isobaric contaminations. In regions where suf-
ficient purification cannot be achieved on the target and
ion-source side, Penning trap mass spectrometers turn out
to be ideal purifiers. Penning traps are present at many
on-line facilities [1] and can reach a resolving power m/Am
of over 10°, which allows resolving and purifying most un-
wanted isobars [2] and in some cases even isomers [3-5].
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This feature has been extensively used to perform high-
precision mass measurements. Recently it has been also
shown that mass purification in a Penning trap can assist
decay spectroscopy studies of exotic nuclei [6]. The com-
bination of Penning trap mass spectrometry and decay
spectroscopy can enhance the strong discovery potential
of the former, as recently shown: for the first time a new
isomer [7] and even a new nuclide [8] have been identified
with the LEBIT and ISOLTRAP Penning trap setups.
Following these recent achievements, it is envisaged
to investigate nuclides south-east from 298Pb —with
Z < 82 and N > 126, especially the neutron-rich
Hg and TI isotopes, using the purification capabilities
of the ISOLTRAP setup. The studies of these nuclides
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Fig. 1. Experimental uncertainty in the mass of neutron-rich
Hg and T1 isotopes [12] before our studies. Until 2008 none of
the masses were measured directly (when the mass of 2°®Hg was
measured using the Schottky mass spectrometry at GSI [13]).
Data represented by empty circles and squares are derived not

from purely experimental data, but at least partly from sys-
tematic trends.

are presently hampered by a very strong contamina-
tion by surface-ionised Fr and Ra isotopes. Separating
these species requires a mass-resolving power of 10*-10°
(see table 3), routinely achieved at ISOLTRAP. In addi-
tion to conventional mass spectrometry, §- and y-decay
schemes will be investigated, using a tape-transport sys-
tem presently being commissioned at ISOLTRAP. With
this setup, the identification of new isotopes and isomers
should also be feasible. Predictions for half-lives of many
yet unidentified Hg and T1 isotopes are in the range of
seconds [9,10], and the region is rich in long-lived isomers
(e.g., ti/o of 3.7min for 20671 and 1.3s for 207TIl), due
to the proximity of proton orbits with very different spin
values (see sect. 2).

In this paper we discuss preparatory work, comprising
production tests for neutron-rich Hg and TI isotopes, and
for the undesired isobars as well as checks of the purifi-
cation capabilities of ISOLTRAP. In addition, we present
improved mass values of several nuclides in the A = 208
region which resulted from these tests and show their influ-
ence on a dozen more masses. Finally, we give an outlook
concerning the mass studies and the trap-assisted decay
measurements on the Hg and Tl isotopes.

2 Physics motivation
2.1 Masses

Unlike masses of nuclides west of 2°®Pb, which were stud-
ied extensively with ISOLTRAP [11], the masses of Hg and
Tl isotopes beyond N = 126 are not very well known [12].
Their uncertainties (excepting 2°219T1 and 2°®Hg) are
in the range of several hundred keV, as shown in fig. 1.
Until recently none of them have been measured directly
(in 2008 the mass of 2°Hg was measured using the Schot-
tky mass spectrometry at GSI [13]) and the majority is
determined based on systematic trends.

The reliability of mass extrapolations into regions of
unknown nuclei is of interest for many aspects of nuclear
structure and is particularly important for astrophysical
applications. In this respect, mass measurements around
208PY are extremely valuable, since predictions for differ-
ent terms in the mass formulas, such as the isospin symme-
try term, vary significantly for different models. Moreover,
this effect increases when going from one shell to another,
as shown recently [14].

Due to the proximity of closed shells, the masses in
this section of the nuclear chart are also important for the
valence proton-neutron interaction (p-n), which depends
strongly on the spatial overlap of the proton and neu-
tron orbits. The average interaction strength of the last
proton(s) with the last neutron(s), denoted 0V, can be
isolated from double mass differences, as shown below for
even-even and even Z - odd N nuclei [15,16], respectively:

Vpn(Z,N) = ~[(Bzn — Bz n-2)
—(Bz—2,y — Bz_2,n-2)],
[(BzN —Bzn-1)

—(Bz—a,y —Bz—2,n-1)]

B~

SVE(Z,N) =

DN | =

where B is the binding energy.

It has been shown that the p-n interaction reflected in
0Vpn is crucial for the development of configuration mix-
ing, for changes of the underlying shell structure [17], and
for the onset of collectivity and deformation in nuclei [18]
(e.g., recently, large 6V, were observed for Ra isotopes
around A = 224 [8] which are known to exhibit octupole
deformation). If the p-n interaction is indeed influenced
mainly by the spacial overlap of the proton and neutron
orbits, the §V,,,, values should change abruptly when going
from one shell to another. The first experimental value for
nuclei with N > 126 and Z < 82 was added in 2008 based
on the mass of 2°®Hg measured at GSI-Darmstadt [13].
The derived 6V, for Pb is only 165keV, as expected for a
small overlap of p-n orbits. The masses of other neutron-
rich Hg and T1 isotopes will provide more experimental
0Vpn values in this region.

Masses beyond N = 126 will also complement the ex-
tensive studies on the other side of this magic number
which were performed previously at ISOLTRAP [11,19].
Furthermore, with future laser spectroscopy data of
neutron-rich Hg and T1 isotopes, the discussion of possible
correlations between binding energies and charge radii, as
presented by Weber et al. [11] for nuclides west of 2°8Pb,
will be for the first time possible south-east of this nuclide.

2.2 Decay data

The present knowledge of the excited states of neutron-
rich T1 and Pb isotopes (Hg and Tl daughter nuclides) is
summarised in table 1 and table 2. In some cases no decay
information is available at all, and even the ground-state
half-life is not known.
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Table 1. Measured nuclear-structure properties of neutron-
rich T1 isotopes [20-22].

A N I™ ti/2 Level scheme known
g.s./isomer from a-/3-decay
206 125 0~ 3.7/4.2min yes/yes
207 126 1/2%  1.3s/4.8min yes/yes
208 127 5% 3.1 min yes/yes
209 128 (1/2%) 2.2 min yes/no”
210 129  (5T)° 1.3 min no/no
211 130 (1/2%)® > 300ns no/no
212 131 - > 300 ns no/no

% L. Zhang et al. [23] observed 3 new ~ lines in the 3-decay of 2094
which they attributed to 2OG'TI, but no new level scheme was proposed.

b Derived from systematics.

Table 2. Measured nuclear-structure properties of neutron-
rich Pb isotopes [22].

A N I™ ti/2 Level scheme known
from a-/(3-decay
209 127  9/2% 3.3h yes/yes
210 128 0" 22.3 years yes/yes
211 129  9/24+  36.1min yes/no
212 130 ot 10.6h yes/no
213 131 (9/27)  10.2min yes/no
214 132 oF 26.8 min yes/no
215 133 - - no/no

The decay studies will give access to the positions of
the single-particle states and their evolution with an in-
creasing number of protons. TI isotopes have 81 protons,
thus their ground state should be formed by one proton
hole in one of the close-lying hy;/251/2d3/2 orbits below
the Z = 82 shell gap. For even mass —and odd neutron—
isotopes beyond A = 206 this hole is coupled to a neu-
tron in one of the gg/ods /2711 /2 orbits. Lead isotopes with
Z = 82, on the other hand, are magic and their low-lying
nuclear structure —beyond doubly magic 2°®Pb— should
be governed only by valence neutrons above N = 126. At
higher energies, also excitation of protons across Z = 82
may take place.

Studies of level schemes of nuclides with few valence
particles or holes provide the best test ground for basic in-
gredients of shell model calculations, especially concerning
the matrix elements of the two-body residual interaction.
In the case of neutron-rich Hg and Tl isotopes, which have
been particularly successfully described by Kuo and Her-
ling [24], new information can be gained on the interaction
of proton holes with neutron particles. Since the data are
so scarce, every new decay measurement can be used to re-
fine and improve the existing interactions [25,26]. It also
allows to trace the evolution of the single-particle levels
when going away from the doubly magic 2°®Pb, and to
clarify to which extent the shell model with magic Z = 82
and N = 126 is upheld in this region.

3 Experimental procedure

The mass and decay studies of the Hg and T1 isotopes are
planned at the double Penning trap mass spectrometer
ISOLTRAP [27] (fig. 2) located at the on-line isotope sep-
arator facility ISOLDE at CERN. The radionuclides of in-
terest are produced by nuclear reactions induced in a thick
target by pulses of up to 3 x 103 protons at an energy of
1.4 GeV from CERN’s Proton Synchrotron Booster accel-
erator. After diffusion out of the heated target container
they are ionised on a hot surface, via electron impact, or
by selective resonant laser excitation, extracted and accel-
erated to energies between 30 and 60 keV, mass separated
in one or two dipole magnets, and finally guided to the
ISOLTRAP setup (fig. 2).

The experimental procedure at ISOLTRAP is the
following: a linear gas-filled radiofrequency quadrupole
(RFQ) ion trap [28] captures the continuous ISOLDE
beam and prepares it for transfer into the preparation
Penning trap. To this end, the ISOLDE ions are electro-
statically retarded before they enter the RFQ, where they
are cooled by energy loss due to collisions with the He
buffer gas. After a certain cooling time (typically 10 ms)
the ions are transferred as an ion bunch into the tandem
Penning trap system.

In Penning traps the ion selection and mass determina-
tion are based on the cyclotron frequency v. = ¢B/(27m)
of the studied ion. Here, ¢ and m are the charge state and
the mass of the ion, respectively, and B is the magnetic
field.

3.1 Preparation Penning trap

In the preparation Penning trap the ions are stored and
the contaminant ions are removed using the mass-selective
cooling in the presence of a buffer gas [29] (in our case,
He). The procedure is the following: all ions present in the
trap are brought to a radius larger than the 4 mm aper-
ture in the upper endcap of the trap. Then, only the ions
of interest are centered using a mass-selective quadrupole
excitation at their cyclotron frequency v. and are ejected
through the diaphragm. The resulting resolving power
reaches 10° (for 1s excitation time), which is sufficient
to separate different isobars from the mixture [2]. As long
as the impurity-to-ion ratio is less than one, this proce-
dure is sufficient to remove all impurities. In cases where
the ratio is much higher, a dipolar cleaning at the respec-
tive modified cyclotron frequency v4 of the contaminant
becomes essential after the mass-selective buffer gas cool-
ing has been applied. However, also this technique is only
applicable for the ratios below a few hundred to one. Fur-
thermore, due to space charge effects the total number of
ions manipulated in the ISOLTRAP precision trap should
not exceed a thousand.

3.2 Precision Penning trap

From the preparation trap the ion bunch is transferred
to the second one, the precision Penning trap, where it
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Fig. 2. The triple-trap mass spectrometer ISOLTRAP together with the new tape-transport system for decay studies.

is captured. Here, the mass of the ion is determined,
based on its cyclotron frequency v.. A resonance spectrum
is obtained using the time-of-flight (ToF) ion-cyclotron-
resonance technique [30]. The ions are excited with a
quadrupole field around v.. When the applied frequency
corresponds to v., the extra radial energy resulting from
the resonant excitation is detected by a reduction in the
time of flight of the ions ejected towards a detector (see
fig. 4). In order to calibrate the unknown magnetic field at
the time of the measurement, the cyclotron frequency of a
reference ion with a very well-known mass (133Cs for this
study) is measured immediately before and after that of
the ion of interest. In this way one can interpolate v¢ rcf
in order to obtain the frequency ratio r = v./v. yey. For
the standard 1 s excitation the resolving power in this trap
is around 4 x 10° while the relative precision in mass de-
termination reaches 1 x 1075.

If the resolving power in the preparation trap is not
sufficient to prepare a clean beam, additional purifica-
tion can be performed in the precision trap. Due to its
higher resolving power, not only isobaric but even iso-
meric cleaning [4] is possible here. The removal of con-
taminants is based on a resonant dipolar excitation at the

respective modified cyclotron frequency vy of the contam-
inants [4]: the radius of the motion increases and the ions
hit the trap electrodes. In this way, the amount of con-
taminant ions can be decreased by at least an additional
factor of 10 to 100.

3.3 Decay spectroscopy setup after the precision trap

For the planned decay studies, the ion bunch is first cooled
and bunched in the RFQ ion trap and then stored and pu-
rified in the preparation Penning trap. If additional purifi-
cation is required, e.g. removal of isomeric contamination,
the precision trap is used. Finally, the ions are implanted
in a movable tape-transport system, mounted on top of
the precision trap (fig. 2). Just in front of the tape the
ions are accelerated from 1keV to around 10keV using a
pulsed electrode to ensure that the implantation is deep
enough to prevent the ions from an immediate diffusion.
Two modes are envisaged: for ions with half-lives shorter
than the minimum proton repetition rate (i.e. t1/2 be-
low 1.2s) one ion bunch is implanted at a time and the
beta and gamma detection takes place at the implanta-
tion point. After a delay corresponding to three half-lives,
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the tape is moved by about 1m to take away the un-
wanted daughter radioactivity and a new ion bunch is im-
planted in a clean part of the tape. For ions with a half-life
longer than the proton repetition rate it is more efficient
to implant several bunches in the same part of the tape.
To avoid the loss of ion bunches that are created dur-
ing the observation of the decay, the tape is moved only
after the implantation of the last bunch and the detec-
tion takes place around 0.7 m away from the implantation
point. During the measurement a new series of ion bunches
can be implanted in parallel.

4 Results
4.1 ISOLDE yields with different ion sources

The best material to produce neutron-rich nuclides around
208Ph using proton-induced fragmentation is uranium
and thorium. To be extracted and mass-separated the
produced atoms need to be ionised. Different ionisation
methods are used depending on the element: i) surface
ion sources for elements with low ionization potential,
ii) plasma/discharge for elements that cannot be surface
ionized, and iii) resonant laser excitation [31] (RILIS) al-
lowing particularly high selectivity, applicable in principle
to any element.

In the lead region, all elements can be ionised in a
plasma. For the ionisation on a hot surface, it is feasible for
Fr (ionisation potential of 4.0 eV), followed by Ac (5.2¢eV),
Ra (5.3eV), Tl (6.1eV), Bi (7.3eV), and Pb (7.4eV). For
the remaining neighbours (Au, Hg, Po, or Rn) surface ion-
isation at ISOLDE is not possible, because their ionisation
potentials are above those of Ta and W (7.6 and 7.9eV)
from which the transfer cavities are commonly made. It is
clear that the most efficient surface ionisation takes place
for Fr and Ra, and these beams are thus the most disturb-
ing contaminants. Concerning T1 and Hg, surface ionisa-
tion is possible only for T1, whereas the laser ionisation has
been used at ISOLDE for both T1 and Hg with efficiencies
around 25% and 1%, respectively.

Although much progress has been made on the target
and ion source side, none of the presently used methods
can fully block Fr and Ra. At the same time other purifi-
cation methods, such as the use of a neutron converter [32]
or extraction as a molecular beam [33], are not suitable for
the beams around 2°®Pb. Ongoing developments to sup-
press surface-ionised beams make use of laser ionisation.
To these belong the use of an ioniser cavity made of a low
work-function material [34] or the laser ion source trap
(LIST) where the surface-ionised ions are repelled by a
positive potential [35]. However, these tools are not yet in
standard online operation. Thus, ISOLTRAP is essential
for the purification of Tl and Hg beams.

During three ISOLTRAP beamtimes devoted to mass
measurements using a UC, target and different ion
sources, we could verify experimentally the production of
the neutron-rich Hg and T1 beams, as well as their isobars.

The first beamtime was devoted to masses of neutron-
rich Pb isotopes using laser ionisation. Due to technical

problems, the yield for Pb isotopes was too low and it was
decided to verify the surface ionisation and purification
of Tl, Fr and Ra beams. The scan of the mass-selective
quadrupole frequency in the preparation trap showed that
at A = 211 the beam consists —as expected— mostly of
Fr and Ra, with traces of Tl, and possibly Pb and Bi.
However, the Fr and Ra contamination was so strong that
neither T1 nor the other two components could be re-
solved or purified. (From the number of detected ions with
ISOLTRAP, the estimated ISOLDE yields were 107-10°
ions/proton pulse. For technical reasons, the ISOLDE
beam gate duration cannot be less than 1 ms so the yield
could not be reduced.) The rest of the beamtime was de-
voted to mass measurements on several Fr and Ra iso-
topes, which are presented in sect. 4.3.

The second production test used also surface ionisa-
tion. It took place during a laser ionisation beamtime on
Cd isotopes. This time the UC, target was coupled to a
quartz transfer line which slows down the release of alkali
beams, thus reducing their yield [36]. Again, the trans-
fer line does not block the alkali beam totally, necessitat-
ing further purification with ISOLTRAP. These tests were
also important because the transfer of surface-ionised T1
through the quartz line had never been tested before. Fre-
quency scans of the mass-selective v, in the preparation
trap for A = 207 show that the temperature regime of
the transfer line can be chosen such that Fr and Ra re-
tention is assured while T1 is not suppressed. In addition,
207T] was identified from the mass measurement in the
precision trap.

The third test made use of a UC,, target with plasma
ionisation coupled to a quartz transfer line for alkali sup-
pression (which had never been tested for Hg transfer). In
this case, Fr and Ra were again blocked, but many other
isobars were ionised, such as At and Rn. Neutron-rich TI
and Hg isotopes were not visible, even at A = 209, in
the preparation trap because of the very strong peaks of
At and Rn. At the same time, we observed less neutron-
rich T1 and Hg (A4 = 190,192,198). However, the yield
of Hg was smaller closer to stability, which may indicate
that the observed Hg ions are not transferred through the
quartz line but are created behind the quartz by Tl decay.
The application of a quartz transfer line to Hg beams thus
requires further investigation.

Based on the above tests, laser ionisation is prefered
for Hg, while surface ionisation is also possible for T1. In
addition, the use of the quartz transfer line seems nec-
essary to lower the production of Fr and Ra to a level
acceptable for cleaning in the preparation trap. The open
questions are: i) can Hg be transferred efficiently through
quartz, ii) what are the production rates of Hg and TI
isotopes beyond N = 126, and iii) can a ThC, target give
higher yields than UC,?

4.2 Isobaric cleaning

The capability of purifying isobars in the preparation
trap is crucial for the success of ISOLTRAP studies in
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Fig. 3. A mass-selective cooling resonance for the A = 209
beam delivered to ISOLTRAP. The fit function consists of four
Gaussians of the same width (a free parameter) and fixed peak
positions based on the centre of a reference '33Cs™-resonance.

Table 3. Mass-resolving power m/Am required to separate
Hg and T1 isotopes above A = 208 from Fr contamination in
the ISOLTRAP preparation trap. There are no mass extrapo-
lations available for ions with A > 212.

A m/Am for Hg m/Am for Tl
208 1.9 x 10%¢ 1.4 x 10*

209 4.3 x 10%¢ 2.0 x 10*

210 1.1 x 10°@ 3.3 x 10*

211 1.0 x 10°°
212 1.0 x 10°¢

% Based on an extrapolated mass.

the 298Pb region. We have verified this with a UC, tar-
get coupled to the quartz transfer line and plasma ion
source, which delivers many different species. The ions
were sent through the ISOLDE high-resolution mass sep-
arator HRS (with a resolving power m/Am up to 5000)
to the ISOLTRAP setup. The frequency scan of the mass-
selective quadrupole excitation in the purification trap re-
vealed that the A = 209 beam consisted of several species
(Rn, At, Pb and/or Po), as shown in fig. 3. Since the width
of the resonances is approximately inversely proportional
to the duration of the excitation (cooling time), we chose
the duration of 1s which provided a mass-resolving power
of over 70000, enough to resolve Fr from Hg and TI (see
table 3).

To show the cleaning capabilities of ISOLTRAP, the
excitation (cooling) time in the preparation trap was re-
duced to 100ms so that all isobars were transferred to
the precision trap, where the ToF resonance was recorded
(fig. 4a) (note that the ions need to be captured and
cooled in the preparation trap for efficient injection into
the precision trap). Then, the cooling time was increased
to 1s, thus obtaining a 10 times higher mass-resolving
power (m/Am = 70000 should be enough to distinguish
between Rn, At, and Pb). Figures 4 b)-d) show results
of ToF resonances in the precision trap (with 200 ms ex-
citation time) obtained with the excitation frequency in

5501 + +

mean time of flight / ps

400]_©)

450

209Pb + 209P0

400 d)

434650 434660

cyclotron frequency / Hz

234620 434630 434640

Fig. 4. Time-of-flight resonance curves for several A = 209
nuclides: a) with no isobaric cleaning and b)-d) with cleaning.
Note the same vertical scale for resonances b)—d) illustrating
well that the presence of several species (parts a)) and d)) in
the precision trap lowers the signal-to-noise ratio. If 2°°T1 was
present in the beam, its resonance should be visible between
those of At and Po.

the preparation trap centered around 2°°Rn, 29°At, and
209PY, respectively. For Rn and At the spectra show the
presence of only one ion species, whereas for Pb the beam
clearly consists of two species, which can be identified as
209Ph and 209Po. With longer excitation time in the pre-
cision trap, such as the routinely used 1.2 or 2s, the Po
and Pb ToF resonances could be clearly resolved. Also,
with additional dipolar cleaning in the precision trap, it
should be possible to leave only one species —Po or Pb—
in the trap.

4.3 Masses of 2117213Fy and 211Ra

During one of the production tests using the UC, target
with surface ionisation (described in sect. 4.1) we mea-
sured and improved the mass values of several nuclides in
the A = 209 region. These included 21" 2'3Fr and 2!!'Ra,
with half-lives from 13s to 20min and ISOLDE produc-
tion rates around 108 ions per proton pulse for Fr and 10°
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Table 4. Cyclotron-frequency ratios r, using as reference
133CsT with its mass from AME2003 [12], and mass excess
(ME) of 2! 213Fr and ?''Ra from AME2003 and from a new
AME based on this work (in keV).

Nucl. Freq. ratio r ME AME2003 New ME
ZHFy  1.587563810 (107) —4158.3 (21.2) —4140.1 (11.7)

21Ra  1.587603913 (64)  836.5 (26.2) 832.0 (7.9)
212Fy  1.595092993 (76) —3537.6 (25.8) —3516.0 (8.8)
23Fr  1.602616827 (56) —3549.9 (7.7) —3553.0 (5.1)

for Ra, making them a problematic contamination. It is
important to know these masses as accurately as possible
to more quickly and efficiently separate them from those
species with yet undetermined masses.

As described in sect. 4.1 Fr and Ra were one of the
main constituents of the investigated beams. They could
be easily purified using the mass-selective buffer gas cen-
tering described in sect. 3, which was visible in large
signal-to-noise ratios in the precision trap. In addition,
ToF resonances were carefully checked for the presence
of any contaminations that might shift the center fre-
quency using a count-rate-class analysis [37]. All reso-
nances were taken with an excitation time of 900 ms or
1.2s. The theoretical line shape was fitted to the reso-
nance data points [30] in order to extract the cyclotron
frequency. The data analysis followed the procedure de-
scribed in [37]. In addition to the systematic uncertainty
of 8 x 1077, a relative mass-dependent uncertainty of
1.6x1071% /u(m—m,. ) was added to the fit result. *3Cs™
ions from the ISOLTRAP offline ion source were used as a
reference to derive the cyclotron frequency ratios r, which
are presented in table 4. Using r together with the 33Cs
mass value [38], a new mass evaluation was performed re-
sulting in the new, more precise, mass excess values pre-
sented in table 4. As an additional cross-check, several res-
onances for 2°°Pb and 22*U were recorded. Both resulting
mass excess values agree with literature values to better
than 1keV, however with somewhat larger uncertainties
of around 7keV compared to 1keV in the Atomic Mass
Evaluation 2003 (AME2003).

For 2!'Fr the AME2003 mass excess value of —4158.3
(21.2) keV was based 81.4% on the mass difference 2!!Fr-
226Ra [39], 17.2% on the a-decay of 2! Fr into 297 At [40],
and 1.4% on the mass difference 2! Fr-229Fr and 2%%Fr [41].
The ISOLTRAP measurement agrees within 1o with the
AME2003 value and contributes 70% to the value of the
new AME, —4140.1 (11.7) keV.

In the case of 2''Ra, the AME2003 mass excess of
836.5 (26.2) keV was determined only indirectly from two
measurements of 2''Ra a-decay to 2°"Rn [42,43], both in
agreement. Our value contributes 100% to the new mass
excess of 832.0 (7.9)keV and decreases the uncertainty
more than three-fold.

The previous 2'2Fr mass excess —3537.6 (25.8) keV,
was 97.2% based on 22Fr-?26Ra [39] and 2.8% on
2125y 220Fy and 208Fr [41]. ISOLTRAP contributes 88.5%

Table 5. Mass excess values (keV) influenced by measure-
ments on 2'7723Fr and 2''Ra presented in this article, be-
fore [12] and after our studies.

Nuclide ME AME2003 New ME ME shift
199ph  —25228.0 (26.4) —25232.5 (10.2) —4.5
203 —21540.4 (21.8) —21522.6 (12.9) 17.9
203pg  —17307.1 (25.9)  —17311.6 (8.8) —4.5
2044 —20667.3 (26.0)  —20645.7 (9.2) 21.6
205B4 —21061.8 (7.2)  —21064.4 (5.2) —2.6
207 At —13243.2 (21.6) —13225.2 (12.6) 18.0
207Rn —8631.0 (26.0) —8635.5 (8.7) —4.5
087t —12491.4 (25.9)  —12469.8 (8.9) 21.6
209 At —12879.7 (7.5)  —12882.6 (5.2) -2.9
25 Ac 6010.9 (21.6) 6029.1 (12.2) 18.1
25T 10926.7 (26.9) 10922.2 (9.8) —4.5
26 A¢ 8122.7 (26.6) 8144.3 (10.8) 21.6
216 A cm 8166.3 (26.1) 8187.9 (9.5) 21.6
27 Ac 8706.5 (12.8) 8703.5 (11.4) -3.0
2T ™ 10718.7 (18.9)  10715.7 (18.1) -3.0
219py 18520.5 (54.4)  18538.6 (51.5) 18.1
2197y 23212.0 (56.8)  23207.6 (51.0) —4.5
220py 20376.7 (56.6)  20398.3 (51.2) 21.6
221py 20379.1 (51.6)  20376.1 (51.3) -3.0
225Np 31590.5 (71.9)  31587.5 (71.6) —3.0

to the new mass excess of —3516.0 (8.8) keV and shifts it
by 22keV.

Two measurements of the a-decay of 23Fr to
209At [40,44] completely determined the mass excess of
213Fy, yielding —3549.9 (7.7) keV. Our result contributes
55.3% to the new mass excess of —3553.0 (5.1) keV, and
decreases the uncertainty by almost a factor of two.

The new masses of 217 213Fr and 2!'Ra influence over
20 other masses, shown in fig. 5, that are connected via
a-decay chains or nuclear reactions. In some cases the
mass uncertainty decreased even three-fold. Previous and
new masses, derived from a new Atomic Mass Evaluation
are presented in table 5. This list does not include mass
excess values influenced by the new 2°®Fr mass (due to
2127213y changes: 2%8Fr, 212 Ac, 215Pa) which increased by
only 1.6keV with no change in uncertainty. Also the in-
fluence on 2197229Pa and 2'9U masses is almost negligible.

5 Summary

The inherently high resolving power of Penning traps [45]
allows using them for precision studies on isobarically
and even isomerically pure beams. Using the Penning
trap mass spectrometer ISOLTRAP we have performed
preparatory studies for mass and decay studies of neutron-
rich Hg and T1 isotopes beyond N = 126, which are poorly
known since they are delivered with large isobaric contam-
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Fig. 5. (Colour on-line) Nuclear chart around 2°*Pb including nuclides investigated by ISOLTRAP whose new masses are
presented in this article (in red and bold) and nuclides with masses influenced by our new data (in blue).

ination of surface-ionised Fr. The recent production tests
show that specific ionisation schemes (laser for T1 and Hg
or surface for T1), together with the use of the quartz
line to filter the alkali isobars, can provide a beam that
can be purified further with ISOLTRAP. Furthermore, the
resolving power of over 70000 that is required to purify
Fr has been achieved for masses around A = 208 in the
ISOLTRAP purification trap. Masses of several nuclides
in this region, 2'' 213Fr and 2!'Ra, have been determined
with about 3 times better precision than previously. Ex-
act values of contaminant masses are important in order
to quickly and efficiently separate them from the more
weakly produced exotic species having unknown masses.
The new masses influence over 20 other masses in the
208Ph region, and bring down many mass excess uncer-
tainties below 10keV. Further tests of the production of
T1 and Hg beams beyond N = 126 are required before the
measurements of interest can be performed. Next steps
include also the comissioning of a tape-transport system
with radioactive beam.
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