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Figure 1: Chart of nuclides showing the measured nuclei and state¥!UAtarget was used to produce
neutron-richt?1-128cd, 134n, 130-135gn gnd!32-140Te in June 2009.12%In and13%-136sp isotopes were
produced with a 14-mg/cfrthick 232Th target in May 2010.

1. Introduction

Exotic nuclei have become accessible for high-precision mass measutsediamplementa-
tion of Penning trap mass spectrometry at modern radioactive ion beam facgitie e.g. Ref. [1]
for a recent review. The region arouftfSn is interesting to study via mass measurements due to
the vicinity of the closed protorZ(= 50) and neutronN = 82) shells. In addition, the astrophys-
ical r-process [2, 3, 4] passes through many of the nuclei clo$®%n on the way towards more
neutron-rich nuclei abové = 50. Mass measurements provide also data to be compared with dif-
ferent mass models to further develop predictions for experimentally cimabie nuclei. In order
to more reliably compare the calculategrocess abundances to the observations, the beta-decay
properties and masses of the involved nuclei should be precisely kriduato thevlh;;,, and
mlgg,, shells lying close to low-shells, nuclei close t&*2Sn have typically long-living isomeric
states. Isomers and low-lying excited states can be thermally populated iptbeess operates at
high temperatures, and thus, the beta-decay rates can significantlyfidiffethe terrestrial rates
[3]. If the r-process operates at temperatures so low that thermal equilibrium damachieved,
it becomes necessary to independently describe the population of wiiffeoeners after neutron
capture and the rates for neutron capture and decay of each isomieavid/applied state-of-the-art
cleaning methods at the JYFLTRAP double Penning trap mass spectrometigaytdte ground
states [5] as well as the isomeric states [6] in tFSn region (see Fig. 1). The results of these
experiments will be discussed in the following sections.

2. Experimental methods

The ions of interest were produced via fission reactions induced beXbprotons on a 15-
mg/cnt-thick "U or a 14-mg/cri-thick 232Th target at the lon Guide Isotope Separator On-Line
(IGISOL) facility [7]. The fission products were stopped in the ion-gujds cell filled with helium
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at a pressure of around 200 mbar. There, a good fraction of ioreddeuqul as singly-charged via
charge-exhange reactions. The ions were extracted from the gduy abfferential pumping and
with a sextupole ion guide (SPIG) [8]. After acceleration to 30 kV and nsagsration with a 55
dipole magnet, the continuous ion beam with a selected mass nuinlias sent to a gas-filled
radio-frequency quadrupole cooler and buncher (RFQ) [9]. TiR@ Rooled the ions and injected
them as narrow ion bunches to the JYFLTRAP double Penning trap [].0, 11

JYFLTRAP consists of two cylindrical Penning traps inside a 7-T supehacting solenoid.
The first trap was used for beam purification via a mass-selectiverfgdfecooling technique [12].
This purification trap has a mass resolving power of aromidm ~ 3 x 10* which is typically
enough to resolve neighbouring isobars but too low for separating isoffilee second trap called
precision trap was used for the purification of the beam via Ramsey cle@timgique [13] as well
as for the high-precision mass measurements employing the time-of-flightdtmiron resonance
(TOF-ICR) technique [14, 15]. With the Ramsey cleaning technique, timeeigo states could be
resolved from the ground states (exceptftiSn), and a mass resolving power upigAm ~ 10°
was achieved. In the TOF-ICR technique the ion’s cyclotron resorfaegeencyv. = qB/(2rm),
whereB is the magnetic field, and andm are the charge and the mass of the ion, is determined
by measuring the time-of-flight of the ions from the trap to a microchannel gigtector (MCP).
After magnetron and quadrupole excitations in the precision trap, the igite@xinder resonance
conditions gain more radial energy and are accelerated by a strorigefaage in the magnetic
field gradient when extracted from the trap towards the MCP outside theosdlehus, the ions in
the resonance have the shortest time-of-flights. Figure 2 shows an lexaimrapl OF-ICR spectrum
for 138Te™ ions. The magnetic field was calibrated with Xe ions with well-known massasg:
130xe (m= 129.90350935115) u [16]), 132Xe (m = 13190415508610) u [17]) and***Xe (m=
133905394%9) u [18]). The mass of the nuclide of interest was determined for these singly
charged ions as:

Mmeas= I (Myef — Me) + M, (2.1)

wherer = %‘:ﬁs is the cyclotron frequency ratio between the reference ion and the ioteoét,
andm is the electron mass.

To reduce the uncertainty due to time-dependent fluctuations in the magnletjdHes data
were collected interleavedly [19]: after one or two frequency sweepthé reference ion, a few
frequency sweeps were collected for the ion of interest and this pat&smrepeated as long as
required for sufficient statistics. The collected data files were split into snyzdigs in such a
way that a proper count-rate class analysis [20] was possible at teasbief reference ion. The
error due to the time-dependent magnetic field fluctuadgfires) /Vret = 5.7(8) x 10~ min—1At,
where At is the time between the two reference measurements, was quadratically adtied to
statistical uncertainty of each frequency ratio. The weighted mean of theumeeafrequency
ratios was calculated and used as the final value. The inner and owtes [@1] of the data sets
were compared and the larger value of these two was taken as the eterroban. Finally, the
uncertainty due to the mass-dependent shiftr) /r = (7.5+0.4 x 1071%/u) x Am [22] and an
additional residual relative uncertaindiss(r) /r = 7.9 x 10~° [22] were quadratically added to the
error.
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Figure 2: A TOF-ICR spectrum of38Tet obtained with an excitation pattern of 25 ms (On) - 350 ms ) Off
- 25 ms (On) fitted with the theoretical lineshape for timpesated oscillatory fields [23, 24]. The number
of ions in a bunch has been limited te-2 ions/bunch and the time gate has been set to-2284 us for
this figure. The red squares indicate the number of ions ih #ae-of-flight bin: the darker the color, the
more ions there are. The dashed line shows the position eéfumance frequency.

3. Ground-state masses

The JYFLTRAP results [5] have already been included in the latest AtomgsMaaluation
(AME12) [25]. In order to show the impact of the new mass measuremefiesedces between
the JYFLTRAP values and the previous evaluation from 2003 (AMEQ8) &% well as with the
preview of the AME12, called here as AME11 [26], have been plottedHfermeasured Cd, Sn,
Sb and Te ground states in Fig. 3. Two important trends can be seen in g Bore neutron-
rich isotopes tend to deviate more from the AME values and the extrapoldtezbwaf the more
recent evaluation (AME11) agree with JYFLTRAP better than the valugbeoAMEQ3. The
biggest deviation between the extrapolated and JYFLTRAP values hasleeased from around
600 keV (AMEO3) to around 240 keV (AME11). Féf%n and!3ln not plotted in Fig. 3, the
deviations were decreased from about 100 keV (AMEO3) and to @bblkeV (AME11) and a
better agreement was obtained with the latest AME values.

The most striking differences between the ground-state mass excadsbe AME11 values
are found for23Cd, 1321341355h  andl34-136Te (see Fig. 3). The case HCd will be discussed
in section 4. The discrepancies between the AME11 values and JYFLT®AR>1341355h and
134-136Te can be explained by biased beta-decay data [27, 28, 29] usefevahuation. These
beta-decay experiments give systematically too low mass-excess valuearedrtpJYFLTRAP.
Recent precision mass measurement$®ab and'*4136Te at the Canadian Penning trap (CPT)
[30] agree well with JYFLTRAP and their value fé#*Sb is in agreement with the JYFLTRAP
value for the isomeric state. The value from an experiment@®b in the experimental storage
ring (ESR) at the fragment separator (FRS) [31] agrees with the JXAPTvalue. In general, the
ISOLTRAP data [32, 33] support the JYFLTRAP results. These indeéget measurements have
given further support that some of the old AME values should be reustis region.
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Figure 3: Comparison between the JYFLTRAP results and Atomic Mas$utians from 2003 (AMEO3)
[18] and 2011 (preview) [26]. The gray-shaded region shdwesdrror band for the JYFLTRAP results
whereas the data points show the AME values with respect E&TRAP values. The uncertainties of the
data points include only errors from the AMEO3 and AME11. AME12 [25] was not used for comparison
since the JYFLTRAP data have already been included in it.

4. Excitation energiesfor isomers

By using the dipolar cleaning technique, isomers could be resolved fromrthed states
except for31Sn. For!3lSn, the isomeric state is expected to be at 65.1 keV [34] which is too low
to be resolved with JYFLTRAP at the moment. The excitation energies for #y@(} isomer
in 125Cd and (¥27) isomers in*?%3ln have previously been determined via beta-decay energy
differences, and therefore, JYFLTRAP results improved the preasigmificantly. A good agree-
ment was found between the JYFLTRAP results [6] and the precise exgigtiergies based on
y-ray energies fot?'Cd (11/27), 13%sn (7°) and*3*sb (7-) isomers.

Figure 4 shows the trend of the excitation energies of th&21lisomers as a function of
neutron numbeN for oddN Cd, Sn, Te and Xe isotopes. The JYFLTRAP results for Cd isotopes
are plotted as red squares connected by a thick red line. The trend is toffgierd from the
previously adopted values shown as open squares connected biieal ded line. However, it
follows well the trend of the Te isotopes which have two protons above tlsedb= 50 shell
instead of the two proton holes for the Cd isotopes. The valué?f@d™ differs from the result
based on beta decay [35] but as shown with the ground-state massese¢si®n 3), the beta-
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Figure 4: Excitation energies of 12~ states of odN isotopes close t&*2Sn.

decay energies are often biased e.g. due to unobserved feeding ¢o-lyigly states [36]. The
excitation energy of the isomer i#f3Cd, 31652(23) keV [37], is not based on observations of
y— y coincidences or on a direct measurement-trlinsition energy. It was obtained from a search
where the number of shared levels de-exciting to the ground and isomeeis sf@s maximized.
Two shared levels were found whenyaay energy range of 269 400 keV was applied for the
search. The JYFLTRAP result is below this energy range and disagtemngly with Ref. [37].
Based on the JYFLTRAP result, the most probable shared level woul@ Is¢dte at 2687(2) keV
[37] de-excited by 2687(2) keV and 1237(6) keV y-transitions to the ground and isomeric
states, respectively. The beta decay?3hg should be reinvestigated to revise the decay scheme.
The mass of?3Cd has also been studied at ISOLTRAP but the ground and isomeric staies ¢
not be resolved there [33].

5. Discussion

The ground-state mass values have been used for studies of oddtaggering of binding
energies and related empirical pairing gaps acrosiNtke82 shell gap [5] by using the three-
point odd-even-mass-staggering formula [38F) (N) = (—1)N[ME(N+1) —2ME(N)+ME(N —
1)]/2, whereME is the corresponding mass excess. The odd-even stagdeftitl) depends
on the intensity of pairing correlations in nuclei but is also affected by tharigation effects.
Figure 5 shows both the experimental results and theoretical calculatiothe @Gtaggering over
the N = 82 closed neutron shell. Whereas the theoretical calculations yield very rsigslalts
for the staggering of the odN-isotopes of Sn, Te, and Xe across tlie= 82 shell, the trend in
experimental values is different. The neutron pairing gap for Sn is dsedeby about 460 keV
from N = 81 to N = 83 (in agreement with theory) but for Te or Xe isotopes this reduction is
much smaller, about 170 keV for Te and only about 40 keV for Xe. In [B&fseveral theoretical
models (spherical HFB, deformed HFB, deformed particle-number cangeand self-consistent
calculations) were tried but the staggering values ofNhe 83 isotones as a function of the proton
numberZ remained a puzzle.
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Figure5: The odd-even staggering around thie= 82 closed neutron shell based on experiments (left) and
on theoretical calculations employing Sly4 [39] energysignfunctional combined with spherical Hartree-
Fock-Bogoliubov (HFB) approximations (right). Whereas steep decrease in the experimental staggering
values for the oddN Sn isotopes across tie= 82 shell closure is rather well produced by the theoretical
calculations, the flattened trend aboveZhe 50 seen in the od8tisotopes of Te and Xe cannot be explained
by current models. For details, see Ref. [5].

As a summary, exotic radioactive isotopes in tfSn region have been produced via proton-
induced fission reactions at the IGISOL facility. The JYFLTRAP doubleritey trap mass spec-
trometer has been used to resolve long-lived (> 100 ms) isomeric anddgstatas from each other
and to measure their masses [5, 6] with a typical precision of abmuin ~ 10-8. The measure-
ments have served results with superior precision compared to olderdmstg-studies which have
had a tendency to underestimate the mass values. Since it has been pos&itdentine excitation
energies for the isomers with JYFLTRAP, useful information on singléigdarenergies e.g. for
(11/2—) states in odd Cd isotopes and/2L) states in In isotopes have been obtained. Many of
the measured nuclei are located atti@ocess path, and therefore, their masses are crucial for an
accurate modeling of the process. The JYFLTRAP measurements hawe ttzd the AMEO3 val-
ues deviate from the measured values up to around 600 keV. The merd esaluation, AME11,
shows smaller differences to the JYFLTRAP results, but still, deviationdearp to around 240
keV. It is also worthwhile to note that for example the value!fiTe in the AME11 [26] deviates
from the recent Penning trap measurements at JYFLTRAP [5] and QBTby{3about 170 keV
(more than @). The effect of these new measurements on the AME12 [25] has bedficsigt.

The high-precision mass measurements also serve data for mass modigbmeves, which are
needed for experimentally unreachablerocess nuclei. The analysis on the impact of these results
on ther-process calculations is ongoing.
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