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With the double Penning-trap mass spectrometer ISOLTRAP at ISOLDE/CERN the masses of the neutron-rich
isotopes '%6~146Xe were measured with a relative uncertainty of the order of 10~ to 107, In particular, the masses
of 144-146Xe were measured for the first time. These new mass values allow one to extend calculations of the mass
surface in this region. Proton-Neutron interaction strength, obtained from double differences of binding energies,
relate to subtle structural effects, such as the onset of octupole correlations, the growth of collectivity, and its
relation to the underlying shell model levels. In addition, they provide a test of density functional calculations.
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I. INTRODUCTION

Mass values of exotic nuclei are key parameters for many
fields of physics such as nuclear structure research, tests of
the standard model, or nuclear astrophysics [1,2]. The binding
energy of a nucleus contains the sum of all nuclear forces.
Specific effects of nuclear structure can be extracted by the
determination of differences of binding energies. One example
is the discovery of the so-called “island of inversion” in 1975
[3] from the two-neutron separation energies S, which did
not decrease abruptly at 3!Na, as expected for the closed N =
20 shell. Moreover, double differences of binding energies
can provide filters that isolate particular interactions. Certain
filters, such as one that extracts the valence proton-neutron
interaction of the last nucleons, can improve our understanding
of the evolution of collective behavior in nuclei. In this paper,
we will contribute to some of these questions through the
measurement of new masses in the A ~ 140 mass region.

An important facet of nuclear structure is the evolution of
the nuclear shape as a function of the number of neutrons and
protons. Nuclei far from closed shells are often deformed,
i.e., have nonspherical shapes. Whereas most shapes show a
reflection symmetry, some are asymmetric under reflection
in their ground states [4]. Such cases are usually investigated
via y-ray spectroscopy of excited nuclei. Low-lying negative-
parity states near the ground state, with £1 and E3 transitions,
interleaved with positive-parity states, are normally indicators
for stable reflection-asymmetric (i.e., octupole deformed)
nuclei.

In this article, we present an alternative approach to
revealing octupole deformation effects, which is based on the
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nuclear binding energies, derived from mass measurements on
nine new masses for neutron-rich xenon isotopes, '38-14Xe,
which are relevant for the questions mentioned above. The
measurements were carried out with the Penning-trap mass
spectrometer ISOLTRAP [5,6] at the CERN Isotope Seperator
On-Line (ISOLDE) facility, which produces radioactive ion
beams.

Octupole contributions to the binding energy are supposed
to be rather small, below 1 or even 0.5 MeV [7,8]. Very often
they are hidden by much stronger quadrupolar deformations,
which makes it even more difficult to see an effect in the
binding energies. Nevertheless, it has been recently shown that
there is a much more sensitive link between collective effects
in nuclear structure and binding energies than previously
assumed [9].

Such a region, relevant to the studies of the proton-neutron
interaction where in addition octupole deformation appears, is
provided by the lanthanides around '#Ba [10]. To determine
the average interaction between the last two neutrons and
protons, the masses of two barium (Z = 56) and two xenon
(Z = 54) isotopes have to be well known. Whereas barium
masses are measured with an uncertainty of about 10 keV
up to '**Ba, the mass values for many of the neutron-rich
xenon isotopes were not known or had a very large uncertainty
prior to our measurements. In particular, here, we will inspect
the double difference of binding energies, called §V),, that
gives the proton-neutron interaction mentioned above, to point
out a possible link to octupole correlations and will discuss
this quantity as a possible signature for such a degree of
freedom.
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In addition, these empirical proton-neutron interactions
have been shown to be closely related to collective correlations
on the one hand [11] and to the filling of shell orbits and
the overlap of the proton and neutron wave function on the
other [12]. We will use the new results here to further study the
correlation of large proton-neutron interactions to the growth
of collectivity and their dependence on the relative filling of
the respective proton and neutron major shells. Finally, we will
use the 8V, values obtained for barium nuclei in this study
to provide new tests of modern microscopic theories such as
those based on density functional calculations [13,14] and to
suggest further tests of these calculations.

II. EXPERIMENT

The nuclides of interest were produced at ISOLDE [15]
by bombarding a 50 g/cm?® thick UC, target with pulses
of up to 3 x 10'3 protons with an energy of 1.4 GeV from
CERN’s Proton Synchrotron Booster accelerator. For the
present measurements, the nuclear reaction products were
guided through a water-cooled transfer line into a newly
developed versatile arc discharge ion source (VADIS) [16].
The ionized atoms were accelerated to 30 keV and mass
separated with a resolving power of R = m/Am ~ 4000 in the
ISOLDE high-resolution separator (HRS). The resulting ion
beam was injected into the recently installed radio-frequency
quadrupole (RFQ) cooler ISCOOL [17] to improve the beam
emittance. Afterward, the ions were transported to ISOLTRAP.

Figure 1 shows a sketch of the ISOLTRAP setup. The
semicontinuous beam coming from ISOLDE is first injected
into a RFQ [19] where the ions are decelerated, cooled, and
bunched. After several milliseconds trapping time, the RFQ
delivers a low-emittance ion bunch for an ideal injection
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FIG. 2. (Color online) Cooling resonance in the preparation trap
in the region of '*¥Xe. The quadrupolar excitation was applied for
200 ms, resulting in a resolving power R = m/Am of approximately
74 000. Obviously, no *®Ba contamination within the detection limit
accompanied the *¥Xe beam from ISOLDE.

into the cylindrical preparation Penning trap. Here, a mass-
selective buffer-gas cooling technique [20] is applied to detect
and separate isobaric contaminations with a typical resolving
power in the order of R = m/Am ~ 10*~10°. This procedure
is performed for up to a few hundred milliseconds depending
on the half-life of the ion of interest and the desired resolution.
Figure 2 shows the result of this technique in the case of ¥ Xe.
Here, 1*¥Ba was a candidate for a possible contamination, but
in the end, no '*¥Ba could be observed.
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ISOLTRAP setup. The ions coming from
ISOLDE are stopped in a linear RFQ and
transported to the two Penning traps, where

\. the mass is measured with the time-of-flight
ion-cyclotron resonance method. Inset: Time-

2R/ of-flight resonance curve of “6Xe with an
% K excitation time of 200 ms. The solid line is a

fit of the expected line shape [18] to the data

points.

MCP 3 / channeltron
480 ch
»
= 440 7]
E . .
;5:” Precision
= 400+ Penning tra
GEJ B=6T
= %] MCP 2 £
8 PR >/
£ 320
146)(e f
622360 622370 622380 Preparation
excitation frequency (Hz) Penning tra
reference B=4.7T
ion source MCP 1
RFQ cooler and buncher
ISOLDE REnmnnsannan -
i [==sssmmesnsssannans]
gg;ﬁv on 1st switch
HV platform

044323-2



HIGH-PRECISION PENNING-TRAP MASS MEASUREMENTS ...

The ion bunch from the preparation trap is transported to the
hyperbolic precision Penning trap where the mass m of the ion
is determined by the measurement of the cyclotron frequency
V. = g B/(2mm), where ¢ is the charge state of the ion and B
the magnetic field strength. Inside the Penning trap, the radial
motion of the ions can be described as a superposition of a fast
cyclotron motion and a slow magnetron motion. To measure
V., the time-of-flight detection technique is used [21]. To this
end, the ions in the precision trap are excited to a magnetron
radius of about 0.7 mm, before a cyclotron excitation with
frequency vy is applied to increase the radial kinetic energy.
The frequency of this excitation is varied around v, and the
time of flight of the ions ejected toward a detector is recorded.

In resonance, i.e., for v = v., the radial ion motion is
converted from pure magnetron motion to pure cyclotron
motion (with the same radius). Therefore, the ions have more
kinetic energy and after axial ejection arrive earlier at the
detector. The resolving power is approximately proportional
to the product of the cyclotron frequency v, and the excitation
time Ty. Typically, excitation times from 0.1 up to 1.2 s are
used.

An example for a cyclotron resonance is shown in Fig. 1
(inset). The expected line shape [18] is fitted to the data
points. For each measurement, the magnetic field is calibrated
by the determination of the cyclotron frequency v, of a
reference ion with a well-known mass m¢. For the present
experiment, '33Cs was used. Taking into account the mass m,
of the electron, the resulting mass of the ion of interest is

Ve, ref
m = » (Myef — me) + me.
c

ey

To avoid any influence from possible contaminations, a
count-rate analysis as described in Ref. [22] was applied. In
addition to the statistical uncertainty of each measurement,
a relative mass-dependent uncertainty of 1.6 x 10710 x (m —
myet)/u and a residual uncertainty of 8 x 10™° were added
quadratically.

PHYSICAL REVIEW C 80, 044323 (2009)

III. RESULTS

For each xenon isotope, two or three resonances were
recorded. The third column of Table I shows the mean
frequency ratios compared to the reference '**Cs. In to-
tal, 11 isotopes of xenon were measured, seven of them
(137-139Xe, 142Xe, and '#4~149Xe) directly for the first time.
The masses of '%4~146Xe have never been measured to date. The
deduced frequency ratios were included into an evaluation in
order to produce new mass excess values, which are compared
with the literature values of the Atomic-Mass Evaluation
2003 [25] in Table 1.

The mass of '3*Xe was recently measured with a very low
mass uncertainty of only 11 eV [24] in a cryogenic Penning
trap and served as a cross-check to confirm the reliability of
ISOLTRAP. In addition, in the AME2003, the mass of 1¥’Xe
is coupled to the mass of '3*Xe through a (n, y) reaction with
an uncertainty of only 110 eV [25], therefore the mass of
this isotope turned out to be a second cross-check for our
measurements. Both values are included in Table I, and our
results are in very good agreement with these calibration
points.

The masses of '40:141.143Xe were recently measured at the
cooler-storage ring ESR at GSI [23]. These measurements
were performed in the isochronous mode to address short-
lived nuclei, and mass uncertainties of ~120 keV have been
achieved. Whereas the mass excess values for '*%143Xe agree
within one ¢ with our measurements, our value for *!Xe is
roughly 2.50 away from the result of the ESR measurement.

Figure 3 shows a comparison of our data with the literature
values and the values from the ESR. Before our measurement,
the AME2003 values for '¥-142Xe were mainly determined
by Qg measurements in the decay of Cs [26-28]. Our results
increase the precision of these masses by a factor of 10—40.
Only for '3¥Xe, a larger deviation from the mean literature
value is observed. The result of Monnand et al. [28] deviates
more than 40 from our value. But it is known that data from
Qp measurements often underestimate the Q values because
of missing levels in the daughter nuclide, thus providing more

TABLE I. Frequency ratios r = v, s/ V., relative mass uncertainties 6m/m, and mass excesses of the measured xenon
isotopes A resulting from an evaluation including the new frequency ratios, the results from the measurement at the GSI
experimental storage ring (ESR) Agsg [23], and the literature values Ap; from the AME2003 [25]. The measurement
of Redshaw et al. [24] for '3°Xe is already included in the evaluation for the literature values. Extrapolated mass excess
values are marked with f. The reference ion was '33Cs* with m(*3Cs) = 132.905451932(23) u [25].

A Tip T = Ve et/ Ve dm/m A (keV) Agsr (keV) Apic (keV)
136 Stable 1.0225827874(143) 1.4 x 1078 —86429.8(1.8) - —86429.15(0.01)
137 3.8 min 1.0301426589(147) 1.5x 1078 —82382.2(1.8) - —82383.37(0.11)
138 14.08 min 1.0376862793(260) 2.6 x 1078 —79975.1(3.3) - —80150(40)
139 39.68 s 1.0452454557(175) 1.8 x 1078 —75644.6(2.1) - —75644(21)
140 13.60 s 1.0527910833(189) 1.9 x 1078 —72986.5(2.3) —72870(121) —72990(60)
141 1.73 s 1.0603539448(234) 23 x 1078 —68197.3(2.9) —68521(127) —68330(90)
142 1.22s 1.0679020930(219) 2.2 x 1078 —65229.7(2.7) - —65480(100)
143 511 ms 1.0754668738(379) 3.8 x 1078 —60202.9(4.7) —60253(124) —604501(2001)
144 388 ms 1.0830179539(432) 43 x1078 —56872.3(5.3) - —572804(3001)
145 188 ms 1.0905855815(896) 9.0 x 108 —51493(11) - —521004(300%)
146 146 ms 1.098138336(198) 2.0 x 1077 —47955(24) - —486701(4001)
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FIG. 3. (Top): Differences between the ISOLTRAP mass excess
values and the values from the AME2003 compilation [25] (grey
shaded region) and the results from the ESR at GSI [23] (open
circles). (Bottom): Mass excess difference for '3¥Xe compared with
Qp measurements [26,28]. The uncertainties of the ISOLTRAP
measurements are smaller than the size of the symbols.

bound masses. However, no obvious reason could be found
in this case. On the other hand, the measurements of Wohn
et al. [26] lead to a mass excess for 13Xe of —80056(80) keV,
which agrees with the present results (see Fig. 3, bottom).

IV. DISCUSSION

The masses deduced for xenon isotopes reveal some
interesting new information. Figure 4 shows the two-neutron
separation energies S,, for this region. Those for xenon,
including the new values for '38-143Xe and the first measure-
ments for '44~146Xe, behave rather smoothly. This smoothness
is in contrast to the heavier chains, where deformation sets in
around N = 90 and S,,, values flatten: as Z decreases, xenon
is the first chain to show such smoothness.

Double differences of binding energies can be used to
isolate particular interactions and are a much more sensitive
indicator of structure. In particular, one specific double
difference isolates the proton-neutron interaction of the last
two protons with the last two neutrons, §V,,(Z, N). It is
defined for even-even and even-odd nuclei, respectively,
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FIG. 4. (Color online) Two-neutron separation energies (S,,) for
Sn-Ptisotopes with N = 78-112 [25]. Red data points are for even-Z
nuclides, black are for odd-Z nuclides. The new xenon data from this

work are represented by the solid circles. The larger points are for the
nuclei '#4~146Xe for which no mass information was known.

by [29]
8V5e(Z, N) = §[(Bz.v — Bzv—2) — (Bz_an — Bz_2.v-2)),
SVo(Z,N) = 1Bz — Bz n-1) — (Bz—o.n — Bz-2n-1)],

where B is the binding energy.

Each §V,,, value requires four binding energies, for nuclei
with atomic number Z and Z — 2. The measured xenon masses
improve 8V, values for barium isotopes. These are shown in
Fig. 5, where the new values obtained from the present data
are shown as solid symbols in the upper and lower panels. We
note that there are considerable changes with respect to the
older values as can be seen by comparing the old and new
mass excesses in Table L.

The new 6V, values for the even-Z and odd-N isotopes
(top panel) are the most interesting. The barium values show
a pattern that resembles a parabolic trend. This behavior is
unique in this region and only occurs in one other, a fact
that may give a clue to its physical origin and possibly a
new signature of structure. The only other region where such
behavior appears is located around ??*Ra, whose 8V, values
are shown in the middle panel of Fig. 5 [30]. The similarity
is striking. Both parabolas appear just after a closed neutron
shell for nuclei whose proton number is six above a major shell
closure.

This, however, is not the only similarity in these two
regions: both are the best established regions of nuclei with
strong octupole correlations [4] and exhibit the characteristic
signatures of such correlations, namely, low-lying 1~ and
3~ states, an interleaving of positive- and negative-parity
states in rotational bands at high spin, and enhanced E1
and E3 transition rates. Also, the inclusion of an octupole
degree of freedom improves considerably the agreement
between measured and calculated masses [7,8]. These data
are summarized comprehensively in Ref. [4]; see especially
Figs. 13 and 14 of that reference for the systematics of the
17 and 3~ states, Fig. 17 for interleaved alternating parity
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FIG. 5. (Color online) Empirical §V,, values. (Top): Even-odd
values for the barium region. The solid triangle represents the first
extracted 8V, ('*Ba). (Middle): Same figure for the radium region
[30]. (Bottom): Same as top, but for even-even nuclei.

states, and Tables III and IV for E1 and E3 transition rate
data.

It is predicted that both regions develop softness to octupole
effects [4] because, in the context of a microscopic random-
phase approximation (RPA) approach, octupole collectivity
should occur in regions where the shell model features nearby
orbits differing by one in the oscillator quantum number (that
is, having opposite parity), orbital angular momenta differing
by 3, and single-particle total angular momenta differing by
3 as well. This occurs in heavy nuclei where the mean field
spin-orbit force introduces an intruder orbital into each major
shell. As shown in Fig. 6, the relevant orbits for the barium
and radium regions are indeed present, namely, (1i13/2, 2 f7/2)
and (15,2, 289/2), respectively. Since the degeneracy of the
orbits in the heavier region is higher, the onset of octupole
correlations occurs a little later in the neutron major shell for
radium than it does in the barium region.

PHYSICAL REVIEW C 80, 044323 (2009)

FIG. 6. (Color online) Colored version of Fig. 4 of Butler and
Nazarewicz, the part from N = 82-184 [4], showing the single-
particle levels for spherical nuclei.

In a sense, it is not surprising that evidence for octupole
correlations appears in the context of mass measurements.
Early calculations of the mass surface indeed showed a
sensitivity to octupole correlations [31]. This was followed
up by further studies [8,32] and octupole-correlation energy
calculations [7].

Of course, it is one thing to see the effects of adding an
octupole-octupole term in the collective Hamiltonian, but quite
another to observe such effects directly in mass data. There
are two reasons. First, current capabilities for microscopic
mass calculations are on the order of 600 keV [33], which
is somewhat larger than the expected octupole-correlation
energies (see Fig. 7 of Ref. [4]). Second, such correlations will
be superposed on presumably larger components from other
structural effects such as the onset of quadrupole collectivity,
likely to occur in the same regions. Nevertheless, octupole
contributions to binding energies were noted in Refs. [7,8]
although with the remark that they would be difficult to
see directly in experimental binding energies or S, values.
However, it seems likely that the distracting effects can be
filtered out in 6V, values. The fact that we indeed see a
clear and unusual behavior in §V), values in two regions
where octupole deformation occurs suggests that the onset
of octupole deformation might be associated with anomalous
empirical proton-neutron interaction strengths. Of course,
this needs to be studied further, both theoretically and with
additional mass measurements in regions of known octupole
correlations.

The new 8V, values have three further significant conse-
quences: two connected to the relation between p-n interaction
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FIG. 7. (Color online) §V,, values illustrated with colors for the
Z =50-82 and N = 82-126 shells. The top panel shows empirical
values, for which the new and revised 6V,,(Ba) values are marked
with a green ellipse. The bottom panel gives the DFT results taken
from Ref. [13] and also marks the predictions for the two new barium
nuclei that have been measured here.

strengths and the orbits occupied by the last valence nucleons,
and one to recent microscopic calculations. Figure 7 illustrates
the 8V, values with a color scale for the Z = 50-82, N =
82-126 shells [11,12], in which the § V), increases from dark
blue to red. The new §V,,(Ba) results from this study are
indicated by an elliptical frame at N = 90 and 92, and the
revised 8V, value is shown with a dotted frame at N = 84.
This 6V,, value changed from 312 £ 10 keV (using the
AME2003 [25] masses) to 365 + 2 keV. All three new values
are larger (red boxes).

This confirms the observations and physics arguments in
Refs. [11,12] concerning the development of collectivity in
different major shell regions. Cakirli and Casten [11] showed a
correlation between the strength of the average p-n interaction
and the growth rate of collectivity as measured, for example,
by R4, which is the energy ratio of the first 4 and the first
2% level. It was noticed [11,34] that collectivity grows most
rapidly in particle-particle (p-p) (Z = 50-66, N = 82-104)
and hole-hole (h-h) (Z = 68-82, N = 104-126) regions and
slower in the hole-particle (h-p) (Z = 68-82, N = 82-126)
region. The same result was observed in the empirical 6V,
values [11]. The §V,, values, on average, are largest in the p-p
region and are larger in the p-p and h-h than in the p-h region.
The new §V,,,(Ba) values pertain to nuclei in the p-p quadrant
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and are indeed large (see Fig. 7 top), consistent with nuclei in
the p-p quadrant with the faster growth of collectivity here.

There is a second aspect to these large 6V, values that is of
interest. Along a diagonal line from the bottom left to the top
right in Fig. 7, the proton and neutron fractional filling (f, =
Np/32and f, = N,/44)issimilar, f, ~ f,.Hence their orbits
overlap the most, and large §V,, values are expected [11,12].
This observation is reinforced by the new data.

Recent microscopic calculations using density functional
theory (DFT) [13] can be tested with 6V, values. Although
these calculations only reproduce nuclear masses to an
accuracy of ~1 MeV, the binding energies they provide can be
used to obtain theoretical §V,, values. It has been shown [13]
that generally (with some exceptions) the DFT reproduces
empirical 8V, values to quite high accuracy, on the order
of <50 keV, and often considerably better. The reason is
that the double difference embodied in §V,,, effectively filters
out many contributions to binding and allows one to focus
specifically on the ability of the DFT to predict valence p-n
interactions. That is, by virtue of that double difference, one
can inspect rather subtle but important correlations in the DFT
wave functions. The present data allow an extension of such
tests.

The DFT calculations also show a feature that is somewhat
unexpected based on the above fractional filling argument,
namely, the large 6V, values for very neutron-rich Te-Ba
nuclei. Mass measurements for §V,, values of these nuclei
would be an important test for these DFT calculations.

V. CONCLUSION

In summary, the masses of 11 neutron-rich xenon isotopes
from A = 136 to A = 146 were measured by high-precision
mass spectrometry, three of them (1*4~146Xe) for the first time.
The results provide information relevant to several nuclear
structure studies. Previously, we pointed out a correlation of
systematic 8V, behavior with octupole effects [30] but also
mentioned other possible sources of the empirical effect. Now
we see similar behavior in another region (the barium nuclei),
where octupole correlations are also known from other data. It
is therefore suggestive that these anomalies in the §V,,, values
may be correlated with octupole deformations but that it would
be interesting to see if including such degrees of freedom in
microscopic calculations improves their agreement with the
8V,, values, and the §V,, values may serve as a signature
of such shape softness. Of course, having such data does not
replace more definite evidence from energy level sequences
and transition rates, but it does have the potential advantage of
providing the first evidence of such correlations in new regions
where spectroscopic data are lacking.

In both the barium and radium regions, the peak in 6V,
values seems to occur at slightly lower neutron numbers than
the maximum of the octupole correlations. Thus, as one moves
experimentally toward neutron-rich nuclei in new regions far
from stability, 6V,, values may even point to subsequent
findings of octupole deformations. The precision of the present
mass data and the filter provided by the double differences
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in 8V, can thus be combined to a valuable tool for the
exploration of the nuclear landscape.

Moreover, the current results for the even-even nuclei
provide new 8V, values for barium, which have several
consequences. They confirm the stronger interactions when the
protons and neutrons are both filling the same halves of their
respective shells, in particular when both are filling their shells
to similar fractional degrees. In both cases, the last protons
and neutrons occupy spatially similar orbits and hence exhibit
stronger interactions. Figure 5 (bottom) reveals the § V,,,, values
for even Z and N. Measuring '#+14¢Xe in this study allows us
to extract the first §V,, values for barium at N = 90 and 92
[similar to Fig. 5 (top) at N = 89]. Reference [30] mentions
that the octupole effect in §V,, clearly appears for the even-Z
and odd-N but not for the even-Z and even-N nuclei. On the
other hand, in this study, Fig. 5 (top and bottom panels) shows
almost the same 8V, values around N ~ 88. This result is a
nice demonstration that measuring masses in possible octupole
regions might be useful for further studies.

The new values support existing microscopic DFT calcula-
tions of §V,,,, values. Although the absolute level of agreement
of these calculations with known masses is only ~1 MeV,
the present results confirm that the DFT is, in fact, able to
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correctly account for important proton-neutron correlations in
the microscopic wave functions that are critical to the evolution
of nuclear structure with N and Z. Clearly, further mass
measurements that could provide tests of the DFT calculations
in the currently unknown region of neutron-rich isotopes of
Te-Gd nuclei (see Fig. 7) would be quite valuable.
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