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Accurate masses of unstable rare-earth isotopes by ISOLTRAP
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Abstract. Direct mass measurements of neutron-deficient rare-earth isotopes in the vicinity of 146Gd were
performed with the Penning trap mass spectrometer ISOLTRAP at ISOLDE/CERN. This paper reports
on the measurement of more than 40 isotopes of the elements praseodymium, neodymium, promethium,
samarium, europium, dysprosium and holmium, that have been measured with a typical accuracy of
δm ≈ 14 keV. An atomic mass evaluation has been performed taking into account other experimental
mass values via a least-squares adjustment. The results of the adjustment are discussed.

PACS. 21.10.Dr Binding energies and masses

1 Introduction

Nuclides around the nucleus 146Gd have been of consider-
able interest for many years. 146Gd exhibits some of the
features of a doubly magic nucleus due to the closure of
the neutron shell at N = 82 and a proton sub-shell closure
at Z = 64. The determination of the strength of such a
sub-shell closure, the request for reliable and highly accu-
rate ground-state masses (δm < 20 keV) as input data for
shell model calculations [1], and the test of mass model
predictions are the motivation for mass measurements in
this region. Most of the masses of nuclides with Z ≤ 64
and N ≥ 82 are known with high precision. But this situa-
tion changes only a few neutrons and protons further away
from β-stability. Prior to the ISOLTRAP measurements
the experimentally determined mass values around 146Gd
were linked mainly by Q-values. This method often suf-
fers from an incomplete knowledge of the decay schemes.
Furthermore, since Q-values are mass differences, the er-
ror bars become quite large. This is due to adding up the
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uncertainties of the links in long decay chains which are
required to connect an exotic nucleus to one with a known
mass. Indeed, in the case of rare-earth isotopes the mass
uncertainties increase drastically as one recedes far from
stability and a number of previous mass determinations
in this region are doubtful [2].

A completely different approach is direct mass mea-
surement by the determination of the cyclotron frequen-
cies of ions confined in Penning traps [3] or storage
rings [4]. Common to all these experiments is the deter-
mination of the angular cyclotron frequency

ωc =
q

m
·B (1)

of ions with a charge-to-mass ratio q/m confined in a mag-
netic field B. The value of the magnetic field B required
for the mass determination can be determined from the
cyclotron frequency ωc of an ion with a well-known mass.

Penning traps presently provide the highest accuracy,
reaching δm/m ≈ 10−10 in the case of light, stable nu-
clei [5,6]. They can be advantageously applied to short-
lived radioactive ions, as demonstrated by the tandem
Penning trap spectrometer ISOLTRAP [7] installed at
ISOLDE/CERN [8,9]. ISOLTRAP has been designed par-
ticularly for mass measurements of unstable nuclides.
Masses of more than 100 nuclei, most of them far from sta-
bility, and some with half-lives down to one second, have
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been determined with an accuracy of about 1 · 10−7 and a
resolving power of typically one million [10–13,26]. Prior
to the measurements reported here the applicability was
restricted to isotopes of alkali and alkali-earth elements.
Measurements of rare-earth isotopes were impossible due
to large isobaric contamination of these ISOLDE beams.
This was overcome after the installation of a special cooler
Penning trap which acts as an isobar separator [14].

This paper reports on mass measurements of 44 rare-
earth isotopes and of 123Ba, 125Ba, 127Ba and 131Ba pro-
duced by 1GeV-proton–induced spallation of a tantalum
target. The nuclides were ionized in a tungsten surface ion-
ization source. After a first separation step by the ISOLDE
mass separator the ions were transported to the experi-
ment with an energy of 60 keV. The masses of the nuclides
in this work have been measured to a great part also by
Schottky mass spectrometry at the experimental storage
ring ESR at GSI [15]. In general, good agreement between
ISOLTRAP and ESR data is observed, and the Penning
trap data have usually an accuracy of almost an order of
magnitude better than the Schottky data.

This paper is structured as follows. Section 2 describes
those features of the ISOLTRAP experiment which are rel-
evant for this work. The measurements and the experimen-
tal results are presented in section 3. Section 4 describes
an atomic mass evaluation, where the experimental results
of this work are combined with all known experimental
data on atomic masses. The outcome of this mass evalua-
tion is then discussed in section 5. Due to the amount of
data presented the main text was kept short. Additional
information is included in the appendix.

2 The ISOLTRAP experiment

2.1 Experimental setup

Figure 1 shows the experimental setup of ISOLTRAP [7]
installed on the central beam line of the on-line mass sep-
arator ISOLDE at CERN. The essential parts of the spec-
trometer are an ion beam preparation section and two
Penning traps. The first Penning trap serves for accumu-
lation, purification and cooling of the ions as well as for
the production of ion bunches suitable for transfer to the
second trap. The second trap is a high-precision trap for
the determination of the cyclotron frequency.

For the preparation of a low-energy ion beam suitable
for transfer into the first Penning trap, the 60 keV con-
tinuous ISOLDE beam is first collected on a foil of a sec-
ondary ion source system1. Low-energy ions are produced
via surface ionization by heating the foil.

The first trap is a large cylindrical Penning trap placed
in the homogeneous field of a 4.7T superconducting mag-
net. The continuous low-energy ion beam delivered from
the ion preparation system is captured in the trap and
mass selectively cooled by interaction with buffer gas and
an azimuthal radio-frequency (rf) field. Only when this
1 Recently, this ion source has been replaced by a linear

radio-frequency quadrupole ion beam buncher [16].

mass
spectrometer

1m

ISOLDE
beam ion preparation

cooler trap

Fig. 1. The ISOLTRAP spectrometer installed at ISOLDE/
CERN. The lower trap acts as an ion beam buncher, cooler
and isobar separator. The upper trap is operated as a high-
accuracy mass spectrometer.

frequency equals the cyclotron frequency of the nuclide
under investigation, is this cooled into the center of the
trap. The ions can then be extracted through a diaphragm
and transferred to the second trap. A detailed description
of the cooler trap and the cooling technique can be found
in [14] and [17].

In the second trap, which is a precision Penning trap
used as a mass spectrometer, the ion motion is driven
by an azimuthal rf-field of frequency ωrf . If ωrf = ωc =
(q/m) · B, an increase of the amplitude of the cyclotron
motion of the stored ions is achieved [18]. This change in
the ion motion is accompanied by an increase of energy in
the radial plane as well as of the magnetic moment of the
ion orbit. The increase of energy in resonance is detected
by a time-of-flight technique. After excitation, the ions are
ejected from the trap and allowed to drift through the in-
homogeneous fringe field of the magnet to an ion detector.
The inhomogeneous magnetic field gives rise to an axial
force due to the orbital magnetic moment. Therefore, ions
in resonance with the rf-field, i.e. those excited at the cy-
clotron frequency, reach the detector faster than those off
resonance. Hence, the determination of the time-of-flight
as a function of the frequency νrf of the rf-field leads to
a resonance, as shown in fig. 2 for the example of 134Nd.
The solid line is the theoretically expected line shape [18]
of such a resonance adjusted to fit the data points.
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Fig. 2. Cyclotron resonance curve for 134Nd. Shown is the
time of flight of the ions from the trap to an ion detector as a
function of the applied radio frequency. The solid line is a fit
of the theoretical line shape to the data points.

The resonance width ∆νFWHM determines the resolv-
ing power R = νc/∆νFWHM of the spectrometer. This
width is approximately equal to the inverse of the period
Trf during which the ions experience the rf-field inside the
trap. As an example, for ions with A ≈ 85 the cyclotron
frequency is νc ≈ 1MHz in a magnetic field of B = 6T.
Using Trf = 12 s, resolving powers of R ≈ 1 · 107 have
been achieved with ISOLTRAP [19]. For optimum use of
beam time the ISOLTRAP spectrometer is usually oper-
ated with a resolving power of about R ≈ 106 (Trf = 0.9 s),
which allows mass determination within an accuracy of
δm/m ≈ 1 · 10−7 [10–13,26].

2.2 Treatment of contaminated beams

Test measurements and analysis of the data showed that,
except for magnetic field variations, the only relative fre-
quency shift that in some cases exceeds δν/ν ≈ 1 · 10−7
is due to contamination of the investigated nuclide by an-
other species with a different mass [10] (see section 3.2.1).
Since the radioactive nuclides are selected by the ISOLDE
mass separator according to their mass number, only iso-
bars and isomers have to be considered as possible con-
tamination.

The effect of such contamination has been discussed in
detail in [10,21]. One has to distinguish two situations, one
in which the mass resolution of the spectrometer is suffi-
cient to resolve the different species and the other in which
this is not the case. In most of the reported measurements
the spectrometer was operated with a resolving power of
R ≈ 650000 (Trf = 0.9 s) which corresponds to a mass
difference of ∆m(FWHM) ≈ 200 keV. In general the ef-
fects due to contamination are roughly proportional to the
number of the contaminating ions and can be reduced by
storing only a few ions simultaneously [10]. A contamina-
tion with a mass difference larger than the corresponding

Sm Pm

Nd(Pr) Ce et al.

Fig. 3. Mass scan with the cooler trap of an A = 138 beam
delivered by ISOLDE. Shown is the number of ejected ions as
a function of the applied radio frequency.

line width can easily be detected by plotting the mea-
sured cyclotron frequency as a function of the number of
the stored ions [10].

2.3 Obtaining isobarically pure samples

The cooler Penning trap system has been optimized for
a high mass selectivity in order to resolve isobars and to
deliver clean ion bunches to the precision trap, which is
essential for highly accurate mass measurements [14]. The
resolving power of this trap is typically m/∆m(FWHM) ≈
1 ·105. As an example, fig. 3 shows a mass scan performed
with the cooler trap for an A = 138 ion beam delivered by
ISOLDE. The isobars 138Sm and 138Pm separated by some
3.5MeV are clearly resolved. By experiment it was deter-
mined that the cooler trap can accept and purify at least
100 times as many contaminating ions as those of interest,
even for close lying isobars. This capability is essential for
direct mass measurements on rare-earth isotopes where
such levels of contamination are often encountered.

In the case of isobars the purification via the mass
selective cooling procedure in the cooler trap is almost
complete as shown in fig. 3, but in some cases a residual
contamination might still be present. Such a contamina-
tion can be removed in the precision trap by exciting the
unwanted species at its reduced cyclotron frequency. This
leads to an increase of the ion’s cyclotron orbit, thereby
removing the contaminating species from the trap center.

2.4 Resolving isomers

The mass region around 146Gd is also rich in nuclides with
long-lived isomers at excitation energies less than 1MeV.
These isomers are produced together with ground state
nuclei in the ISOLDE targets. The high resolving power
of the precision trap, up to m/∆m ≈ 1 · 107, is usually
sufficient to separate the isomeric and ground states of
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Table 1. Overview of the target materials used, the nuclides investigated and the reference nuclides used for magnetic field
calibration. In all cases a surface ionization source with tungsten ionizer has been used at the ISOLDE mass separator.

Run Target Investigated nuclide Reference

#1 – 151Eu, 153Eu 85Rb

#2 – 133Cs 85Rb

#3 Nb/Ta 139,140,142,143Sm, 143Eu, 143Pm, 154Dy 133Cs

#4 Ta 134,136−138Nd, 136−138Pm 136−139,142Sm, 133Cs
148Dy, 150Ho

#5 Ta 123,125,127,131Ba, 133−137Pr, 130,132,134,135,138Nd, 133Cs
139−141,143Pm, 137,138,141Sm, 139,141−149Eu, 148,149Dy

unstable nuclei. For many nuclei the relative production
of isomeric and ground states is uncertain, and in some
cases it is even not known which of the two states is the
isomeric or the ground state. For an accurate ground-state
mass determination it is therefore essential to be able to
distinguish both states.

For 141Sm the nuclei are produced both in the iso-
meric state (T1/2 = 22.6min), with a known excitation
energy of only 175.8(0.3) keV [22], and in the ground state
(T1/2 = 10.2min). Since the ratio of both states in the
ISOLDE beam is unknown, separation of isomeric and
ground states is imperative. However, the resolving power
of R ≈ 650000, as achieved with the usual excitation time
of Trf = 900ms, is not sufficient. Therefore the resolving
power of the spectrometer was increased to R ≈ 3 · 106 by
choosing Trf = 4 s. Figure 4 shows the measured cyclotron
resonance curve for 141Sm, where the isomeric and ground
states are clearly resolved.

3 Measurements and analysis

3.1 Measurements

The data presented in this work have been obtained in five
on-line runs. Table 1 gives an overview of the target and
ion source systems used at the ISOLDE mass separator for
the production of the nuclides. The nuclides investigated
and the reference nuclides, which are necessary for the cal-
ibration of the magnetic field of the precision trap, are also
listed. In all cases the reference nuclide was produced with
an internal ion source of the ISOLTRAP spectrometer.

During run #1 and #2 test measurements were per-
formed with stable cesium and europium isotopes. A small
amount of CsCl or EuCl was put into the ionizer of the
ISOLDE target ion-source system. Thus, these measure-
ments present a test of the spectrometer under on-line
conditions.

Run #3 was the first beam time where radioactive
isotopes of rare-earth were investigated. ISOLDE target
#063 was used, where the target material consisted of
tantalum and niobium foils in equal amount. For techni-
cal reasons the target could only be operated at a rela-
tively low temperature of ≈ 1900 ◦C, resulting in long de-
lay times in the target. As a consequence, only long-lived
nuclides were delivered by the ISOLDE mass separator.

Fig. 4. Cyclotron resonances of 141Sm ions in the isomeric
(left) and ground state (right). Both species were stored si-
multaneously in the trap. From the center frequencies of the
resonance curve the excitation energy of the isomer can be de-
termined with ∆E = 171(4) keV. The solid line is a fit of the
theoretical line shape to the data points.

In run #4 target #051 was used which consisted of
tantalum foils only. In order to keep the delay times for
the diffusion of the nuclides short, the target was heated
to 2200 ◦C enabling us to investigate nuclides with shorter
half-lives and less volatile elements.

Tantalum foil target #096 was used in run #5. The
mass measurements with the ISOLTRAP spectrometer
were accompanied by measurements of characteristic γ-
radiation with a Ge-detector mounted at a nuclear spec-
troscopy tape station. This was done to obtain additional
information for the identification of the delivered nuclides.
This was especially important for those nuclides for which
no attempt was made to resolve isomeric and ground
states. Furthermore, the γ-measurements allowed to de-
termine the ISOLDE beam intensities for a number of the
investigated nuclides. Although these beam intensities can
also be regarded as an experimental result, they are not
in the main theme of this paper and are presented in ap-
pendix A.

During this beam time strong molecular sidebands of
fluorine were observed due to a contamination of the tar-
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Table 2. Frequency ratios of the nuclides investigated. The nuclides and the half-lives are listed in columns 1 and 2. Half-lives
estimated from systematic trends only [22] are marked by “#”. The nuclides marked by u, v, w, x, y, z are special cases which
are discussed in more detail. Listed in columns 3 and 4 is the run in which the individual nuclide has been investigated, and
the reference nuclide used. The frequency ratios with their statistical (first bracket) and their total error (second bracket) are
given in column 5. If a nuclide has been investigated in more than one beam time, it is marked by “Average” in column 3 and
the mean value is given in column 5 (see text).

Nuclide T1/2 Run Reference Frequency ratio νref/ν

(from [22]) (σstat)(σtotal)

133Cs stable #2 85Rb 1.565221527 (22)(158)
123Ba 2.7min #5 133Cs 0.924858523 (36)(99)
125Ba 3.5min #5 133Cs 0.939874523 (27)(98)
127Ba 12.7min #5 133Cs 0.954897403 (20)(98)
131Ba 11.5 d #5 133Cs 0.984962860 (40)(106)
133Pr 6.5min #5 133Cs 1.000081839 (57)(115)
134Pr 17min #5 133Cs 1.007601468 (65)(120)
135Pr 24min #5 133Cs 1.015106005 (35)(107)
136Pr 13.1min #5 133Cs 1.022627033 (50)(114)
137Pr 1.28 h #5 133Cs 1.030136276 (45)(113)
130Nd19Fv 28 s #5 133Cs 1.120549023 (969)(975)
132Nd 1.75min #5 133Cs 0.992610528 (375)(388)
134Nd 8.5min average 133Cs 1.007624579 (17)(102)
135Ndz #5 133Cs 1.015144366 (36)(108)
135gNd 12.4min
135mNd 5.5min
136Nd 50.7min #4 133Cs 1.022644223 (26)(106)
137Nd 38.5min #4 133Cs 1.030165259 (21)(105)
138Nd 5.04 h average 133Cs 1.037669795 (23)(106)
136Pmx #4 133Cs 1.022709880 (111)(151)
136gPm 47 s
136mPm 107 s
137Pm 2min# #4 133Cs 1.030209781 (30)(107)
138Pm 3.24min #4 133Cs 1.037727185 (22)(106)
139Pm 4.15min #5 133Cs 1.045230454 (42)(113)
140mPm 5.95min #5 133Cs 1.052752405 (53)(118)
141Pm 20.9min #5 133Cs 1.060254384 (37)(112)
143Pm 265 d average 133Cs 1.075282971 (29)(111)
136Sm 47 s #4 133Cs 1.022744338 (45)(112)
137Smy average 133Cs 1.030259307 (25)(106)
137gSm 45 s
137mSm 20 s#

get material with stable fluorine. As an example, all inves-
tigated barium isotopes were delivered as BaF. However,
the BaF molecules were dissociated in the secondary ion
source of ISOLTRAP and the cyclotron frequency of pure
barium ions was measured.

3.2 Cyclotron frequency ratios and data analysis

3.2.1 Obtaining a frequency ratio and its uncertainty

A cyclotron frequency is obtained by fitting the theoreti-
cally expected line shape [18] to the measured resonance

curve. The magnetic field has to be known to convert the
measured cyclotron frequency into a mass value. This is
done by frequently measuring the cyclotron frequency of a
reference nuclide before, during and after an on-line run.
Typically a stable nucleus in the backbone of well-known
masses is chosen as the reference nuclide. It is planned to
use the atomic mass standard, i.e. clusters consisting of
12C atoms, as reference at ISOLTRAP. For the moment,
not a mass value is given as the experimental result but
the ratio of the cyclotron frequencies of the nuclide inves-
tigated and the reference nuclide. A frequency ratio can
be converted into an atomic mass value m by multiplica-
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Table 2. (Continued.)

Nuclide T1/2 Run Time Reference Frequency Ratio νref/ν

(from [22]) (σstat)(σtotal)

138Sm 3.1min average 133Cs 1.037754773 (19)(106)
139Sm 2.57min average 133Cs 1.045271819 (18)(106)
140Sm 14.8min #3 133Cs 1.052771162 (43)(114)
141gSm 10.2min #5 133Cs 1.060291390 (25)(109)
141mSm 22.6min #5 133Cs 1.060292772 (19)(108)
142Sm 72.5min average 133Cs 1.067790904 (16)(108)
143Sm 8.83min #3 133Cs 1.075310819 (37)(114)
139Eu 17.9 s #5 133Cs 1.045328216 (54)(117)
141Eu 40.0 s #5 133Cs 1.060340071 (30)(110)
142mEu 1.22min #5 133Cs 1.067856636 (27)(110)
143Eu 2.63min average 133Cs 1.075353544 (14)(108)
144Eu 10.2 s #5 133Cs 1.082866586 (70)(129)
145Eu 5.93 d #5 133Cs 1.090371599 (63)(126)
146Eu 4.59 d #5 133Cs 1.097902808 (39)(117)
147Eu 24.1 d #5 133Cs 1.105423406 (53)(122)
148Eu 54.5 d #5 133Cs 1.112957695 (34)(116)
149Eu 93.1 d #5 133Cs 1.120480908 (58)(126)
151Eu stable #1 85Rb 1.777377267 (21)(179)
153Eu stable #1 85Rb 1.800947577 (52)(187)
148Dy 3.1min average 133Cs 1.113026006 (39)(118)
149Dyw 4.20min #5 133Cs 1.120551852 (809)(817)
154Dyu 3.0 My #3 133Cs 1.158150408 (77)(139)
150Ho 72 s #4 133Cs 1.128122043 (183)(215)

tion with the atomic mass of the reference nuclide mref

and taking into account the electron mass me,

m = (νref/ν) · (mref −me) + me.

The contribution of the binding energy of the electron
is small compared to the desired accuracy and therefore
neglected.

Sources of systematic uncertainties for mass measure-
ments using Penning traps are discussed in various publi-
cations [7,10,23,24]. In the mass measurements reported
here the aim was an accuracy of δm/m = 1 · 10−7. At
this level of accuracy three principal effects have to be
considered [25].

If there is a contamination by another ion species with
a mass difference larger than the mass resolution, the fre-
quency shift can easily be detected by plotting the mea-
sured frequency as a function of the number of the stored
ions [10]. Typically, a relative shift of δν/ν ≈ 10−7 can be
detected after a few minutes of measurement time.

Secondly, frequency shifts due to electric and magnetic
field imperfections are proportional to the mass difference
between the reference nuclide and the nuclide investigated.
For the ISOLTRAP experiment these shifts are smaller
than 2 · 10−9/amu [25]. Since the mass difference between
the unstable nuclides investigated and the reference nu-
clide is less than 31 amu, the contribution of such a fre-
quency shift is well below δν/ν ≈ 10−7.

Finally one has to consider the temporal variation of
the magnetic field. Typically, a day-night shift of δB/B ≈
10−7 is observed [25]. Thus their contribution to the sys-
tematic uncertainty can be kept well below the desired ac-
curacy if the magnetic field is calibrated every few hours.

The total contribution of all three systematic uncer-
tainties mentioned is less than 1·10−7. Hence it is assumed
that a value of δν/ν = 1 · 10−7 for the total systematic
uncertainty is a conservative estimate that includes all sys-
tematic effects. For most of the nuclides investigated the
statistical uncertainty of the frequency determination is
typically of the order of a few 10−8. The total uncertainty
is obtained by adding the statistical and the systematic
uncertainty quadratically.

3.2.2 Frequency ratios

The frequency ratios of the nuclides investigated are pre-
sented in column 5 of table 2 together with their statisti-
cal uncertainty (first bracket) and their total uncertainty
(second bracket). They are the result of two thesis works
[19,20], and most of them have already been published
in a proceeding [21]. Some of the given frequency ratios
represent an average. In such a case the nuclide has been
investigated in more than one beam time. The frequency
ratios for these nuclides as determined in each beam time
are given in table 3. Even within the statistical uncer-
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Table 3. Frequency ratios of nuclides which have been measured in more than one beam time. The nuclides are listed in
column 1. 137Sm is a special case (see text). The frequency ratios measured in the individual beam times are given in columns
2-4 and only the statistical errors are given. The weighted mean values are listed in column 5 as the final results which are also
given in table 2.

Nuclide Frequency ratio νref/ν

Run #3 Run #4 Run #5 Average

134Nd 1.007624574 (17) 1.007624687 (77) 1.007624579 (17)
138Nd 1.037669795 (24) 1.037669803 (77) 1.037669795 (23)
143Pm 1.075282978 (47) 1.075282966 (38) 1.075282971 (29)
137Smy 1.030259324 (38) 1.030259294 (33) 1.030259307 (25)
138Sm 1.037754800 (22) 1.037754692 (37) 1.037754773 (19)
139Sm 1.045271827 (19) 1.045271755 (54) 1.045271819 (18)
142Sm 1.067790900 (16) 1.067790978 (64) 1.067790904 (16)
143Eu 1.075353533 (26) 1.075353548 (16) 1.075353544 (14)
148Dy 1.113026053 (66) 1.113025980 (49) 1.113026006 (39)

tainty of a few 10−8 good agreement is observed between
the results obtained in different beam times for almost all
nuclides.

The nuclides in table 2 or 3 marked by u, v, w, x, y, z
are special cases that will be discussed in appendix B.1.
For all other nuclides contamination by a nuclide with
a mass difference larger than ∆m ≥ 200 keV can be ex-
cluded, and there exists no indication for contamination
by a nuclide with a smaller mass difference.

3.2.3 Assignment of the measured frequency ratios to
isomeric and ground states

If the production ratio of long-lived isomeric and ground
states is much different from unity only one of the two
states is observed as a resonance signal in the precision
trap. One then has to determine which state has been in-
vestigated. The other state, if it is produced, has to be
treated as a contamination which possibly leads to a fre-
quency shift of the state investigated (see section 2.2).

In order to make an unambiguous assignment for the
state investigated, the results of the γ-measurements per-
formed in run #5 were used for some of the nuclides in-
vestigated. For other nuclei an assignment can be made
if one considers the spins and half-lives of the two states.
For some nuclides, where the half-lives of the states were
different, a delay time was introduced after collection of
the ISOLDE beam in the secondary ion source system of
ISOLTRAP to let the shorter-lived state decay. For details
on the relative production ratios and the assignment, see
appendix B.2.

4 Mass evaluation and results

Within this work an atomic mass evaluation similar to [2,
27] has been performed. A description of the procedure of
such a mass evaluation can be found in [2,27]. Such an
evaluation takes into account all known information on

experimental mass values (input data). A least-squares
adjustment is performed on the input data and one ob-
tains atomic mass values as a result. Since the adjustment
uses linear equations, the frequency ratios determined by
ISOLTRAP have to be converted (see appendix C.1). Only
the treatment of the input data and the results of the mass
evaluation will be presented here.

4.1 Treatment of all input data

Aside from the experimental results of this work the only
input data addressed are those requiring special treat-
ment. All other input data are used as in the 1993 atomic
mass evaluation (AME93) [2] and the recent update of
1995 (AME95) [27]. It should be mentioned that prelimi-
nary results of run #3 were included in the AME95. Those
data are superseded by the final results as given in this
publication.

In the ISOLTRAP measurements, masses of several
nuclides have been determined experimentally for the first
time. This is the case for the nuclides 123Ba, 133Pr, 134Pr,
132Nd, 134Nd, 137Pm, 136Sm and 138Sm. 134Nd and 134Pr
were already connected via an experimental Qβ-value [29],
but there existed no link to a nuclide with known mass.
Two other nuclides 130Nd and 135Nd will be treated sep-
arately (see below).

There are also nuclides for which the existing experi-
mental data were replaced by values estimated from sys-
tematic trends. These are cases where the experimental
values are in strong conflict with the trend of neighbor-
ing masses values (“. . . nuclei for which masses estimated
from systematic trends are thought better than the ex-
perimental masses.” [27]). The data presented in this work
clarify this unsatisfactory situation for the nuclides 138Nd,
138Pm, 139Eu and 150Ho.

For many nuclides studied in this work mass values
were already known. For some nuclei no discrepancies to
the existing data were observed and the accuracy of the
ISOLTRAP is comparable to the accuracy of the existing
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Table 4. Result of the atomic mass evaluation. The selected nuclides and their spins are listed in columns 1 and 2. The mass
excess values from two least-squares adjustments are given in column 3 (without Penning trap data) and 4 (with Penning trap
data). The differences between the two adjustments are given in column 5. Values estimated from systematic trends are marked
by #. Column 6 lists the direct influence of the Penning trap on the mass excess values in column 4. A quantity v/s (column 7)
describes the deviation between the Penning trap data and the result of the adjustment. Marked by “exp.” in column 8 are
those nuclides which are now determined experimentally.

Nuclide I Mass excess ( keV) ∆ ( keV) Infl.(%) v/s note

AME95 without PT AME95 with PT

133Cs 7/2+ −88075.7(3.0) −88076.0(2.8) 0.2 5 −0.3
123Ba 5/2+ −75591.0(298.0)# −75659.7(12.4) −68.7 100 0.0 exp.
125Ba 1/2+ −79530.7(250.1) −79665.4(12.4) −134.7 100 0.0
127Ba 1/2+ −82789.9(100.4) −82818.8(12.4) −28.9 100 0.0
131Ba 1/2+ −86693.4(6.9) −86692.4(6.2) 1.0 20 −0.4
137La 7/2+ −87126.7(47.8) −87102.5(13.4) 24.2
136Ce 0+ −86495.2(47.8) −86471.0(13.3) 24.2
137Ce 3/2+ −85904.6(47.8) −85880.4(13.3) 24.2
133Pr 3/2+ −78059.0(196.0)# −77944.2(14.2) 114.8 100 0.0 exp.
134Pr 2− −78551.0(298.0)# −78507.2(15.2) 43.8 100 0.0 exp.
135Pr 3/2+ −80910.4(150.4) −80939.2(13.3) −28.8 100 0.0
136Pr 2+ −81368.9(51.0) −81334.8(12.4) 34.0 75 −0.4
137Pr 5/2+ −83202.6(48.8) −83180.3(12.0) 22.3 70 −0.2
130Nd 0+ −66341.0(503.0)# −66509.3(120.9) −168.3 100 0.0 exp.
132Nd 0+ −71613.0(298.0)# −71399.1(48.5) 213.9 100 0.0 exp.
134Nd 0+ −75781.0(334.0)# −75646.6(13.3) 134.4 100 0.0 exp.
135Nd 9/2− −76159.0(205.0)# −76222.5(23.2) −63.5 100 0.0 exp.
136Nd 0+ −79157.9(56.8) −79200.5(13.3) −42.6 100 0.0
137Nd 1/2+ −79512.6(72.8) −79584.3(13.0) −71.7 95 0.4
138Nd 0+ −82037.0(201.0)# −82021.3(13.3) 15.7 100 0.0 exp.
139Nd 3/2+ −82042.1(50.7) −82018.4(27.3) 23.7
134Pm 5+ −66611.0(389.0)# −66476.6(200.4) 134.4 exp.
135Pm 5/2+ −70219.0(323.0)# −70282.0(251.0)# −63.0

135mPm 11/2− −70119.0(254.0)# −70182.5(151.8) −63.5 exp.
136Pm 5+# −71307.9(207.9) −71350.5(200.4) −42.6

136mPm 2+ −71068.0(240.0)# −71072.3(93.2) −4.3 100 0.0 exp.
137Pm 5/2+ −73856.0(135.0)# −74078.1(13.3) −222.1 100 0.0 exp.

137mPm 11/2− −73855.6(90.9) −73927.2(56.0) −71.7
138Pm 3+ −75037.0(320.0)# −74915.9(13.3) 121.1 100 0.0 exp.

138mPm 1+ −74954.0(207.0)# −74938.7(53.2) 15.3 exp.
139Pm 5/2+ −77537.8(58.4) −77506.2(13.9) 31.5 95 −0.1

140mPm 1+ −77993.4(72.6) −77780.5(15.2) 212.9 100 0.0
141Pm 5/2+ −80474.9(27.2) −80521.0(13.3) −46.1 87 0.5
143Pm 5/2+ −82970.5(3.7) −82970.0(3.6) 0.5 U 0.4
136Sm 0+ −66788.0(401.0)# −66806.0(14.2) −18.0 100 0.0 exp.
137Sm 9/2− −67955.6(114.7) −67946.0(13.3) 9.5 100 0.0
138Sm 0+ −71222.0(298.0)# −71501.0(13.3) −279.0 100 0.0 exp.
139Sm 1/2+ −72067.8(121.1) −72383.9(13.3) −316.2 100 0.0
140Sm 0+ −75030.3(301.5) −75458.3(14.2) −428.0 100 0.0
141Sm 1/2+ −75946.1(12.2) −75945.8(8.7) 0.3 40 0.3
142Sm 0+ −78988.2(15.4) −78994.7(10.2) −6.5 57 0.4
143Sm 3/2+ −79527.9(4.1) −79527.0(4.0) 0.9 U 0.1
139Eu 11/2− −65048.0(193.0)# −65401.5(15.2) −353.5 100 0.0 exp.
140Eu 1+ −66560.3(305.6) −66988.3(52.0) −428.0
141Eu 5/2+ −69968.4(28.3) −69931.4(12.7) 37.0 79 −0.8

142mEu 8− −70825.9(39.0) −70862.5(14.2) −36.6 100 0.0
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Table 4. (Continued).

Nuclide I Mass excess ( keV) ∆ ( keV) Infl.(%) v/s note

AME95 without PT AME95 with PT

143Eu 5/2+ −74289.9(26.4) −74246.6(12.3) 43.3 84 −0.6
144Eu 1+ −75661.5(17.6) −75637.1(12.0) 24.3 54 −1.3
145Eu 5/2+ −78002.1(4.3) −78001.5(4.2) 0.6 U −0.7
146Eu 4− −77128.0(7.2) −77126.2(6.5) 1.8 19 −0.5
147Eu 5/2+ −77555.1(3.6) −77554.6(3.6) 0.5 U 0.5
148Eu 5− −76239.3(17.6) −76308.5(13.0) −69.3 83 0.2
149Eu 5/2+ −76451.5(4.7) −76451.1(4.7) 0.4 U −1.3
151Eu 5/2+ −74663.0(2.9) −74662.6(2.9) 0.4 U −0.7
153Eu 5/2+ −73377.3(2.9) −73377.0(2.9) 0.3 U −0.9
148Tb 2− −70515.4(30.5) −70530.3(15.7) −14.9
148Dy 0+ −67833.4(32.1) −67850.0(13.8) −16.6 82 0.3
149Dy 7/2− −67688.0(11.1) −67687.3(11.1) 0.7 U −0.4
154Dy 0+ −70400.4(8.7) −70401.8(7.8) −1.3 18 0.6
150Ho 2− −62082.0(100.0)# −61950.1(27.2) 131.9 100 0.0 exp.
152Ho 2− −63583.3(30.6) −63598.2(15.8) −14.9
149Er 1/2+ −53864.0(471.0)# −53881.0(470.0)# −17.0
150Er 0+ −57974.0(101.0)# −57842.1(31.0) 131.9 exp.
152Er 0+ −60474.1(32.2) −60490.7(13.9) −16.6
156Er 0+ −64259.1(73.7) −64274.1(68.9) −14.9
151Tm 11/2− −50828.0(135.0)# −50696.0(94.0)# 132.0

151mTm 1/2+ −50783.0(134.0)# −50651.3(93.0) 131.7 exp.
154Tm 2− −54564.0(112.0)# −54431.7(56.9) 132.3 exp.
156Tm 2− −56814.7(58.6) −56829.7(52.4) −14.9
151Yb 1/2+ −41685.0(317.0)# −41553.2(301.6) 131.8 exp.
154Yb 0+ −50075.0(101.0)# −49943.0(31.1) 132.0 exp.
156Yb 0+ −53237.6(33.0) −53254.3(15.7) −16.6
155Lu 1/2+ −42632.0(134.0)# −42500.2(92.9) 131.8 exp.

155mLu 11/2− −42606.0(135.0)# −42474.0(94.0)# 132.0
155nLu 25/2− −40828.0(144.0)# −40696.0(107.0)# 132.0
158Lu 2− −47349.0(123.0)# −47216.6(75.7) 132.4 exp.
158Hf 0+ −42246.0(101.0)# −42114.6(31.3) 131.4 exp.
160Hf 0+ −45910.0(33.1) −45926.7(16.0) −16.6
159Ta 3/2+ −34545.0(124.0)# −34413.2(78.2) 131.8 exp.

159mTa 11/2− −34436.0(135.0)# −34304.0(94.0)# 132.0
162Ta 3+ −39917.0(132.0)# −39784.7(90.8) 132.3 exp.
162W 0+ −34147.0(101.0)# −34015.2(31.4) 131.8 exp.
164W 0+ −38206.4(33.2) −38223.0(16.1) −16.6
163Re 1/2+ −26112.0(114.0)# −25980.6(60.2) 131.4 exp.

163mRe 11/2− −25943.0(135.0)# −25811.0(94.0)# 132.0
166Re low# −31855.0(142.0)# −31722.7(103.6) 132.3 exp.
166Os 3/2−# −25592.0(102.0)# −25459.8(32.0) 132.2 exp.
168Os 0+ −29963.5(33.3) −29980.1(16.4) −16.6
167Ir 1/2+ −17193.0(102.0)# −17060.8(33.5) 132.2 exp.

167mIr 11/2− −16971.0(135.0)# −16839.0(95.0)# 132.0
170Ir low# −23257.0(150.0)# −23124.8(115.1) 132.2 exp.
170Pt 0+ −16463.0(102.0)# −16331.2(32.6) 131.8 exp.
172Pt 0+ −21074.0(33.6) −21090.7(16.9) −16.6
171Au 1/2+# −7662.0(247.0)# −7530.0(227.0)# 132.0

171mAu 11/2− −7362.0(144.0)# −7230.0(107.0)# 132.0
174Au low# −14050.0(150.0)# −13917.7(115.5) 132.3 exp.
176Hg 0+ −11724.5(35.1) −11741.2(19.7) −16.6
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proton drip line (Myers and Swiatecki)

Fig. 5. Result of the far-reaching influence for ISOLTRAP data on the atomic mass evaluation. Different hatching indicates
the change of the mass values after the Penning trap data have been added to the other input data of the AME95 [27]. The
nuclides measured by ISOLTRAP in this work are marked by a circle. Stable nuclides are surrounded by thick lines. The proton
drip line for odd-Z isotopes is indicated as calculated by Myers and Swiatecki [28].

data. In such cases, the Penning trap data are used to im-
prove the accuracy of the corresponding mass values. This
was the case for the nuclides 133Cs, 131Ba, 137Pr, 137Nd,
139Pm, 141g,141m,142Sm, 141,143,144,146Eu and 148,154Dy.

To reduce the computing time needed for the least-
squares adjustment, insignificant input data are excluded.
The authors of AME93 and AME95 mark these data by
“Data with much less weight than that of a combination
of other data” [27]. Thus, these data have no influence
on the mass values which are a result of the atomic mass
evaluation. Due to the high accuracy of the ISOLTRAP
data, the following input data provided by other experi-
ments became insignificant and were excluded: 125Ba [30],
127Ba [31], 135Pr [32], 142mEu [33–35] and 143Eu [34,
36]. But also some Penning trap data as presented in
this work are insignificant. Those are for 143Pm, 143Sm,
145,147,149,151,153Eu and 149Dy for which more accurate
mass values already existed. Thus the ISOLTRAP data
for these nuclides do not contribute in the least-squares
adjustment but serve to test the reliability of the spec-
trometer.

Significant discrepancies between data from our work
and data from other experiments was observed for the nu-
clides 136Pr, 136Nd, 140m,141Pm, 139,140Sm and 148Eu. For
these nuclides the data from other groups were replaced
by the ISOLTRAP values. A detailed discussion of these
cases is given in appendix C.2.

Some of the ISOLTRAP input data required differ-
ent treatment. This was the case for the measurement
of 130Nd19F, 135Nd, 136Pm and 137Sm. In the first case
the mass of the molecule was measured. Thus, the mass
of stable 19F had to be subtracted in the adjustment.
For the other nuclei a possible mixture of isomeric and

ground states was investigated. A detailed discussion of
these cases is given in appendix C.3.

4.2 Results

The result of the atomic mass evaluation is compiled in
table 4. Listed are nuclides which fulfill at least one of the
following criteria:

• The nuclide was investigated in this work.
• The mass of a nuclide was previously unknown.
• The uncertainty of a mass value has been reduced by

a factor of two.
• The mass value was changed by more than one σ.

The nuclides and their spins are listed in columns 1 and
2. Two least-squares adjustments have been performed to
show the influence of the Penning trap data on the new
mass values. For calculating the mass excess values in col-
umn 3, the input data of AME95 have been used [27]
but excluding all ISOLTRAP data presented in this work.
In a second least-squares adjustment the ISOLTRAP re-
sults were combined with the input data of AME95 as
discussed in section 4.1. The mass excess values resulting
from this adjustment are presented in column 4. The dif-
ferences between the results of both adjustments are listed
in column 5. Column 6 lists the direct influence percent-
age of the Penning trap data on the mass excess values
given in column 4. In cases where the mass value is de-
termined by the Penning trap result only, the influence is
marked by “100”. If the ISOLTRAP data were insignifi-
cant, the influence is marked by “U”. Other nuclides listed
have not been investigated with ISOLTRAP but it can be
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Table 5. Excitation energies and assignment to isomeric and ground states as a result of the atomic mass evaluation. The
first column lists the nuclides. The spins and half-lives are taken from NUBASE [22] and listed in the following columns. The
excitation energy of the isomer is given in column 6. If the excitation energy is negative, a “X” in the last column indicates
nuclei for which an inversion of the assignment is suggested. Values estimated from systematic trends are marked by #.

Nuclide Ground state Isomeric state Inversion

Spin I T1/2 Spin I T1/2 ∆E ( keV)
134Pr 2− 17(2)min 5− 11#min −40(220) X
136Pm 5+ 107(6) s 2+ 47(2) s 280(220)
137Pm 5/2+# 2#min 11/2− 2.4(1)min 150(60)
138Pm 5− 3.24(5)min 1+ 10.2(2) s −20(50) X
140Pm 1+# 9.2(2) s 8− 5.95(5)min 650(30)
142Eu 1+ 2.4(2) s 8− 1.223(8)min 490(30)
150Ho 2− 76.8(1.8) s 9+ 23.3(3) s −10(60)

MASS NUMBER A (SM)
Fig. 6. Difference between the ISOLTRAP results (circles with
error band) and the values from the 1995 atomic mass evalua-
tion excluding the ISOLTRAP data (squares with error bars)
for the samarium isotopes with 136 ≤ A ≤ 143. The solid line
through the 1995 values excluding the ISOLTRAP data serves
only to guide the eye.

seen that their mass values are influenced indirectly by
our data. Column 7 lists a quantity “v/s” for the Pen-
ning trap data. This quantity is the deviation between the
Penning trap data and the result of the adjustment nor-
malized to the total uncertainty of the ISOLTRAP data.
In many cases mass values that were unknown are deter-
mined experimentally now that the ISOLTRAP data have
been included. These nuclides are indicated by “exp.” in
column 8.

Figure 5 shows the far-reaching influence of the
ISOLTRAP data on the atomic mass evaluation. Plotted
are the changes of the mass values that result after the
ISOLTRAP data have been added to the other input data
as used in AME95 [27].

The adjustment also yields excitation energies for iso-
mers and they are presented in table 5. For 134Pr and
138Pm it is suggested that the assignment of the isomeric
and ground states be inverted. The excitation energies for
134Pr, 136Pm, 137Pm and 150Ho were only estimated from

systematic trends (see table 8) and are now determined
experimentally.

4.3 Impact of the ISOLTRAP data

To show the influence and the high accuracy of the
ISOLTRAP data fig. 6 is a plot of the difference between
the ISOLTRAP results for the isotopic chain of samarium
and the values from the AME95 excluding the ISOLTRAP
data.

Prior to the ISOLTRAP measurements mass values
for the isotopes 136Sm and 138Sm were only estimated
from systematic trends. The mass values for the remain-
ing isotopes were determined by Qβ-values or reaction
data. There is a good agreement between the ISOLTRAP
data and the previous experimental data for the three iso-
topes closest to stability. This indicates that the assump-
tions concerning the systematic uncertainty are correct
(see section 3.2.1). However, large discrepancies are ob-
served for the isotopes 139,140Sm where the mass values
were previously only known from links provided by Qβ-
measurements.

Due to known Q-value links, mass measurements with
an accuracy of δm/m ≈ 1 · 10−7, as routinely achieved
with ISOLTRAP, can have a large impact on mass values
other than those measured directly. The case of 150Ho will
be discussed as an example. As can be seen from fig. 7 its
mass value is connected to those of 19 nuclides via experi-
mental Q-values including α-decay chains up to 171,174Au
and 170Pt.

An experimental Q-value [34] for 150Ho, which re-
sulted in a mass excess of ME = −62760(100) keV given
in AME93 [2], was rejected in AME95 [27]. Thus, no
mass link existed between these nuclei and the valley
of stability. This unsatisfactory situation is now reme-
died by the ISOLTRAP measurement on 150Ho. The mea-
sured frequency ratio results in a mass excess of ME =
−61950(27) keV. This justifies the early rejection of the
old experimental datum which differs by 810 keV from the
ISOLTRAP value. The ISOLTRAP measurement there-
fore not only gives an accurate experimental mass value
for 150Ho but also anchors the masses for all 19 nuclides
linked to it.
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proton drip line (Myers and Swiatecki)

Fig. 7. Connection between mass values around 150Ho (indicated by a white circle). The connections shown are Qα-measure-
ments (solid straight lines), one Qβ-measurement (solid curved arrow) and a Qp-measurement of

167Ir (dashed curved arrow).
Stable nuclides are marked by white squares. The proton drip line for odd-Z isotopes is indicated as calculated in [28].

Table 6. Comparison of mass values known from other experi-
ments with mass values calculated from experimental results of
this work. Shown in column 1 are nuclides for which the mass
values have already been determined by other experiments with
an accuracy of 1 · 10−7 or better. These mass values are listed
in column 2 (see text). Given in column 3 are mass values re-
sulting from experimental results of this work (see text). The
differences are given in column 4.

Nuclide Mass excess ( keV) ∆m ( keV)

AME95 without PT Penning Trap only
133Cs −88075.7(3.0) −88072.3 (13.0) 3.4
131Ba −86693.4(6.9) −86687.3 (13.5) 6.1
143Pm −82970.5(3.7) −82975.2 (14.2) −4.7
141Sm −75946.1(12.2) −75946.6 (13.9) −0.5
143Sm −79527.9(4.1) −79527.6 (14.4) 0.3
145Eu −78002.1(4.3) −77989.3 (15.9) 12.8
146Eu −77128.0(7.2) −77118.8 (14.8) 9.2
147Eu −77555.1(3.6) −77561.8 (15.5) −6.7
149Eu −76451.5(4.7) −76429.4 (16.0) 22.1
151Eu −74663.0(2.9) −74652.1 (14.8) 10.9
153Eu −73377.3(2.9) −73362.7 (15.4) 14.6
154Dy −70400.4(8.7) −70410.9 (17.6) −10.5

4.4 Accuracy of the ISOLTRAP data

As described in section 3.2.1, a systematic uncertainty of
1 · 10−7 is used to cover all effects possibly leading to a
systematic shift of the ions cyclotron frequency. For most
of the nuclides investigated this systematic uncertainty

is larger than the statistical uncertainty and contributes
most to the total uncertainty of a measurement.

It must be stated that the results presented in this
work are not only precise but also accurate. In order to
confirm this it is assumed that those nuclides given in the
AME95 with an accuracy of 1 ·10−7 or better can be used
as an accurate mass meter on this level of accuracy.

Thirteen nuclides known with this accuracy have been
investigated. Table 6 shows a comparison between the ex-
perimental mass values of this work with the result of the
AME95 without the Penning trap data. The experimental
mass values from this work were determined from the fre-
quency ratios and the mass values of the reference nuclides
as given in AME95 (see section 3.2.1). The nuclide 149Dy
was excluded from the comparison since the uncertainty
of the ISOLTRAP value is untypically large. The weighted
mean and its standard deviation of the difference between
the AME95 and the ISOLTRAP values is

∆m = +4.8(10.4) keV. (2)

Within the quoted uncertainty no systematic deviation
from the ISOLTRAP data to other better known mass
values can be observed. This demonstrates the reliability
of the ISOLTRAP mass spectrometer. It further confirms
that the estimated systematic uncertainty of 1 ·10−7 takes
reasonably into account all the uncorrected and possible
systematic effects showing up in an on-line run at an ac-
celerator facility.
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Fig. 8. Two-proton separation energies as a function of proton number for different nuclides. Shown are the values without (left)
and including (right) the ISOLTRAP data. The nuclides are marked by squares (mass values measured by ISOLTRAP), solid
circles (other experimental mass values), open circles (mass values estimated from systematic trends) and triangles (doubtful
experimental value [27]).

5 Discussion of the results of the atomic
mass evaluation

5.1 Two-proton and two-neutron separation energies

Since separation energies better illustrate the effect of
the binding energies than do mass values they will now
be discussed. Figures 8 and 9 show the influence of the
ISOLTRAP data on the trend of the two-proton and two-
neutron separation energies obtained from the experimen-
tal mass values. Shown is the result of the atomic mass
evaluation excluding and including the data presented in
this work. A linear function has been subtracted in both
figures. The graphs can be divided into four quadrants
by the neutron shell closure at N = 82 and the proton
sub-shell closure at Z = 64.

For N ≥ 82 and Z < 64 a smooth trend is observed as
a function of the proton number. Here, the mass values are
well known and the situation does not change significantly
after the ISOLTRAP data have been included. This is in
contrast to the region of N < 82 and Z ≥ 64 where almost
nothing is known.

In the region of N ≥ 82 and Z ≥ 64 the proton sub-
shell closure can be observed as a decrease of the two-
proton separation energy between Z = 64 and Z = 65.
Rather large discontinuities are observed at Z = 67 and
Z = 68 which disappear after the ISOLTRAP data have
been included. This is due to the ISOLTRAP measure-

ment of 150Ho. The two-proton separation energies of an-
other 18 nuclides not shown in the graph are also shifted
by the same value (see section 4.3).

In the region of N < 82 and Z < 64 many mass val-
ues have been measured for the first time by ISOLTRAP.
Some large jumps due to doubtful mass values [27] disap-
pear when the ISOLTRAP data are included. However, a
closer look at the two-proton separation energies (fig. 8)
around Z = 61 yields a deviation from the smooth trend
between N = 76 and N = 78. This trend becomes even
more pronounced for the two-neutron separation energies
(fig. 9). While the two-neutron separation energies follow
an almost straight line for the barium isotopes (Z = 56),
the separation energies of the rare-earth isotopes with
Z < 64 show an almost identical behavior, except for
the promethium isotopes (Z = 61). With N increasing
from N ≈ 70, the separation energies show a “maxi-
mum”2 around N = 77, followed by a “minimum” be-
tween N = 77 and the main shell closure at N = 82.
This behavior indicates a nuclear structure effect. Often
such effects can be correlated to nuclear deformation as
has been shown by Barber et al. [37] in the early sixties,
where a sudden onset of deformation around N = 90 for
rare-earth isotopes has been indicated by mass measure-
ments. However, the discontinuity for the nuclides with

2 Deviations from the general trend show up as maxima and
minima in the plotted separation energies due to a linear func-
tion that has been subtracted.
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Fig. 9. Two-neutron separation energies as a function of neutron number for different nuclides. Shown are the values without
(top) and including (bottom) the ISOLTRAP data. The nuclides are marked by squares (mass values measured by ISOLTRAP),
solid circles (other experimental mass values), open circles (mass values estimated from systematic trends) and triangles (doubtful
experimental value [27]).

N ≤ 82 is less pronounced than for the nuclides around
N = 90.

5.2 Proton separation energies at the drip line

Many nuclides around 146Gd are endpoints of parallel
α-decay chains that originate from nuclei in the vicin-
ity of Z ≈ 82 and hence close to the proton drip line
(Sp = 0keV). For most of these α-chains the mass dif-
ferences between the nuclides have been measured via α-
spectroscopy [27]. If the mass values of the nuclides at the
individual endpoints are known, the proton separation en-
ergies, and from these the proton drip line, can be deter-

mined. The mass values of some endpoints are determined
or improved by the data presented in this work.

Figure 10 shows the one-proton separation energies
and the proton drip line as a function of neutron num-
ber for different elements with odd proton number. The
proton separation energies for the nuclides of the chain to
151Tm result from Qα-measurements and from a direct in-
vestigation of proton emitters that has been performed in
Argonne [38]. For the α-decay chains to 149Ho and 150Ho,
the separation energies stem from the atomic mass eval-
uation 1995 and the experimental data presented in this
work. The influence of the data of this work becomes obvi-
ous when one compares the 150Ho α-decay chain resulting
from this work (solid triangles) to that derived from an
earlier mass measurement [36] (see section 4.3) indicated
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Fig. 10. Proton separation energies as a function of neu-
tron number for different elements. The individual α-decay
chains are marked by squares (endpoint 151Tm), circles (end-
point 149Ho) and triangles (endpoint 150Ho). The open sym-
bols on the black lines indicate the values predicted by Liran
and Zeldes [40]. Filled symbols indicate the α-chains after the
ISOLTRAP data has been added to the atomic mass evalu-
ation 1995. To demonstrate the influence of the ISOLTRAP
data, the dashed line indicates Sp values for the α-decay chain
to 150Ho, derived from an earlier experimental mass value of
this nuclide.

by the dashed line. One can also observe a 300–400 keV
shift of the 149Ho line in fig. 10 compared to the one in a
similar figure in [39].

As a comparison, the predictions of the mass model of
Liran and Zeldes [40] are shown. These predictions are in
good agreement with the experimental data. However, the
proton separation energies derived from experimental data
are slightly lower than predicted, resulting in a narrower
valley of stability.

6 Summary and conclusions

Direct mass measurements on short-lived rare-earth iso-
topes around 146Gd have been performed with ISOL-
TRAP. Masses of more than 40 nuclides were determined
and many of those were measured for the first time. An
accuracy of 1 · 10−7 corresponding to δm ≈ 14 keV has
been reached.

The spectrometer was operated with a mass resolving
power m/∆m(FWHM) of 6·105 to 3·106. The high resolv-
ing power of ISOLTRAP allows isomeric and ground states
to be distinguished even for very small mass differences,
which is very important for the accurate determination of
many ground-state masses.

An atomic mass evaluation has been performed taking
into account the data presented in this work and the in-
put values of the atomic mass evaluation from 1995. As a
result, many nuclides have now been linked to the body
of accurate mass data. Furthermore, the far-reaching in-
fluence of these precise values has improved mass values
of a large number of nuclides, many significantly.

For the nuclei with N ≥ 82 the data give new informa-
tion on the position of the proton drip line in the mercury
and lead region. For N < 82 the mass values deviate from
the regular trend which indicates the existence of a nuclear
structure effect around 76 ≤ N ≤ 78.

Appendix A. Determination of ISOLDE
beam currents from measured γ-line
intensities

Measurements of the γ-line intensities of some of the nu-
clides delivered by ISOLDE have been performed in run
#5. From the measured γ-activity and the known rela-
tive intensities of the γ-lines of the daughter nucleus, the
yield delivered by the ISOLDE mass separator was deter-
mined [41]. Table 7 shows the result of these investiga-
tions carried out at different temperatures of the ISOLDE
target. A change in this temperature affects the time in
which an atom diffuses out of the target. Since this diffu-
sion time depends on chemical properties, in many cases
one observes a change in the relative amount of the deliv-
ered nuclides.

Appendix B. Data analysis

This section gives additional information on the determi-
nation of the cyclotron frequency ratios and their assign-
ment to nuclides.

Appendix B.1. Special cases

For few of the nuclides investigated a possible frequency
shift due to contamination by another nuclide cannot be
excluded. This was the case for the nuclides 130Nd19F,
135Nd, 136Pm, 137Sm and 149,154Dy marked by x, y, z, u, v
and w in table 2. Possible contaminations are isobars, iso-
mers and side-bands of fluorines and oxides of the same
mass number.

Since a separation of the ground and isomeric states of
135Nd was not attempted, it is possible that it was a mix-
ture of both states that was measured. For 136Pm the line
shape does not indicate a contamination with a mass dif-
ference larger than its line width. However, the statistics
are not sufficient to exclude this possibility. For 137Sm
systematic trends indicate the existence of a long-lived
isomer (see appendix C.3) with small excitation energy. A
resolution of two such possible states was not attempted.
For 154Dy the poor statistics do not allow the exclusion of
the contamination by the isobar 154Tb. However, due to
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Table 7. Overview of the γ-measurements performed in run #5. Listed are the different nuclides (column 1), literature values of
their half-lives [22] (column 2) and the energy of the γ-line used for identification (column 3). The yields delivered by ISOLDE
(column 4) are calculated from the measured γ-intensity [41]. The uncertainty of the yields is in the order of 50%. The heating
current of the ISOLDE target (column 5) and the corresponding temperature (column 6) are given as well.

Nuclide T1/2 Eγ ( keV) Yield ( atoms/s) ITarget (A) TTarget (
◦C)

139gSm 154 s 273.7 4.5 · 106 720 1950
139mSm 10.7 s 190.1 2.9 · 105 · ·
139Pm 4.15min 402.8 1.6 · 106 · ·
150Dy 7.17min 397.2 6.6 · 105 · ·
150Tb 3.48 h 638.1 4.2 · 106 · ·
139gSm 154 s 273.7 8 · 106 780 2060
139mSm 10.7 s 190.1 1.1 · 106 · ·
139Pm 4.15min 402.8 3.5 · 106 · ·
150Ho 76.8 s 803.7 1.6 · 104 · ·
150Dy 7.17min 397.2 1.9 · 106 · ·
150Tb 3.48 h 638.1 9.3 · 106 · ·
139Pm 4.15min 402.8 3.5 · 106 · ·
150Ho 76.8 s 803.7 1.6 · 104 · ·
150Dy 7.17min 397.2 1.9 · 106 · ·
150Tb 3.48 h 638.1 9.3 · 106 · ·
139gSm 154 s 273.7 2 · 107 820 2100
139mSm 10.7 s 190.1 1.5 · 106 · ·
139Pm 4.1min 402.8 3.8 · 106 · ·
148Dy 3.1min 620.2 1.7 · 106 · ·
148Tb 1h 784.4 2.4 · 106 · ·
150Ho 76.8 s 803.7 2.8 · 104 820 2100
150Dy 7.17min 397.2 9.5 · 106 · ·
150Tb 3.48 h 638.1 3.6 · 107 · ·
151Ho 35.2 s 527. 5 · 104 · ·
151Dy 17.9min 386.1 2.2 · 107 · ·
151Tb 17.61 h 251.9 2.4 · 108 · ·
151mTb 25 s 49.5 4.8 · 106 · ·
133Nd 70 s 164.2 1 · 106 880 2150
133Pr 6.5min 134.3 4 · 107 · ·
133mCe 4.9 h 130.8 3.6 · 107 · ·
138Eu 12.1 s 346.7 > 3.4 · 104 · ·
138Pm 3.2min 520.9 2.7 · 106 · ·
138Nd 5.04 h 325.8 trace (?) · ·
139gSm 154 s 273.7 3.4 · 107 · ·
139mSm 10.7 s 190.1 4.1 · 106 · ·
139Pm 4.15min 402.8 1.7 · 107 · ·
140Sm 14.8min 140. 1.3 · 108 · ·
140mPm 6min 419.6 2.2 · 106 880 2150
140gPm 9.2 s 773.8 not seen · ·
150Ho 76.8 s 803.7 1.8 · 105 · ·
150Dy 7.17min 397.2 3.1 · 107 · ·
150Tb 3.48 h 638.1 1.2 · 108 · ·
140Eu 1.5 s 530.7 1.8 · 105 900 2165
140Sm 14.8min 140.0 1.1 · 108 · ·
140mPm 6min 419.6 2 · 106 · ·
140gPm 9.2 s 773.8 not seen · ·
141mEu 2.7 s 96.4 1.9 · 107 · ·
141gEu 40.7 s 384.5 3.8 · 107 · ·
141mSm 22.6min 431.8 7.4 · 108 · ·
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Table 7. (Continued).

Nuclide T1/2 Eγ ( keV) Yield ( atoms/s) ITarget (A) TTarget (
◦C)

141gSm 10.2min 403.9 3.7 · 108 · ·
142mEu 1.2min 556.6 1.6 · 107 · ·
142gEu 2.4 s 768.0 not seen · ·
142Sm 72.5min 1243.0 not seen · ·
142Pm 40.5 s 1575.8 2.2 · 107 · ·
143mGd 1.9min 271.9 2.1 · 105 · ·
143gGd 39 s 258.8 not seen · ·
143Eu 2.6min 107.0 7.6 · 107 · ·
143mSm 1.1min 754.4 9.6 · 106 · ·
143gSm 8.8min 1056.6 1.4 · 108 · ·
144Eu 10 s 817.7 3 · 107 · ·
144mTb 4.25 s 283.9 trace (?) · ·
168mLu 6.7min 198.8 5 · 106 · ·
168Lu 5.5min 111.4 2.3 · 105 · ·
176W(?) 2.5 h 100.2 5 · 104 · ·
176Ta 8.1 h 1159.3 not seen · ·
176mYb 11.4 s 292.9 1.2 · 104 · ·

the low target temperature used during this measurement,
a production of 154Tb by ISOLDE and thus a frequency
shift for 154Dy is very unlikely.

The molecule 130Nd19F has been measured with a mass
resolution of 600 keV (Trf=300ms). A contamination of a
nuclide with a smaller mass difference can be excluded
since the isobar 149Dy has been removed from the preci-
sion trap via excitation at its reduced cyclotron frequency.
However, a contamination by a nuclide with a larger mass
difference can not be excluded due to the small number of
detected ions for this nuclide. The statistics of the mea-
surement on 130Nd19F are very poor, thereby rendering it
to a tentative result.

149Dy was also investigated with a mass resolution of
600 keV. A contamination with a larger mass difference
can be excluded from the count-rate dependence and the
line shape of the resonance signal. However, during the
measurement a contamination of the ISOLDE beam with
130Nd19F, with a mass difference smaller than the line
width of the resonance, was overlooked. The cyclotron fre-
quency was therefore the mean cyclotron frequency of the
ion cloud [11] νc(NdF + Dy) = 610822.914(69)Hz. From
this value, knowing the ratio of the number of stored ion
of both species, one can obtain the cyclotron frequency
of pure Dy ions [42,11]. From the number of detected
ions during the measurement of 130Nd19F and 149Dy a
ratio R′ = NNdF/(NDy+NNdF) = 0.31(16) is determined.
Since the cyclotron frequency of 130Nd19F was measured
to be νc(NdF) = 610823.98(53)Hz, one can correct the
measured cyclotron frequency of νc(NdF + Dy) and ob-
tain the cyclotron frequency of pure 149Dy, νc(Dy) =
610822.44(44)Hz. This frequency is used to determine the
frequency ratio of 149Dy given in table 2.

Appendix B.2. Isomeric or ground-state assignment

Many nuclides around 146Gd have long-lived isomers with
excitation energies of 1MeV or less. Such isomers are pro-
duced by ISOLDE and cannot be separated by the cooler
trap of ISOLTRAP. For most nuclei the production of
ground and isomeric states is different, and one has to
determine experimentally whenever possible, or at least
to estimate, whether the ground state, the isomeric state,
or a mixture of the two is being delivered. In the last case,
one of the two states has to be regarded as a contami-
nation which possibly may cause a frequency shift of the
state that is investigated (see section 2.2).

Appendix B.2.1. Criteria for identification

The γ-measurements performed during run #5 give infor-
mation on the relative amounts of isomeric and ground
states in the ISOLDE beam. If their mass difference is
larger than the line width of the resonance signal, the
measured cyclotron frequency can then be assigned to the
isomeric or the ground state. If the mass difference be-
tween the two states is smaller, the γ-measurements yield
information on the possible admixture of the less domi-
nant state.

For nuclei where no γ-measurements have been per-
formed, the relative amount of isomeric and ground states
can be estimated via their spins and half-lives. Rare-earth
isotopes are produced by spallation of the target material
tantalum. Empirically it has been shown that this pro-
duction mechanism favors the state with low spin [43,44].
Before the produced nuclides are ionized in the ion source
they have to diffuse out of the target. Since the diffusion
times of rare-earth isotopes can be up to minutes, depend-
ing on the target temperature and the element, the state
with longer half-life is favored during the diffusion process.
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Table 8. Half-lives and spins of the nuclides investigated, for which more than one long-lived state exist. The first column lists
the nuclides. The spins, half-lives, and excitation energies are taken from NUBASE [22] and listed in the following columns. The
last column gives the ratio R of isomeric to ground states for the stored ions in the precision trap as used in the data analysis
of this work. If a ratio is given as “?”, the assignment was not done in the data analysis but the value given in brackets was
used in the atomic mass evaluation (see text). Values estimated from systematic trends are marked by #.

Nuclide Ground State Isomeric State R

Spin I T1/2 Spin I T1/2 ∆E (keV)

127Ba 1/2+ 12.7(4)min 7/2− 1.9(2) s 88.33(12) 0.0
131Ba 1/2+ 11.50(6) d 9/2− 14.6(2)min 187.14(12) 0.0
134Pr 2− 17(2)min 5− 11#min 0(200)# 0.0
135Nd 9/2− 12.4(6)min 1/2+ 5.5(5)min 65.1(5) ?(1.0)
137Nd 1/2+ 38.5(1.5)min 11/2− 1.60(15) s 519.6(5) 0.0
136Pm 5+ 107(6) s 2+ 47(2) s 240(240)# ?(∞)
137Pm 5/2+# 2#min 11/2− 2.4(1)min 0(100)# 0.0
138Pm 5− 3.24(5)min 1+ 10.2(2) s 80(260) 0.0
139Pm 5/2+ 4.15(5)min 11/2− 180(20)ms 188.7(3) 0.0
140Pm 1+# 9.2(2) s 8− 5.95(5)min 440(70) ∞
137Sm 9/2− 45(1) s 1/2+# 20# s 180(50)# ?(0.0)
139Sm 1/2+ 2.57(10)min 11/2− 10.7(6) s 457.8(4) ≤ 0.1
141Sm 11/2− 22.6(2)min 1/2+ 10.2(2)min 175.8(3) 2.0
143Sm 3/2+ 8.83(1)min 11/2− 66.2 s 754.0(2) ≤ 0.1

23/2− 30(3)ms 2794.7(5)
141Eu 5/2+ 40.7(5) s 11/2− 2.7(3) s 96.4(1) ≤ 0.1
142Eu 1+ 2.4(2) s 8− 1.223(8)min 520(50) ∞
150Ho 2− 76.8(1.8) s 9+ 23.3(3) s 120(110)# 0.0
149Dy 7/2− 4.20(14)min 27/2− 490(15)ms 2661.1(4) 0.0

During a measurement the nuclides delivered by
ISOLDE are first collected on the filament of the reionizer
of the ISOLTRAP spectrometer and then desorbed and
reionized by heating the filament. If the half-life of the
nuclide investigated is longer than that of a possibly con-
taminating nuclide, an additional delay between collecting
and desorption can be used to discriminate between the
two states by letting the unwanted species decay. This
method also enables a rough estimate of the half-life of
the nuclide investigated.

Appendix B.2.2. Assignment

Table 8 lists those nuclides where long-lived states are
known [22] together with their spins, half-lives, excitation
energies, and the ratio R between isomeric and ground
states as used in the data analysis of this work. This as-
signment was then used for the mass evaluation, except
for 135Nd, 136Pm and 137Sm, where the values of R given
in brackets were used.

127,131Ba, 137Nd, 139Pm and 149Dy
The ground states of these nuclides were investigated. The
isomers can be excluded due to higher spins and shorter
half-lives.

134Pr
It is assumed that the ground state is produced due to its
longer half-life and lower spin.

135Ndz
No clear assignment to one of the states is possible. Due to
its low spin, the isomeric state should be produced more
abundantly in the target but the longer-lived ground state
is favored during the diffusion out of the target. Since
the excitation energy ∆E = 65.1(5) keV of the isomer is
smaller than the width of the resonance curve, it is impos-
sible to detect whether or not the ion sample is a mixture
of both states.

136Pmx

As for the case of 135Nd there is no assignment possi-
ble to either one of the two possible states. It is also not
clear which of the two states is the ground state. Within
the statistics of this measurement it cannot be decided
whether or not the line shape of the measured cyclotron
curve deviates from the theoretically expected shape.

137Pm
The spin of the ground state is estimated to be smaller
than the one of the isomeric state. Thus it is assumed
that the ground state is predominantly produced.

138Pm
The longer-lived state with spin I = 5− has been investi-
gated. During several measurements a delay of 1min was
introduced between collection of the ISOLDE beam and
first heating of the reionizer. The presence of the shorter-
lived state (T1/2 = 10.2 s) should have been detected.
None was.
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140mPm
The longer half-life and the measured intensities of the γ-
lines indicate that the isomer has been investigated. Since
the excitation energy ∆E = 440(70) keV of the isomeric
state is larger than the line width, a possible contamina-
tion by the ground state would have been detected which
was not the case.

137Smy

Systematic trends suggest an isomeric state with an exci-
tation energy of ∆E = 180(50) keV (see section C.3). No
unambiguous assignment to one of the two states is pos-
sible.

139Sm
During runs #3 and #4 the ground state was investigated
using a relatively low target temperature. During some of
the measurements an additional delay of 1minute was in-
troduced between the collection of the ions on the foil of
the reionizer and the start of the measurement. Therefore
the short-lived isomer can be excluded. Since the excita-
tion energy ∆E = 457.8(4) keV of the isomer is larger than
the width of the resonance curve, a contamination by the
isomeric state would have been detected if present. The
relative production ratio has been determined by measur-
ing the intensities of γ-lines during run #5. These mea-
surements show that the relative amount of the isomeric
state is around 10% and thus low. Since the measurements
were performed using a small number of stored ions, a shift
of the cyclotron frequency of the ions is not expected.

141gSm and 141mSm
The excitation energy of the isomer corresponds to the
mass difference between the two states. Both states have
been resolved in the precision trap. Since less than five
ions have been stored at the same time, the motions of the
ions decouple and the cyclotron frequencies are not shifted
(see section 2.2). The measurement showed that the rel-
ative amount of isomeric and ground states is two to one
(see fig. 4). This was confirmed by the γ-measurements.

143Sm
Run #3 was aimed at the investigation of the ground
state, which was predominantly produced due to its low
spin and longer half-life. The excitation energy ∆E =
754.0(2) keV of the isomer is larger than the line width
of the resonance curve so contamination by the isomeric
state should have been detected which was not the case.
The γ-measurements performed in run #5 showed that
the relative amount of the isomeric state was 10% or less.
Moreover, the mass measurement performed in run #3
was done at even lower temperature of the ISOLDE tar-
get. Thus the relative amount of the isomer during the
mass measurement was significantly less than 10%. In ad-
dition, a small number of stored ions was used during the
measurement. A shift of the cyclotron frequency of the
ground state is not expected.

141Eu
The γ-measurements showed that ground and isomeric

states are produced with a ratio of two to one. However,
since the mass measurements on this nuclide were done at
a lower target temperature, it is estimated that the rela-
tive amount of the shorter-lived isomeric state during the
frequency measurement is less than 10%. The excitation
energy of the isomeric state is ∆E = 96.4(1) keV whereas
the linewidth corresponds to ∆E ≈ 200 keV. So the isomer
must be treated as a contamination of a smaller mass dif-
ference. The shift of the cyclotron frequency of the ground
state can be calculated as in [42]. The resulting shift would
be less than 10 keV and, within the accuracy of the mea-
surement, can be neglected.

142mEu
Due to its longer half-life, the isomeric state should
be predominantly produced. This was corroborated by
the γ-measurements. Since the excitation energy ∆E =
520(50) keV of the isomeric state is larger than the line
width, a possible contamination by the ground state
should have been detected. None was.

150Ho
During run #4 the ground state was investigated. A con-
tamination by the isomer is unlikely due to its high spin
and three times shorter half-life. Moreover, a shift of the
cyclotron frequency of the ground state is excluded since,
on the average, only one ion was stored at the same time.
The γ-measurements performed in run #5 indicated that
it was the ground state that is produced by ISOLDE. The
beam intensities in run #5 were not sufficient for a fre-
quency determination.

Appendix C. Atomic mass evaluation

This section gives additional information on the treatment
of the input data for the atomic mass evaluation. Firstly,
the conversion of the measured frequency ratios into linear
relations is given. The resolution of conflicts between data
of the present work and other works is discussed next.
Finally, ISOLTRAP data requiring special treatment are
presented.

Appendix C.1. Conversion to linear relations

In this experiment the physical quantities measured are
ratios

r =
νref
ν

(3)

of the cyclotron frequency νref of the reference nuclide and
the cyclotron frequency ν of the investigated nuclide. The
frequency ratios correspond to the mass ratio of the ionic
species

r =
m−me

mref −me
, (4)

where m and mref denote the atomic mass of the inves-
tigated and reference nuclide, respectively, and me is the
mass of the electron. The binding energy of the valence
electron can be neglected.
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To use the present results in the standard least-squares
method for the evaluation of masses [2,27] the frequency
ratios r have to be converted into linear equations between
the mass excess of the investigated and the reference nu-
clide. Equation (4) can be written in the form

ME − r ·MEref = me(1 − r) + Aref

(
r − A

Aref

)
, (5)

with ME and MEref denoting the mass excesses and A
and Aref the mass numbers of the investigated and the
reference nuclide, respectively (all masses are expressed in
atomic mass units). If one defines C as a truncated three-
digit approximation

C =
(

A

Aref

)
trunc

, (6)

one obtains the desired result

ME − C ·MEref = MD , (7)

with

MD = MEref(r−C)+me(1−r)+Aref

(
r − A

Aref

)
. (8)

Table 9 lists the data of the present work (see table 2)
converted into linear relations. In addition the mass excess
values for the nuclides investigated are presented. For cal-
culating these, one has to use the mass excess values of the
reference nuclides 85Rb (ME = −82167.687(2.332) keV)
and 133Cs (ME = −88075.660(2.952) keV). However, the
mass excess values are only listed for convenience and are
not used as input data.

Appendix C.2. Resolution of conflicts

For some of the nuclides investigated there were discrep-
ancies to mass values determined by other groups. These
conflicts where resolved.

136Pr and 136Nd
There is a discrepancy between the value for the mass dif-
ference deduced from this work 2128(19) keV and the Qβ-
value derived from a careful measurement of the K/β+

ratio in the decay of 136Nd to 136Pr: Qβ = 2211(25) keV
by A.R. Brosi et al. [45].

However, a later work by W. Bambynek et al. [46]
points out that there exists a systematic deviation be-
tween calculated and measured K/β+ ratios, which seems
to increase with proton number. From the Penning trap
data presented in this work one can calculate a K/β+ ra-
tio of K/β+calc = 16.37. Using the experimental ratio of
K/β+exp = 13.2(9) [45], one obtains (K/β+exp)/(K/β+calc) ≈
0.8 which is in agreement with the suggested trend [46].

The input value given by Brosi et al. [45] is
therefore excluded from the evaluation and marked as

“well-documented data which disagree with other well-
documented values”3.

140mPm
The mass of the isomeric state 140mPm in the atomic mass
evaluation of 1995 [27] is determined by a Qβ-value mea-
surement by G.G. Kennedy et al. [47]. This value is in con-
flict, at a 3σ level, with the value obtained in the present
work. The levels in 140Nd fed by the decay of 140mPm were
investigated. It is not clear from the publication whether
the β-spectrum was recorded in coincidence with γ-rays
emitted by the daughter nucleus. The activities of 140gPm
and 141Pm were taken into account by recording the β-
spectra within different time intervals. However, the pub-
lication does not describe how other nuclides and isobars,
that could also have been produced, were removed. The
input value given in [47] is therefore excluded from the
adjustment and marked as “well-documented data which
disagree with other well-documented values”.

141Pm
The discrepancy with our value comes from a value given
in the work by A. Charvet et al. [48]. In this work the
nuclear levels of 141Nd populated in the decay of 141Pm
were investigated. However, the description of the Qβ-
measurement is very short. It is not mentioned if char-
acteristic γ-lines have been used in coincidence with β-
particles to determine the β-spectrum. In addition, the
description of the β-spectrometer and its calibration is
missing.

Thus, the datum from [48] is excluded from the least-
squares adjustment and is marked by “well-documented
data which disagree with other well-documented values”.

139Sm
In the atomic mass evaluation of 1993 the mass of 139Sm
was determined via Qβ-measurements by G.D. Alkhazov
et al. [34] and J. Deslauriers et al. [49]. The yielded masses
are 300–400 keV higher than the ISOLTRAP value. In [34]
there is no description how the Q-values have been de-
termined. In [49] the Z identification was achieved via
characteristic X-rays and the β-spectrum was recorded in
coincidence with the 306.7 keV γ-line, but no information
is given on the calibration of the spectrometer.

In any case, the Qβ-values from [34,49] have much
larger uncertainties (150 keV) than the ISOLTRAP value.
Therefore they are excluded from the input data of the
mass evaluation and marked by “data with much less
weight than that of a combination of other data”.

140Sm
There exists a discrepancy of 468 keV between the
ISOLTRAP value and that of J. Deslauriers et al. [50].
This value was not used in AME93 but replaced by a rec-
ommended value following from the regular trends of the
atomic masses. Due to its large uncertainty of 300 keV

3 The term “well-documented” means that this work is either
published in a refereed journal or originates from another well-
documented work.
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Table 9. The data of the present work converted to linear relations. Column 1 lists the linear relations and column 2 gives
the MD-values (see text). The mass excess values as obtained from the experimental result of the present work are given in
column 3. Nuclides marked by u, v, w, x, y, z are special cases and discussed in the main text.

Linear relation MD-value (µu) Mass excess ( keV)

133Cs − 1.565 * 85Rb 43500(13) −88072(13)
123Ba − 0.925 * 133Cs 6238(13) −75659(13)
125Ba − 0.940 *133Cs 3356(13) −79665(12)
127Ba − 0.955 * 133Cs 1389(13) −82818(12)
131Ba − 0.985* 133Cs 72(14) −86687(13)
133Pr − 1.000 *133Cs 10877(15) −77944(15)
134Pr − 1.008 * 133Cs 11029(16) −78507(15)
135Pr − 1.015 * 133Cs 9080(14) −80939(14)
136Pr − 1.023 * 133Cs 9418(15) −81328(14)
137Pr − 1.030 * 133Cs 8095(15) −83177(14)
130Nd19Fv − 1.120 * 133Cs 32902(130) −67997(121)
132Nd − 0.992 * 133Cs 17147(52) −71399(48)
134Nd − 1.008 * 133Cs 14100(14) −75646(13)
135Ndz − 1.015 * 133Cs 14179(14) −76189(14)
136Nd − 1.023 * 133Cs 11703(14) −79200(13)
137Nd − 1.030 * 133Cs 11947(14) −79589(13)
138Nd − 1.038 * 133Cs 10093(14) −82021(14)
136mPmx − 1.023 * 133Cs 20429(20) −71072(19)
137Pm − 1.030 * 133Cs 17864(14) −74077(14)
138Pm − 1.038 * 133Cs 17721(14) −74916(13)
139Pm − 1.045 * 133Cs 15604(15) −77504(14)
140mPm − 1.053 * 133Cs 16064(16) −77780(15)
141Pm − 1.060 * 133Cs 13776(15) −80528(14)
143Pm − 1.075 * 133Cs 12567(15) −82975(14)
136Sm − 1.023 * 133Cs 25009(15) −66806(14)
137Smy − 1.030 * 133Cs 24447(14) −67946(13)
138Sm − 1.038 * 133Cs 21387(14) −71500(13)
139Sm − 1.045 * 133Cs 21101(14) −72383(13)
140Sm − 1.053 * 133Cs 18557(15) −75458(14)
141gSm − 1.060 * 133Cs 18694(14) −75947(14)
141mSm − 1.060 * 133Cs 18878(14) −75776(14)
142Sm − 1.068 * 133Cs 16173(14) −79000(14)
143Sm − 1.075 * 133Cs 16268(15) −79528(14)
139Eu − 1.045 * 133Cs 28597(16) −65401(15)
141Eu − 1.060 * 133Cs 25164(15) −69920(14)
142mEu − 1.068 * 133Cs 24909(15) −70862(14)
143Eu − 1.075 * 133Cs 21947(14) −74238(14)
144Eu − 1.083* 133Cs 21223(17) −75617(16)
145Eu − 1.090* 133Cs 19338(17) −77989(16)
146Eu − 1.098* 133Cs 21029(15) −77119(15)
147Eu − 1.105* 133Cs 21215(16) −77562(16)
148Eu − 1.113* 133Cs 23315(15) −76310(15)
149Eu -1.120* 133Cs 23849(17) −76429(16)
151Eu − 1.776* 85Rb 76520(15) −74652(15)
153Eu − 1.800* 85Rb 80021(16) −73363(15)
148Dy − 1.113* 133Cs 32394(16) −67853(15)
149Dyw − 1.120* 133Cs 33278(109) −67647(101)
154Dyv − 1.158* 133Cs 33903(19) −70411(18)
150Ho − 1.128* 133Cs 40150(29) −61950(27)
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Fig. 11. Energy differences between the I = 1/2+ and the I =
9/2− (or I = 11/2− in the case of 129Xe) states of some even-
odd nuclei along the N = 75 line [22]. The energy difference
for 137mSm (Z = 62) has been extrapolated in [22] with a
conservative error of 50 keV. The solid line is a fit of a linear
function through the data points.

the Qβ-value of [50] is now not used and marked by “data
with much less weight than that of a combination of other
data”.

148Eu
Between the atomic mass evaluation of 1995 and the data
presented in this work there exists a discrepancy of 71 keV.
The value given in the mass evaluation is an average of
three different works; two Qβ-measurements by C.V.K.
Baba et al. [51] and V.A. Ageev et al. [52] and a Qα-
measurement by K.S. Toth et al. [53]. The Qβ-values agree
remarkably well but they disagree with the result from
the present work by 100 keV. On the other hand, the Qα-
measurement is in good agreement with the ISOLTRAP
data.

The documentation of [51] is complete and gives an
endpoint energy of 920(30) keV for the decay into the
1162 keV or the 1181 keV level.

The same decay channel has been examined in [52].
However, the origin and preparation of the radioactive
source remain unclear: “. . . using an ‘old’ europium prepa-
ration containing 148Eu and 149Eu . . . ”. It is also not clear
whether the β-spectrum was recorded in coincidence with
γ-lines of the daughter 148Sm. Some doubt on this value
arises also from the erroneous Q-value measurement fol-
lowing the decay of 146Gd.

The input values by Baba et al. and Ageev et al. [51,
52] are therefore excluded from the input data and marked
by “well-documented data which disagree with other well-
documented values”.

Appendix C.3. Special treatment for some ISOLTRAP
data

130Nd19F
While the mass of 19F is well known, there exists no exper-
imental information on the ground-state mass of 130Nd,
it having been only estimated from systematic trends.
In order to obtain a first experimental result on 130Nd,
the ISOLTRAP datum on 130Nd19F is combined with the
ground-state mass of 19F. However, the result on 130Nd19F
is only tentative due to its very poor statistics.

135Nd
As discussed in appendix B.1, a mixture of ground and
isomeric states has been investigated by ISOLTRAP. The
resulting frequency ratio is now combined with the known
excitation energy of the isomer ∆E = 65.1 keV and the
mixing ratio of both states. From the spins and half-lives
it is assumed that both states are delivered with the same
amount by ISOLDE.

136Pm
Since a contamination by another long-lived state of this
nucleus cannot be excluded (see appendix B.2.2), the un-
certainty of the value for 136xPm as determined in this
work was increased from 20µu to 100µu. Initially it was
not clear which of the states of this nucleus was inves-
tigated. The “Nuclear Data Sheets” of January 1994 in-
dicate that G.D. Alkhazov et al. investigated the state
with spin I = 5+ of 136Pm which has a half-life of
T1/2 = 107(6) s [34]. By comparing the mass values one
finds that the state investigated by Alkhazov et al. is more
strongly bound than the state investigated by ISOLTRAP.
Therefore, the ISOLTRAP value has to be assigned to the
isomeric state (I = 2+, T1/2 = 47(2)).

137Sm
Systematic trends indicate the existence of an isomer
with spin I = 1/2+. Figure 11 shows the energy dif-
ferences of the I = 9/2− (or I = 11/2− in the case
of 129Xe) and I = 1/2+ levels of some even-odd nuclei
along the N = 75 line. By extrapolating the measured
energy differences for these two levels from the range
54 ≤ Z ≤ 60, the energy difference for 137Sm can be
estimated at ∆E = 180(50) keV. If one assumes that the
ratio of the half-lives of the I = 9/2− and I = 1/2+ states
is similar to the one in 135Nd (N = 75), one can estimate
the half-life of the I = 1/2+ state. Using the half-life of
T1/2 = 51(1) s for the ground state, one obtains T1/2 ≈ 20 s
for the isomer 137mSm.

If the isomeric state exists one expects that it is pro-
duced with a yield that is of the same order of magnitude
as the yield of the ground state. Since the mass differ-
ence between the two species is smaller than the width
of the resonance curve, the cyclotron frequency of their
mean mass would be measured. However, to now there is
no experimental proof for the existence of the isomer. The
estimated excitation energy of the isomer can therefore
not be used to correct the experimental result for 137Sm.
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The experimental result of this work on 137ySm is thus
assigned to the ground state.
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