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Abstract

The Q-value for the neutrinoless double electron capture on 102Pd, Qεε(
102Pd), is determined as the atomic mass

difference between 102Pd and 102Ru. A precise measurement of the Qεε(
102Pd) at the SHIPTRAP Penning trap showed

a more than 10σ deviation to the adopted Atomic Mass Evaluation (AME) value. The reliability of the SHIPTRAP
measurement was challenged because the AME value was based on numerous experiments including β and electron
capture decays and very precise (n, γ) data, all agreeing with each other. To solve the discrepancy, the Qεε(

102Pd) has
now been determined with the JYFLTRAP Penning trap at the IGISOL facility in the Accelerator Laboratory of the
University of Jyväskylä. The measurement was performed both with the Time-of-Flight and the Phase-Imaging Ion
Cyclotron Resonance techniques. The obtained result, Qεε(

102Pd) = 1203.472(45) keV, is eight times more precise and
agrees well with the value obtained at SHIPTRAP, Qεε(

102Pd) = 1203.27(36) keV, confirming that 102Pd is not a good
candidate for a search for neutrinoless double-electron capture.

Keywords: Penning trap, High-precision mass spectrometry, Q-values, Neutrinoless double-electron capture

1. Introduction

Penning Trap Mass Spectrometry (PTMS) offers versa-
tile opportunities to study fundamental properties of mat-
ter via high-precision atomic mass measurements [1]. The
method has several advantages:5

• Highest precision due to the use of frequency as a
measure;

• Sensitivity with the ability to measure the cyclotron
frequency for an individual ion;

• Reliability provided by the possibility to use carbon-10

cluster ions for a direct calibration.

PTMS has been used for investigating fundamental
properties in nature, such as Charge Parity Time (CPT)
reversal symmetry [1], some problems of quantum chro-
modynamics (QCD) [2], quantum electrodynamics (QED)15

[3], and neutrino physics [4]. Values for some fundamental
constants in physics can also be explored using PTMS [1].
These experiments require highest achievable precisions.
Currently, the record precisions obtained with PTMS are
around 10−11 [5]. Meanwhile, for many problems in nu-20

clear structure and astrophysics, a few keV precision in
nuclear mass values (a relative uncertainty of ≈ 10−8) is

∗Corresponding author
Email address: dmitrii.nesterenko@jyu.fi (D.A. Nesterenko)

quite sufficient. However, even with the lower require-
ments for the precision, the reliability and sensitivity of
PTMS remain very important for these measurements.25

During the last decade PTMS has shown quite sig-
nificant discrepancies in the mass differences of certain
isobaric nuclides (see e.g. [6, 7, 8]) when compared to
the atomic mass evaluations (AME) [9, 10, 11]. In [7],
the double electron-capture mass difference Qεε between30

102Pd and 102Ru determined at the SHIPTRAP Penning
trap, was found to deviate by more than 10 standard de-
viations from the value given in AME2003 [9]. The case
was carefully examined in the next atomic mass evaluation
AME2012 [10]. It was found that all data from the flow of35

information matrix containing various spectroscopic con-
nections are self-consistent and can hardly be erroneous
(see Fig. 1). Thus, the reliability of the PTMS result
[7] was seriously questioned. In AME2016 [11], the claim
was mitigated by referring to an unpublished less accurate40

work from the GSI storage ring. However, many argu-
ments given in [10] to support the indirect methods, and
thus against the PTMS result, are still valid.

In this work, we have performed a PTMS measure-
ment for the 102Pd − 102Ru mass difference using the45

JYFLTRAP Penning trap mass spectrometer. As it is in-
dependent of the previous PTMS measurement at SHIP-
TRAP [7], it provides a way to test the reliability of the
method and solve the discrepancy to the other values in
the atomic mass evaluations.50
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2. Discrepancies in the values for the 102Pd − 102Ru
mass difference

The mass difference of 102Pd − 102Ru has been pre-
viously measured with the SHIPTRAP Penning trap dur-
ing a campaign searching for a resonant enhancement of55

neutrinoless double-electron capture. The decay energy
(i.e. the mass difference) Qεε(

102Pd) = 1203.27(36) keV
was determined using the Time-of-Flight Ion Cyclotron
Resonance technique [7]. The measured value was 30 keV
higher than evaluated in the Atomic Mass Evaluation 200360

(AME2003) [9], Qεε(
102Pd) = 1173.0(24) keV. The ob-

served difference of more than 10 standard deviations trig-
gered a thorough analysis on the possible reasons for the
discrepancy in AME2012 [10]. Around dozen Q-values
were measured using the same procedure in the neutri-65

noless double-electron capture campaign at SHIPTRAP,
and 102Pd − 102Ru was one of the few cases deviating
significantly from AME.

Figure 1: Flow of information diagram [10] showing the connections
between 102Pd and 102Ru. The type of relation and its precision (in
keV) is given for each connection. The arrows indicate the contri-
bution of the relation in %. The resulting mass precision is given in
keV in the lower right corner of each box.

The Qεε-value for 102Pd in AME2012 [10] is based
on experimental data connecting 102Pd and 102Ru, see70

Fig. 1. All the measured beta-decay and electron-capture
Q-values were collected, and the connections with higher-
mass isotopes through precise (n, γ) measurements were
taken into account as well. As shown in [10], theQεε-values
obtained with these different experimental links agree with75

each other. Actually all connections have been determined
by more than two groups and sometimes with different
methods which yield results in good agreement. Thus, it
was concluded in [10] that there is no reason to suspect
any individual spectroscopic measurement.80

From the PTMS side, the result for the mass difference
102Pd − 102Ru is unlikely to be incorrect. It was measured
at SHIPTRAP during the same experimental campaign as
106Cd − 106Pd and 144Sm − 144Nd whose PTMS results

are in agreement with the AME values. This makes the85

case 102Pd − 102Ru special and calls for a new independent
PTMS measurement.

3. Experimental method and results

In this work, the mass difference of 102Pd and 102Ru
has been measured with the JYFLTRAP double Penning90

trap mass spectrometer [12] at the Ion Guide Isotope Sep-
arator On-Line (IGISOL) facility [13]. The 102Pd+ and
102Ru+ ions were produced using two different electric
discharge ion sources at separate 30 kV high-voltage plat-
forms (see Fig. 2). A natural palladium source was located95

upstairs in a dedicated offline ion source station whereas
the ruthenium ions were produced with a source located
inside the IGISOL target chamber. Ions from one ion
source at a time were selected by switching voltages on an
electrostatic deflector blocking either the vertical (offline100

station) or horizontal (IGISOL) beamline. A 55◦ dipole
magnet was used to select the 102Pd+ (1.02 % isotopic
abundance) and 102Ru+ (31.55 % isotopic abundance) ions
from the natural isotopic mixture based on their mass-to-
charge ratio of A/q = 102. Then, 102Pd+ or 102Ru+ ions105

were injected into a gas-filled radio-frequency quadrupole
[14], where they were cooled and bunched.

The ion bunches were transported to the JYFLTRAP
double Penning trap [12] placed inside a 7-T supercon-
ducting solenoid. The first preparation trap cooled, cen-110

tered and additionally purified the ion sample via a mass-
selective buffer gas cooling technique [15]. This took around
270 ms for the 102Pd+ and 102Ru+ ions.

The ions from the preparation trap were transferred
into the second trap known as the measurement trap where115

ions’ cyclotron frequencies were measured. The traps were
operated simultaneously. While the cyclotron frequency of
the ions was being measured in the measurement trap, a
new bunch of ions was being prepared in the preparation
trap.120

The cyclotron frequency νc of an ion with mass m and
charge q in a magnetic field with strength B is given by

νc =
1

2π

q

m
B. (1)

The mass difference between 102Pd+ or 102Ru+ ions
was determined from the measured cyclotron frequency
ratio R:

R =
νc(

102Ru+)

νc(102Pd+)
=
m(102Pd+)

m(102Ru+)
(2)

Two different methods were used to measure the cy-
clotron frequencies νc and determine the cyclotron fre-
quency ratio R = νc(

102Ru+)/νc(
102Pd+). Firstly, a con-

ventional Time-of-Flight Ion Cyclotron Resonance (ToF-
ICR) technique [16, 17] with a 25-750-25 ms (On-Off-On)125

Ramsey-type excitation pattern [18, 19, 20] was employed
(see Fig. 3). For comparison, the SHIPTRAP result of

2



Page 3 of 8

Acc
ep

te
d 

M
an

us
cr

ip
t

Figure 2: The experimental area of the IGISOL facility, where 1 - the target chamber, 2 - the offline ion source station, 3 - the 55◦ dipole
magnet, 4 - the electrostatic beam switchyard, 5 - the gas-filled radio-frequency quadrupole, 6 - the JYFLTRAP Penning-trap setup.

Qεε(
102Pd)-value [7] was obtained with the ToF-ICR tech-

nique and Ramsey-excitation pattern 100-1800-100 ms (On-
Off-On).130

In addition to the ToF-ICR method, we applied the
Phase-Imaging Ion Cyclotron Resonance (PI-ICR) tech-
nique [21, 22] which has recently been implemented at
JYFLTRAP [23]. Here, the cyclotron frequencies for 102Ru+

and 102Pd+ were measured as a sum of two radial-motion135

frequencies: magnetron frequency ν− and modified cy-
clotron frequency ν+ (the measurement scheme #2 in Ref.
[22]). This method has been used in a number of experi-
ments on high-precision Q-value measurements, for exam-
ple in [3, 24, 25].140

The used PI-ICR measurement scheme is shown in
Fig. 4. The basic principle of the measurement is to de-
termine the “magnetron” and “cyclotron” phases of ion
radial motion on the detector with the positions defined
by the polar angles α− and α+, respectively, with respect
to the trap center. The angle between the two phase im-
ages αc = α+ − α− is related to the cyclotron frequency
νc by the equation:

νc = ν− + ν+ = (αc + 2πn)/2πt, (3)

where n is the full number of revolutions, which the stud-
ied ions would perform in a pure magnetic field B during a

phase accumulation time t. Two different phase accumu-
lation times, 200 ms and 400 ms, were employed for the
measurements.145

Two excitation patterns were applied to measure the
accumulated phases of ion motion and to determine the
cyclotron frequency νc (see Fig. 4). They differ only by a
position of the quadrupolar rf pulse. First, the ions were
transported from the preparation trap to the center of the150

measurement trap and the coherent components of ion’s
magnetron and axial motions were reduced via dipolar rf
pulses at the corresponding motion frequencies. Then, a
dipolar 1-ms rf pulse at modified cyclotron frequency ν+
was applied to excite the cyclotron motion of ions to a155

certain radius.
In pattern 1, the cyclotron motion of ions was first

converted into the magnetron motion via a quadrupolar
2-ms rf pulse at the cyclotron frequency. Then the ions
were let to undergo magnetron motion with the magnetron160

frequency ν− for a time t, and accumulate a magnetron-
motion phase. After this, ions were extracted out from
the measurement trap and their radial positions in the
trap were projected onto a position-sensitive detector (a
multichannelplate detector with a delay line anode). Thus,165

pattern 1 provided the image of the magnetron-motion
phase of ions with the polar angle α− (see Fig. 5).

3
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Figure 3: A typical time-of-flight resonance of 102Pd+ with 25-750-
25 ms (On-Off-On) Ramsey excitation pattern. The black points
with error bars represent the mean time-of-flight for each scanned
frequency. The solid red line is a fit of the theoretical curve [20] to
the data points. The blue shading around the data poins indicates
the number of ions in each time-of-flight bin: the darker the blue,
the more ions. The position of the central minimum was determined
before the measurements using conventional ToF-ICR with a single
800-ms excitation pulse [17].

In pattern 2, the ions performed the cyclotron motion
for a time t, accumulating a cyclotron-motion phase. Be-
fore extracting the ions out from the measurement trap,170

a quadrupolar 2-ms rf pulse at the cyclotron frequency
was applied in order to convert the fast cyclotron motion
to the slow magnetron motion. The positions of the ex-
tracted ions were projected onto a position-sensitive detec-
tor similarly to pattern 1. Pattern 2 provided the image175

of the cyclotron-motion phase of ions with the polar angle
α+ (see Fig. 5). Note that the complete conversion of the
cyclotron motion to the magnetron motion preserves the
modulus of the angle for the accumulated phase although
flipping the sign of the angle [22, 26].180

The patterns 1 and 2 were applied alternately to ob-
tain the images of magnetron and cyclotron phases (see
Fig. 5). Thus, determination of the angles α− and α+

were performed quasi-simultaneously. The trap center on
the detector was determined once per around 3.5 hours, i.e.185

before and after each measurement set. To reduce possible
distortions in the ion-motion projections onto the detector,
the positions of the magnetron and cyclotron phase images
were chosen such that the angle αc did not exceed a few
degrees. To average the ion positions over all magnetron190

phases and eliminate the possible angular shift of the cen-
troid position due to possible residual magnetron motion
(after its coherent component had been reduced), the start
time of the dipolar excitation pulse at the frequency ν+
was scanned over a magnetron period (≈600 µs). In ad-195

dition, the start time of the extraction pulse was scanned
over a cyclotron period (≈0.95 µs) to average the ion po-
sitions over all cyclotron phases in order to eliminate pos-
sible residual cyclotron motion after the conversion. Note
that the ion interactions with the residual gas molecules200

in the measurement trap decrease the radius of the fast
cyclotron motion and smear the image of the cyclotron
phase spot [22], increasing the statistical uncertainty but
not causing a systematic shift.

The cyclotron frequency measurements for 102Ru+ and205

102Pd+ were performed alternately for several days. For
ToF-ICR, the ions were swapped after each frequency scan
(≈1.3 min). For PI-ICR, two measurement rounds with
tacc = 400 ms (around ≈47 s), or three rounds with tacc =
200 ms (≈41 s), were carried out before swapping between210

the 102Ru+ and 102Pd+ ions.
The data for 102Ru+ and 102Pd+ were grouped in the

data analysis by 10, 8 and 9 rounds for ToF-ICR, PI-ICR
with tacc = 400 ms and PI-ICR with tacc = 200 ms mea-
surements, respectively, to obtain enough statistics for fit-215

ting (600-900 ions). The cyclotron frequency of 102Ru+,
measured before and after 102Pd+, was linearly interpo-
lated to the measurement time of 102Pd+ to determine
a single frequency ratio. Altogether 15 around 3.5-hour
measurement periods were performed. For each period, a220

weighted mean of the frequency ratio R3.5h was calculated.
The maximum of the internal and external errors has been
chosen for the weighted mean frequency ratios R3.5h.

The nonlinear drift of the magnetic field between two
neighboring frequency measurements was negligible com-225

pared to the statistical errors. The mass-dependent uncer-
tainties were neglected because 102Pd+-102Ru+ is a mass
doublet with the same A/q. Count-rate class analysis [27]
was performed for the determined cyclotron frequency ra-
tios to study ion-ion interactions. The data were divided230

into five groups according to the number of detected ions
per bunch. No dependence of the frequency ratio on the
number of detected ions were observed (see Fig. 6), and
only data up to 5 ions/bunch were taken into account in
the analysis. For the PI-ICR technique, the systematic er-235

rors due to non-simultaneous measurements of the center
and the phase positions, and the distortion of the ion-
motion projection onto the detector, were around 50-70%
of the statistical errors.

Figure 7 shows the frequency ratios R3.5h measured in240

this work. The first six measurements were performed with
the ToF-ICR technique and the subsequent nine with the
PI-ICR technique. The uncertainties of R3.5h are similar in
both methods because the excitation time in the ToF-ICR
technique was four times longer than the phase accumu-245

lation time in the PI-ICR technique, and additional sys-
tematic errors were added for the PI-ICR measurements.
The calculated Birge ratio [28] was 0.98 supporting that
all systematic uncertainties have been properly taken into
account. The higher, internal uncertainty, was adopted250

for the final weighted mean of cyclotron ratios R3.5h, R =
1.00001267844(47).
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Figure 4: Measurement pulse scheme for the cyclotron frequency determination νc in the PI-ICR technique. The magnetron and cyclotron
phases are accumulated in the patterns 1 and 2, respectively.

Figure 5: The trap center and accumulated phase spots for 102Pd+

ions on the position-sensitive ion detector for a single cyclotron fre-
quency measurement (≈2 min) with the phase accumulation time
tacc = 200 ms. The magnetron-motion phase was accumulated us-
ing pattern 1 and the cyclotron-motion phase with pattern 2 of the
excitation-pulse scheme.

The Qεε-value can be calculated from the cyclotron fre-
quency ratio as

Qεε = m(102Pd) −m(102Ru) = (m(102Ru) −me)(R− 1),
(4)

where m(102Pd) and m(102Ru) are atomic masses of 102Pd
and 102Ru, respectively, me is the electron mass and R
is the cyclotron frequency ratio of singly charged ions of255

102Ru and 102Pd, respectively. The difference of binding
energies of the valence electrons for 102Ru and 102Pd is less
than 2.5 eV [29], and can be neglected.

Thus, the final cyclotron frequency ratio R results in
Qεε = 1203.472(45) keV. It is in a good agreement with260

the value obtained at SHIPTRAP [7], Qεε = 1203.27(36)
keV, and is eight times more precise.

Figure 6: The cyclotron frequency ratio as a function of the num-
ber of detected ions per bunch for one of the 3.5-hour measurement
periods. The blue line marks a linear fit. The 1σ confidence band
of the fit is shown in blue. The red line and the red-shaded band
mark the mean of the ratio, averaged over one to five ions per bunch,
and the 1σ uncertainty, respectively. The slope of the linear fit is
in agreement with the mean value within the confidence band for all
measurement periods.

4. Conclusions

The new precise direct measurement of the mass dif-
ference 102Pd − 102Ru with the JYFLTRAP Penning trap265

mass spectrometer is in a good agreement with the previ-
ous Penning-trap measurement performed at SHIPTRAP.
Therefore, it confirms that the SHIPTRAP PTMS result
is correct and calls for a reanalysis of mass and spectro-
scopic data that lead to a more than 10σ deviation to the270

adopted mass evaluation value. It is worthwhile to note
that in AME2016, two pieces of data, 102Rh(β−)102Pd and
103Pd(EC)103Rh, have already been discarded. Our result
also confirms the conclusion from the SHIPTRAP mea-
surement [7] that there is no resonant enhancement for275

search for neutrinoless double-electron capture in 102Pd.
In conclusion, Penning-trap mass spectrometry is a reli-
able and precise method to determine atomic masses for

5
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Figure 7: The measured cyclotron frequency ratios
νc(102Ru+)/νc(102Pd+) (the axis on the left) and Qεε values
(the axis on the right) determined in this work. Each point
represents one around 3.5-hour measurement. The red-shaded band
shows the total uncertainty of the weighted mean.

fundamental physics problems, neutrino physics, nuclear
physics as well as for astrophysics.280
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The submitted manuscript describes the measurement of mass difference between 
102

Pd and 
102

Ru performed with the Penning-trap mass spectrometer JYFLTRAP. A very careful 

evaluation on the atomic mass difference of the pair 
102

Pd -
102

Ru in the Atomic Mass 

Evaluation based on the analysis of full bulk of spectroscopy information for nearest nuclides 

showed a dramatic deviation of more than 10σ with the mass measurement performed at the 

SHIPTRAP Penning trap. Since the evaluated mass difference was obtained via numerous 

local connections in β- and electron capture decays and very precise (n,γ) data which agree 

with each other perfectly, the reliability of the SHIPTRAP measurement was challenged. To 

solve the problem, the measurement of the mass difference 
102

Pd -
102

Ru has been undertaken 

at the JYFLTRAP Penning-trap setup using both the Time-of-Flight and the Phase-Imaging 

Ion Cyclotron Resonance techniques. The obtained result is around 8 times more precise and 

in excellent agreement with the value obtained at SHIPTRAP. This agreement manifests the 

reliability of the Penning trap mass spectrometry. 
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