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Double-β decay Q value of 150Nd
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The double-β decay Q value of 150Nd was determined by using the JYFLTRAP Penning trap mass spectrometer.
The measured mass difference between 150Nd and 150Sm is 3371.38(20) keV. This new value deviates by 3.7 keV
from the previously adopted value of 3367.7(22) keV and is a factor of 10 more precise. Accurate knowledge of
this Q value is important because 150Nd is a primary candidate to be used in the search for neutrinoless double-β
decay modes in several experiments.
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Experiments carried out on solar atmospheric accelerator
and reactor neutrinos have provided evidence for neutrino
oscillations and for a nonzero rest mass of neutrinos. From
these data, one can extract the difference of squared masses
of the neutrinos and the mixing angles [1–3]. However, these
experiments do not provide information on the absolute mass
scale of the neutrinos, nor do they give information toward
answering the question of whether the neutrino is a Dirac or
a Majorana particle. A Majorana neutrino is identical to its
antiparticle and, thus, violates lepton-number conservation.
The only feasible way to answer these questions is via
neutrinoless double-β decay (0νββ) experiments. Observation
of this process would be unquestionable evidence of the
Majorana nature of neutrinos and, furthermore, would provide
definitive proof of new physics beyond the standard model,
which supports the concept of a neutrino as a massless Dirac
particle. The mass of a Majorana neutrino is then inversely
proportional to the double-β decay half-life [4].

150Nd is considered to be one of the most promising
candidates in the search for neutrinoless double-β decay
because the relatively high value of the decay energy Qββ =
3367.7(22) keV [5], is above the majority of background
β-decay energies. Additionally, 150Nd has been successfully
used in time-projection-chamber experiments [6,7]. Moreover,
three major future experiments, the Drift Chamber Beta-ray
Analyzer (DCBA) [8], SuperNEMO [9], and SNO+ [10],
plan to use this material. Therefore, accurate knowledge of
the mass difference between 150Nd and its double-β decay
daughter 150Sm is important for these experiments. A precise
mass difference measurement directly impacts on the search
for the 0νββ peak by narrowing the energy window in the
two-electron spectrum.

The Qββ measurement was performed at the IGISOL
facility [11,12] in the Accelerator Laboratory of the University
of Jyväskylä, Finland, by using an electric discharge ion
source inside the ion-guide system. Ions were created by
applying a voltage between two electrodes, which contain
natural neodymium and samarium, which evaporate mate-
rial into helium gas at a pressure of 2–4 mbar. Gas flow
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extracted the ions from the electric discharge source into
a sextupole ion guide [13], whereby they were guided into
a differential pumping stage and were accelerated up to
30q-keV energy. This continuous beam was mass separated
by using a 55◦ dipole magnet with mass resolving power
on the order of M/�M ≈ 500 for singly charged ions. The
isobar A = 150 and q = 1 were selected with the magnet
and were transported through the electrostatic switchyard,
were decelerated, and were injected into a radio-frequency
quadrupole cooler/buncher [14]. In this device, the ions were
cooled, were accumulated, and were bunched before injection
into the double Penning trap spectrometer JYFLTRAP [15].
A schematic of the experimental setup is shown in Fig. 1,
by illustrating the ion guide, beam line components, and
JYFLTRAP.

The JYFLTRAP spectrometer consists of two identical
cylindrical Penning traps housed inside one 7-T superconduct-
ing solenoid. The first trap, the purification trap, operates in
a low-pressure helium buffer gas environment and is used for
isobaric cleaning by means of a buffer gas-cooling technique
[16]. The second Penning trap, the precision trap, is used for the
measurement of the cyclotron frequency of the ions of interest
νc = 1

2π

q

m
B by applying a time-of-flight (TOF) ion-cyclotron

resonance technique [17,18].
The cyclotron frequency difference of 150Nd

+
and the

double-β decay daughter 150Sm
+

in a 7-T field is about
17 Hz, which is large enough for separation in the purification
trap [15]. However, to improve the quality of the resonances,
the purification trap was tuned to have poorer resolution but
better centering of the ions. The complete separation of the
two species was accomplished in another cleaning step [19],
whereby contaminant ions were excited in the precision trap
into a large orbit. The ions were subsequently retransferred
to the purification trap through a 2-mm diameter channel,
which only allows for the ions of interest to survive. After an
additional cooling and centering in the purification trap, they
were transferred to the precision trap for cyclotron frequency
determination.

The mass measurement was performed by scanning the
sideband frequency of the ions of interest ν+ + ν−, where
ν+ and ν− are the reduced cyclotron frequency and the
magnetron frequency, respectively. When the excitation fre-
quency matches the sum frequency ν+ + ν−, which is the true
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FIG. 1. (Color online) Schematic of the JYFLTRAP beam line.

cyclotron frequency νc in an ideal Penning trap, a maximal
periodic conversion between the magnetron and the reduced
cyclotron motion occurs [20]. After one full conversion to the
reduced cyclotron motion, the radial energy of the ions reaches
a maximum, which leads to a stronger acceleration of the ions
as they are extracted through the gradient of the magnetic
field. This reduces the flight time of the ions from the trap to
a microchannel plate detector (MCP).

A Ramsey-type ion motion excitation scheme [21,22] was
applied by allowing for better precision in the cyclotron
frequency determination. The duration of the excitation used
was two 25-ms fringes separated by a waiting period of 350
or 750 ms. A longer waiting time between fringes results in
narrower resonances; however, it increases the interaction time
between the ions and the residual gas in the measurement

trap, which causes velocity damping. This, in turn, results
in a wider TOF distribution of ions. In the studied mass
range, such damping did not have an effect on resonance
shape itself, although it might have caused larger uncertainties
than expected, especially when relatively small magnetron
amplitudes were applied in the measurement trap.

Measurements were carried out by scanning one cycle of
150Nd followed by another cycle of 150Sm and by repeating this
pattern. One cycle lasted approximately 1 min. In this manner,
the shift in the frequency ratio caused by the magnetic-field
drift was minimized. In the analysis, the data were divided into
15-cycle-long intervals, and each set was analyzed indepen-
dently. Figure 2 shows an example of resonances of both 150Nd
and 150Sm, respectively. To avoid count-rate-dependent shifts
in the cyclotron frequency, a count-rate class analysis was
applied [23]. In this method, each 15-cycle-long interval was
divided into classes according to the number of detected ions,
and each class was fitted separately. A linear fit was applied
to the data, and the final result was obtained by extrapolating
to 0.6, which is estimated to correspond to a single ion in the
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FIG. 2. (Color online) TOF ion-cyclotron resonances of 150Nd+

and 150Sm+ with a (25-750-25 ms) Ramsey excitation pattern, which
contains 15 scan cycles with settings A (detailed in Table I). Shadowed
boxes show the density of detected ions (the darker the pixel, the
more ions it represents), black dots are the average TOFs with
corresponding uncertainties, and the solid (red) line is the fitted line
shape.
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TABLE I. Summary of all measurements. Different excitation
times, magnetron amplitudes in the measurement trap, extraction
voltages, and transfer times from the purification trap to the
measurement trap were used. (A) 25-750-25 ms, A(ν−) = 60 mV,
U = −1400 V. (B) 25-350-25 ms, A(ν−) = 60 mV, U = −1400 V.
(C) 25-350-25 ms, A(ν−) = 60 mV, U = −1200 V. (D) 25-750-
25 ms, A(ν−) = 50 mV, U = −1600 V. (E) 25-350-25 ms, A(ν−) =
60 mV, U = −1600 V. (F) 25-750-25 ms, A(ν−) = 60 mV, U =
−1600 V, transfer time + 0.3 µs.

Set Number of scans Frequency ratio νc,Sm
νc,Nd Q value (keV)

A 255 1.000 024 1422(23) 3371.37(32)
B 105 1.000 024 1396(41) 3371.01(58)
C 45 1.000 024 1379(70) 3370.78(98)
D 195 1.000 024 1428(40) 3371.46(55)
E 105 1.000 024 1432(34) 3371.51(48)
F 120 1.000 024 1446(43) 3371.71(55)

Average 1.000 024 1423(14) 3371.38(20)

measurement trap, which assumes 60% detection efficiency
for the MCP.

The Q value was calculated with the relation,

Q = mm − md =
(

νc,Sm

νc,Nd
− 1

)
(mSm − me)

+ νc,Sm

νc,Nd
Be,Sm − Be,Nd, (1)

where νc,Sm and νc,Nd are the measured cyclotron frequencies
for singly charged 150Sm and 150Nd ions, mSm is the mass
of a 150Sm atom, me is the mass of an electron, and Be,Sm

and Be,Nd are the first atomic electron-binding energies. The
values used were as follows: the mass excess MESm =
−77 057.3(2.4) keV [5], me = 510.998 910(13) keV [24],
Be,Sm = 5.6437 eV, Be,Nd = 5.5250 eV [25], and the atomic
mass unit u = 931 494.0090(71) keV [26].

During the experiment, different settings were used when
applying the 25-750-25 ms and the 25-350-25 ms (on-off-
on) excitation patterns. Three extraction voltages (U ) were
applied to the last electrode before the 30-keV acceleration:
−1400 V in sets A and B, −1200 V in set C, and −1600 V
in sets D–F. In set C, a moderate frequency dependence in
the count rate was observed; and, therefore, the set was only
measured for 45 rounds. Nevertheless, this did not affect the
average TOF of the ions, and the extracted Q value agrees
with that from the other sets. Therefore, the data were kept
in the analysis. The results are shown in Table I. Birge ratio
≈1 [27] in each set except in set D where it was 0.8, which
shows that deviation in the data is purely statistical, and, in
set D, the fitting uncertainties were too large compared to the
deviations around the average value. The average Q value was
calculated by taking a weighted average of all values, which
results in a final Q value of 3371.38(20) keV. Figure 3 shows
the measured frequencies and the obtained Q values in set A.

The new accurate Q-value measurement will directly
influence the energy region of interest in which the next-
generation underground experiments expect to locate the weak
peak attributed to the (0νββ) decay. Therefore, it is of interest
to study the prospects of determining the neutrino mass in

FIG. 3. (Color online) Top: Series of extracted cyclotron frequen-
cies for 150Nd and 150Sm obtained by using a 25-750-25-ms Ramsey
excitation pattern with the parameter set A as detailed in Table I.
Each data point contains 15 cycles. Bottom: Mass difference of 150Nd
and 150Sm obtained from frequencies taken from the top panel. Solid
(red) line shows the average of 3371.37 keV. The dotted black lines
denote one standard deviation of σ = 0.32 keV.

these experiments. By assuming that the 0νββ decay proceeds
mainly through the neutrino mass and that the 0νββ decay
of 150Nd is detected, the measured half-life can be connected
with the (effective) neutrino mass 〈mν〉 through the relation,

[
t

(0ν)
1/2

]−1 = G(0ν)(M (0ν))2〈mν〉2 , (2)

where G(0ν) is the lepton phase-space factor defined such that it
absorbs the electron rest-mass term m−2

e . The quantity M (0ν) is
the nuclear matrix element [28]. The effective neutrino mass is
a linear combination of the neutrino-mass eigenstates weighted
by the Majorana CP phases and the elements of the neutrino
mixing matrix [28]. The measured values of the elements of
the mixing matrix, together with the unknown CP phases,
define regions of the allowed values of 〈mν〉. Although for
the normal neutrino-mass hierarchy, 〈mν〉 can be zero, for
the inverted and degenerate mass hierarchies 〈mν〉 only attain
finite values above a few tens of millielectron volts [4].

The nuclear matrix element in Eq. (2) has only been
computed in a few models [29–31] that take the nuclear
deformation of the 0νββ mother and daughter nuclei 150Nd
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TABLE II. Values of the auxiliary quantities of Eqs. (3) and (4)
for three different models of deformed nuclei.

Quantity P-SU(3) PHFB IBM-2

C(0ν) 13.5 10.4 5.68
T0.02 3.38 2.60 1.42

and 150Sm, respectively, into account. In Ref. [29], the pseudo-
SU(3) [P-SU(3)] deformed model was used, in Ref. [30],
the projected Hartree-Fock-Bogoliubov (PHFB) mean-field
approach was adopted, and in Ref. [31], the interacting
boson-fermion model (IBM-2) was applied. By using the Q

value of the present experiment and the machinery of Ref. [28],
one can evaluate the involved phase-space integral and can
rewrite the 0νββ-decay half-life of Eq. (2) for 150Nd as

t
(0ν)
1/2 � 〈mν〉−2C(0ν) × 1023 yr, (3)

where 〈mν〉 is given in units of electron volts and the auxiliary
factor C(0ν) is given in Table II for the three mentioned nuclear
models. Under the assumption that the neutrino mass obeys the
inverted (or degenerate) hierarchy, one can derive the following
limits for the 0νββ half-life of 150Nd:

1.8 × 1022 yr < t
(0ν)
inverted < T0.02 × 1027 yr. (4)

The lower limit (at 90% confidence level) comes from the
recent measurement of the NEMO-3 detector [32], and the
upper limit comes from the use of the relation Eq. (3) with
〈mν〉 � 0.02 eV [4]. The quantity T0.02 has been listed in
Table II for the three nuclear models.

It should be noted that the values of the phase-space factor
G(0ν) and the nuclear matrix element M (0ν) in Eq. (2) depend
on the value of the axial-vector coupling constant gA [28].
We have G(0ν) ∝ g4

A and M (0ν) = M
(0ν)
GT − (gV /gA)2M

(0ν)
F ,

where gV = 1.00 is the vector-coupling constant. The exact
value of gA is unknown in heavy nuclei. Both the bare value
gA = 1.25 and the quenched value gA = 1.00 have been used
in 0νββ calculations [4,29–31,33–35]. For the evaluation of
the right-hand side of Eq. (3), we have used gA = 1.00,
since it gives the most conservative (highest) upper limits for
C(0ν) within the range 1.0 � gA � 1.25. The next-generation
0νββ experiments have good potential to reach the upper
limits indicated in Eq. (4), obtained from Eq. (3) by taking
〈mν〉 � 0.02 eV.

To conclude, we have greatly improved the accuracy of the
Q value of the neutrinoless double-β decay of 150Nd by using
the JYFLTRAP Penning trap. This accurate value is needed to
pinpoint the 0νββ peak in the two-electron energy spectrum in
the present and future underground experiments, which search
for the Majorana-neutrino mass. The next-generation 0νββ

setups have good potential to detect the neutrinoless double-β
decay of 150Nd provided that the decay proceeds mainly via
the Majorana mass, which obeys either the degenerate or the
inverted mass hierarchy.
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