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High-Precision Q-Value Measurement Confirms the Potential of >>Cs for Absolute
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The ground-state-to-ground-state f-decay Q value of '3°Cs(7/2%) — 33Ba(3/2%) has been directly
measured for the first time. The measurement was done utilizing both the phase-imaging ion-cyclotron
resonance technique and the time-of-flight ion-cyclotron resonance technique at the JYFLTRAP Penning-
trap setup and yielded a mass difference of 268.66(30) keV between '3°Cs(7/2+) and '3°Ba(3/2"). With
this very small uncertainty, this measurement is a factor of 3 more precise than the currently adopted
Q value in the Atomic Mass Evaluation 2016. The measurement confirms that the first-forbidden unique
f~-decay transition '33Cs(7/2%) — !*3Ba(11/27) is a candidate for antineutrino mass measurements with
an ultralow Q value of 0.44(31) keV. This Q value is almost an order of magnitude smaller than those of
nuclides presently used in running or planned direct (anti)neutrino mass experiment.

DOI: 10.1103/PhysRevLett.124.222503

The determination of the absolute scale of neutrino
masses is one of the most important and intriguing goals
in particle physics. In laboratory-based experiments this
can be addressed by observation of neutrinoless double S
decay whose half-life can be related to the effective
Majorana mass [1] or by the analysis of the end point
region of f# decay and electron capture experiments which
is sensitive to an effective electron (anti)neutrino mass [2].
The f decay and electron capture experiments are model-
independent methods to directly infer the effect of massive
neutrinos by kinematical analysis, as in the KATRIN [2]
and MARE [3] experiments using *H and ''Re, respec-
tively, or from the electron capture decay, as in the ECHo
[4] and in the HOLMES [5] experiments using '**Ho. In
these experiments one strives for sub-electron-volt mass
sensitivity, which necessitates the use of nuclear decays of
as small as possible decay energy (Q value) in order to
maximize the fraction of events in the region of interest,
i.e., close to the end point. The corresponding Q values
are Qp = 18.5718(12) keV for the tritium decay [6],
Qs = 2.4666(16) keV for '8'Re decay [7], and Qgc =
2.858(10)(50) keV for '*Ho electron capture decay [8]
with statistical and systematic uncertainties, respectively.

The S decay of the 7/27 state of '3°Cs to the 11/2~ state
of '3Ba has been proposed as a candidate for effective
electron antineutrino mass measurements, see [9].
However, it has not been clear if it is energetically allowed.
The decay has never been observed directly and the low Q
value has been deduced from the well known excitation
energy of the 11/2~ state at 268.218(20) keV in '**Ba
[10,11] (see Fig. 1) and the ground-state-to-ground-state
(GS-to-GS) p-decay Q value. Based on the AME2016 [11]
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the GS-to-GS Q value is equal to 268.9(10) keV. In
AME2016, the mass of '*Cs is tied to the very precisely
known '33Cs mass through (n, y) measurements and
determines the mass of 'Cs with a weight of nearly
100%. The mass of '3Ba is derived from (n, y) links
between 3*Ba—'3Ba and !*Ba—~!3°Ba, which contribute to
the '3Ba mass by 54.9% and 45.1%, respectively. Through
Penning trap Q-value measurements, the '*°Ba mass links
to the mass of the '3%Xe, which is known very precisely.
134Ba links to '33Cs through the f decay of '**Cs and (n, 7).
From this, the decay to the 11/2 state has a Q value of 0.5

7/2* 1.33 My . 28.11h
11/2 0.268
135CS
1/2+ 0.64 ns
0.221
M4
M1+E2
3/2*
/ 0.000
13SBa

FIG. 1. p~ decay of the ground state of '*°Cs to the ground state
and first two excited states in '*Ba. The as yet undetected
transition to the second excited state (11/27) is an ultralow
Q-value transition relevant for the effective antineutrino mass
measurements. The transition to the first excited state (1/2%) is
greatly hindered by the large change in angular momentum. The
numbers to the right of the energy levels are excitation energies in
megaelectron-volt.

© 2020 American Physical Society
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FIG. 2. Layout of the IGISOL facility. The radioactive '**Cs*
ions were produced with proton-induced fission reactions (1), the
stable '*Ba* ions with an off-line source (2). The beam from
either source was selected with an electrostatic kicker (3). The
mass number selection was performed with a dipole magnet (4),
the ion bunching with the cooler buncher (5), and finally the
mass-difference measurement with the JYFLTRAP Penning trap
setup (6) [18].

(12) keV. Although the value is more precise, it does not
reliably exclude whether the decay to the 11/2~ state is
energetically possible or not. In this Letter, we report on the
first direct Q-value measurement of the # decay of '*°Cs in
order to verify whether the transition '**Cs(7/2") —
135Ba(11/27) could serve as a potential candidate for
very low Q-value effective electron antineutrino mass
measurements.

The GS-to-GS Q value of '3Cs was measured using the
JYFLTRAP double Penning trap setup mass spectrometer
at the Ton Guide Isotope Separator On-Line (IGISOL)
facility [12,13], see Fig. 2. The '33Cs(7/2%) ions were
produced using proton-induced fission with a 50-MeV
proton beam impinging into a "U target. For high-
precision Penning trap mass measurements it is of utmost
importance to have a monoisotopic sample of ions. Since it
is not possible to separate '*>Ba(11/27) and '¥3Cs(7/2%)
that have nearly identical mass with currently available
separation techniques [14,15], a fission reaction was
chosen to produce '*Cs ions. Based on a semiempirical
fit to the independent fission yield data to theoretical
models [16], the **Ba(11/27) yield was expected to be
a factor of 100 less than '*3Cs(7/2%). The reference
135Ba(3/2") ions were separately produced with an off-
line glow-discharge ion source [17].

The ion beams, irrespective of the source, were coarsely
mass separated to contain only A/g = 135 ions with a
dipole magnet, where A is the mass number and ¢ is the
charge state of the ion (the typical ionization state is +1),
and injected into the radio-frequency cooler-buncher. The
resulting bunched beams were delivered to the purification
Penning trap, where the ions were selected using the buffer
gas cooling cleaning technique [19]. An additional Ramsey
cleaning [14] step in the precision trap was needed to

remove '3¥Xe™, 13Xe™, and '3I*. After the purification
process a contamination level on the order of 1% of the data
was observed in the measurement trap. However, the
contaminant ions were well separated from the ions of
interest by the phase-imaging ion-cyclotron resonance
(PI-ICR) technique [15,20] and gated away for the analysis.
A detailed ion rate dependency analysis [21] to probe for
frequency shifts as a function of ion number did not show
any significant deviations in the results.

Both the time-of-flight ion-cyclotron resonance
(TOF-ICR) [22,23] technique utilizing Ramsey’s method
of time-separated oscillatory fields [24,25] and the newly
commissioned PI-ICR [15,20] method were used for the
mass-difference (Q-value) measurement. Both of the
techniques provide the free-space cyclotron frequency

1
ve=>1B, (1)

where g/m is the charge-to-mass ratio of the ion and B the
magnetic field. The Q-value formula is

Q =m,—mg=(R=1)(mg—m,), (2)

where m, and m,; are the masses of the parent
[33Cs(7/2%)] and daughter ['*Ba(3/2%)] atom, R =
vy/v, is their cyclotron frequency ratio for singly
charged ions, and m, is the electron rest mass. Since
(R—1) < 1073, the 0.3 keV/c? uncertainty in the mass of
135Ba(3/2%) [11] is not a limitation for a high-precision
measurement. As the measured doublet has the same mass
value A, mass-dependent errors become negligible [26].
Contribution from the atomic electron binding energies is
on the order of electron-volt and thus can be neglected here.

The Ramsey-type TOF-ICR cyclotron frequency mea-
surements were performed for approximately 10 h with a
25-350-25 ms (on-off-on) excitation pattern. The meas-
urement was alternated between parent and daughter ions
every five scan rounds (about 2 min). A TOF-ICR reso-
nance curve obtained using the Ramsey method, collected
for 1.5 h, is shown in Fig. 3.

Data with the PI-ICR technique were collected for about
18 h. The two phase spots, “magnetron” and ‘“‘cyclotron,”
left and right panel in Fig. 4, respectively, were collected
using the timing patterns as described in [15]. The two
phase spots were collected consecutively to account for any
temporal shifts in the ion positions. The center spot is
obtained by storing the ions in the trap for a few
milliseconds and then extracting them. The extraction
delay was varied over one magnetron period to account
for any residual magnetron motion that could shift the
different spots. The center spots were collected in approx-
imately three-hour intervals. The parent and daughter ion
measurements were switched every few minutes.
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FIG. 3. Ramsey TOF-ICR spectrum for '3Cs* ions using

25-350-25 ms (on-off-on) excitation pattern. The mean data
points are shown in black, the fit of the theoretical curve [27] in
red. The blue-shaded squares indicate the number of ions in each
time-of-flight bin.

The TOF-ICR and PI-ICR data were split to 3 and 7
parts, respectively, for final fitting. Both types of measure-
ments were checked for any count-rate related frequency
shifts [21]. Since no such shifts were observed, all bunches
with up to 5 ions were used in the analysis. Temporal
fluctuations of the B field contribute less than 107! to the
final frequency ratio uncertainty since the parent-daughter
measurements were interleaved every few minutes [28].
Likewise, frequency shifts in the PI-ICR measu-
rement due to ion image distortions are well below the
statistical uncertainty and thus were not added to the final
uncertainty.
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FIG. 4. The three different ion spots (center, magnetron phase,
and cyclotron phase) of '**Cs™ on the 2D position-sensitive
microchannel plate detector after a typical PI-ICR excitation
pattern. On the left, the magnetron phase spot is shown, on the
right the cyclotron phase spot. The angle difference between the
two spots is related to the cyclotron frequency of the ion species.
The number of ions in each pixel is indicated by color bars (colors
in the online version).
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FIG. 5. Difference between the cyclotron frequency ratios
v ('3Cs*) /v.(**Ba*) measured in this work, shown as black
data points, and the weighted average value from this work (R) =
1.000002 138 0(24) represented by the solid red line and its
uncertainty in red dashed lines. The dotted gray lines represent
the difference between our new value and the one referred to in
the AME2016 [11] with its uncertainty.

The results of the analysis, including all data from both
Ramsey-type TOF-ICR and PI-ICR measurements with
comparison to literature values, are plotted in Fig. 5. The
final results for the mean cyclotron frequency ratio between
the daughter and parent nuclei and the corresponding
Q value are compared to literature values in Table 1.

The new Q value is a factor of 3 more precise than that
derived from masses of '3°Cs and '*Ba given in AME2016
([11] and references therein) and is equal to 268.66
(30) keV. It confirms that both the second-forbidden unique
transition to the first excited state (1/2%) and the first-
forbidden unique transition to the second excited state
(11/27) in '33Ba can occur with Q values of 47.69(31) and
0.44(31) keV, respectively. Decay to the 3/2% ground state
of '3Ba has a half-life (1.3 — 1.6) x 10° yr [30]. With the
presently computed half-life estimate (1 —300) x 10'! yr
(see below) for the transition to the 11/2~ state, the
branching to this state is about (0.04-16) x 107°. This
branching ratio is close to that measured for the ultralow-
Q-value f~ transition '"In(9/2%) — '15Sn(3/2%) in [31],
1.1 x 107°. Hence, it is feasible to detect the
135Cs(7/2%) — '35Ba(11/27) transition. This and the fact

TABLE 1. Final result from the analysis with (R) being the
mean cyclotron frequency ratio between the daughter and parent
nuclei. The corresponding Q value is also given as well as its
comparison to the Q value referred in the AME2016 [11].

<R> = Vc,d/”c,p

Qp- (this work)

Qs (AME2016 [11])
0y (129])

1.000 002 138 0(24)
268.66(30) keV
268.9(10) keV

210(10) keV
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FIG. 6. Shell-model calculated partial half-life of the decay of
133Cs to the second excited state in '3°Ba as a function of the
Q value newly obtained: The red band corresponds to the range
g5 = 0.8-1.2 of values of the axial coupling. The gray hori-
zontal stripe gives the half-life assuming the best estimate

0 = 0.44(31) keV from the present work.

that the transition has a simple unique (universal) shape of
the electron spectrum and an ultralow Q value of only
0.44(31) keV make this transition an excellent candidate
for neutrino mass measurements.

In order to estimate the partial half-lives for the
transitions to the excited states, we have run large-scale
shell-model calculations using the computer code
Nushellx@msu [32]. The calculations were done in a
model space consisting of the orbitals 0gy/,, 1d, 2s, and
Ohyy/, for both protons and neutrons with the effective
Hamiltonian Sn100pn [33]. The shell-model calculations
performed here represent a significant improvement over
those performed in [9], where the microscopic quasiparti-
cle-phonon model (MQPM) [34,35] was used to compute
the involved nuclear wave functions. Since the present
shell-model calculations are much more sophisticated than
the old MQPM calculations the computational time
required is several thousand times that needed in [9].
The uncertainties related to the theoretical half-lives stem
mostly from the unknown effective value & of the axial-
vector coupling. In Fig. 6 we plot the partial half-life of the
transition to the 11/2~ state as a function of the Q value.
The red band corresponds to the conservative interval
¢ =0.8-1.2 deduced from a large body of related
investigations [36]. Since the decays to the excited state
are forbidden unique, the half-lives are simply proportional
to g2, and one can easily derive half-life estimates for any
choice of ¢¢.

The calculated partial half-lives of the excited-state
transitions are given in Table II. Here, the uncertainties
arise from the assumed interval ¢§ = 0.8-1.2 for the axial
coupling. Also, the MQPM-computed half-lives, deduced
from [9], are given for comparison. As can be seen, the
presently computed partial half-lives deviate substantially
from those deduced from [9]. It should be noted that
the ratio of the two half-lives, about 100 for the present

TABLE II. The Q values and half-lives for the transitions of
133Cs(7/2%) to the two excited states in '**Ba. The half-life
uncertainty for the transition to the 11/27 state includes only the
one stemming from the nuclear-structure model (interacting shell
model, ISM). The uncertainty related to the Q value is one order
of magnitude for this transition, while it is negligible for the
transition to the 1/2% state.

Transition to 135Ba(1/2%) 135Ba(11/27)
Q value (keV) 47.69(31) 0.44(31)
T,/ ASM) () 6.5(17) x 10"3 8.2(32) x 10"
Ty, (MQPM) (y) [9] 2x 10 3x 10"

calculation and about 5 orders of magnitude for the
calculation of Mustonen et al. [9], depends on two
competing features. The one unit of difference in the
forbiddenness makes the decay to the 11/2~ state some
4 orders of magnitude faster than the decay to the 1/27
state [37]. On the other hand, the roughly 100 times larger
Q value of the 1/27 transition makes this transition faster
by a couple orders of magnitude [38], the net effect being
that the transition to the 11/2~ state can be estimated to be
approximately 2 orders of magnitude faster than the
transition to the 1/27 state, in agreement with the results
of the present shell-model calculation.

A nuclear decay of as small energy as possible favors a
larger fraction of the number of events in the region close to
the end point and can prove particularly useful in the
investigation of the effective electron antineutrino mass. In
this framework, the f-decay Q value of the transition from
the 7/27% ground state of *3Cs to the 3/2% ground state of
135Ba was measured with high precision at the JYFLTRAP
Penning trap setup. This is the first direct determination of
the Q value. The new precise measurement confirms that
the Q value of the ~-decay transition '*°Cs(7/2%) —
135Ba(11/27) is positive with an ultralow Q value of
0.44(31) keV. Hence, this first-forbidden unique transition,
with a simple universal spectral shape, has the potential to
serve as a candidate for effective electron antineutrino mass
measurements with an almost order of magnitude lower
Q value than in presently running or planned direct
(anti)neutrino mass experiments. However, one should
note here that for a realistic measurement of the  spectrum
related to the decay to the 11/27 excited state, a
coincidence with the deexcitation gamma ray would be
extremely important. Unfortunately, in this case it
would not be an easy task as the 11/2~ excited state has
a half-life T'; , = 28 h with respect to the emission of the
p particle.
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