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Using high-precision Penning trap mass spectrometry at the Low Energy Beam and Ion Trap facility at the
National Superconducting Cyclotron Laboratory we have measured the Q values of the fourth-order forbidden
B decay and electron capture of 30V and the double electron capture Q value of 0Cr with the results Q ,;(50V) =
1038.1(1) keV, Qrc(*’V) = 2208.7(1) keV, and Qorc(*°Cr) = 1170.5(1) keV. In addition, we have measured the
atomic masses of *0-4749-30Tj 3031y apd 3052-3%Cy, reducing uncertainties by factors of up to three compared
with the most recent atomic mass evaluation (AME2016) [Chin. Phys. C 41, 030003 (2017)]. Our results are in
good agreement with AME2016 for *¢#74%30Tj and 3*3*Cr and show deviations of up to ~1 keV (2.5¢) for 'V

and 3%34Cr.
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I. INTRODUCTION

In nature, only three nuclei are known to exist for which
the dominant decay process is a fourfold forbidden nonunique
B decay. >V stands alone among the three in that it can undergo
electron capture (EC)—to the 27 state in *°Ti—or S-decay—to
the 2 state in >°Cr (see the decay scheme in Fig. 1). The other
two, !'3Cd and ' In, both undergo g decay to the ground states
of their respective daughter nuclides. The fact that °Cr is more
strongly bound than °V but less so than *°Ti means that *°Cr
is unstable against double electron capture (2EC) to the **Ti
ground state. Experimental searches for all three decays in this
isobaric triplet have been undertaken, e.g., most recently in
Refs. [1,2].

The electron-capture decay of °V to *°Ti(2+) was first
observed in 1984 by Alburger et al. [3] and in further
experiments in the 1980s by Simpson et al. [4,5]. The
half-life was measured recently and more precisely by using
modern low-background techniques, with the result TlFfzj =

(2.29 4 0.25) x 10'7 yr [1]. Attempts to observe *°V S decay
to °Cr(2*) have produced only lower limits on the half-life
for this decay branch, except for one claimed observation
[5]. However, this result was not confirmed by the recent
experiment of Ref. [1], which saw no indication of this
decay branch and provided a lower limit Tf;z > 1.5 x 10% yr.

Recent theoretical descriptions of *’V electron capture and
B decay have provided calculated half-lives of ~4 x 10'7 yr
and A2 x 10! yr for the electron-capture and S-decay modes,
respectively [6]. The calculated electron-capture half-life is in
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good agreement with the experimental observations, and the
calculated B-decay half-life indicates that this decay could
be observed in an experiment with existing low-background
facilities and an achievable increase in source material.

In this paper, we report on the first direct determination
of the Q values Qgc(°V — °Ti), Qs(°V — °Cr), and
Q25c(°Cr — *°Ti) using high-precision Penning trap mass
spectrometry. These data provide precise inputs for determi-
nations of the phase space factors that appear in the theoretical
descriptions of the decays to determine the partial half-lives.
In the case of B decay the phase-space factor appears in
the calculation of the spectral shape, which is of interest for
comparing theoretical predictions with experimental results
[7] and as a possible method for extracting information on the
magnitude of the axial-vector coupling constant g4 [8-10].
The Q value also defines the endpoint of the 8-decay energy
spectrum, which provides a strong test of systematics for
detectors used to observe these decays, e.g., as was done in the
case of '1*Cd [11]. In addition we report improved values for
the atomic masses of 46’47’49’50Ti, 30,51y and °%32734Cr. These
results are important for testing the reliability of input data
used in global evaluations of atomic masses, i.e., the atomic
mass evaluation [12], and improving its overall accuracy.

II. EXPERIMENTAL METHOD

The Low Energy Beam and Ion Trap (LEBIT) facility
located at the National Superconducting Cyclotron Laboratory
(NSCL) was used to perform Q-value and absolute atomic
mass determinations by measuring the cyclotron frequencies
of singly charged titanium, vanadium, and chromium ions in
a Penning trap. The LEBIT facility was designed for online
mass measurements of rare isotopes produced at the NSCL
[13]. However, offline sources, including a plasma source and
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FIG. 1. Nuclear level scheme for g decay and electron-capture
decay of **V and double electron capture decay of *°Cr. The Q values
are the ground-state to ground-state transition Q values, i.e., the
energy equivalent of the mass difference between parent and daughter
atoms.

a recently commissioned laser ablation source (LAS) [14],
enable access to a wide range of stable and long-lived isotopes.
Tons from these sources are used for calibration purposes
and for mass and Q-value determinations with applications,
for example, in nuclear and neutrino physics [11,15-20]. A
schematic diagram of the sections of the LEBIT facility used
in this work is shown in Fig. 2.

The LAS employs a frequency doubled pulsed Nd:YAG
laser that can deliver up to 160 mJ per 4 ns pulse. The laser
beam is focused onto an ablation target with a sub-mm spot
size to produce power densities of up to ~108 W/cm?. In
this measurement campaign, high-purity titanium, vanadium,
and chromium foils, typically 0.5-1 mm thick, with natural
isotopic abundances were installed in the LAS. As such, ions
of all naturally occurring isotopes of these elements could be
produced: 4¢50Tj, 3031y, 3952-34Cr Of these isotopes, °V
has the lowest natural abundance (0.25%). Nevertheless, it
was possible to produce sufficient quantities of *°V+ jons and
remove >'V* and any other contaminants from the beam and
trap, as described below.

Laser ablation
ion source

|:| beam cooler

and buncher

MCP

E detector

y
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FIG. 2. Schematic diagram showing the subset of components of
the LEBIT facility used in this work.
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After the laser pulse is incident on the target material,
ablated ions are extracted from the surface of the target and
accelerated to 5 keV. Ions are then bent through 90° by a
quadrupole bender and directed into a beam cooler and buncher
[21,22]. In the cooler-buncher ions are thermalized via their
interaction with a low-pressure helium buffer gas inside a
linear radio frequency (1f) quadrupole trap. Thermalized ions
are accumulated in an axial potential well superimposed over
the rf trapping field before being ejected as a low-emittance,
~100 ns duration ion bunch. Ions are then accelerated to 2 keV
and transported toward the Penning trap. Before entering the
fringe field of the magnet the ions pass through a fast-switching
electrostatic gate which allows ions of a single A/qg to pass
through while all other ions in the beam are rejected. After
they enter the magnetic field, ions are decelerated by a series of
retarding electrodes before being captured in the Penning trap.
The final retardation electrode is radially four-way segmented
to create a “Lorentz” steerer, enabling precise control over the
ion’s initial radial amplitude and phase in the Penning trap
[23].

The LEBIT Penning trap consists of an eightfold segmented
hyperbolic ring electrode, two hyperbolic endcap electrodes,
and two correction ring and correction tube electrodes [24], and
is housed inside a 9.4 T superconducting solenoidal magnet.
The electrodes produce a quadratic electrostatic potential that
confines the ions axially along the direction of the magnetic
field. Radial confinement is provided by the magnetic field that,
in the absence of an electric field, causes the ions to undergo
cyclotron motion at the free-space cyclotron frequency

Je= %ﬁ- ()
T om
The addition of the electric field results in three normal modes
of motion for an ion in the Penning trap: the trap-cyclotron,
magnetron, and axial modes, with frequencies f., f_, and f,
respectively. The free-space cyclotron frequency and the radial
normal-mode frequencies are related via [25,26]

Jfe=f++ /- 2)

For more details on Penning trap physics see, for example, the
review articles of Refs. [27,28].

After ions are captured in the Penning trap, contaminant
ions are removed from the trap by applying a pulsed rf dipole
drive at their trap-cyclotron frequency. The time-of-flight ion
cyclotron resonance (TOF-ICR) technique [29] is then used
to measure the cyclotron frequency of the ion of interest. This
technique is well documented in the literature so is only briefly
reviewed here.

A quadrupole rf drive at the frequency fi¢ close to the
sum frequency f, + f_ is applied to ions in the Penning
trap, which couples their magnetron and cyclotron modes.
The drive amplitude and duration are chosen such that, when
the correct frequency is applied, a full conversion is made
of the ions’ initial magnetron motion into cyclotron motion.
Next the ions are ejected from the trap toward a microchannel
plate detector (MCP) located in the fringe field of the magnet.
Due to the interaction of the ions’ magnetic moment with the
magnetic-field gradient, the time of flight to the MCP depends
on the ions’ cyclotron amplitude in the trap. Thus, when
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FIG. 3. Time-of-flight ion cyclotron frequency resonances for
Ti* using (a) a 0.5 s traditional quadrupole excitation scheme, and
(b) a 1.0 s Ramsey quadrupole excitation scheme. The solid lines are
fits of the theoretical lineshapes to the data for the traditional [30] or
Ramsey [33] schemes.

fit = f+ + f—, the cyclotron amplitude is maximized and the
time of flight is minimized. To determine the optimal value of
fif that minimizes the time of flight, a series of measurements
are performed on sequentially trapped ion bunches in which
fie 1s systematically varied, and a TOF resonance curve such as
the one shown in Fig. 3(a) is obtained. A fit of the theoretical
lineshape [30] to this curve is then used to extract the value of
fi¢ for the minimum time of flight that, according to Eq. (2),
corresponds to the free-space cyclotron frequency.

For the data used in our final analysis, a Ramsey quadrupole
excitation scheme was used to couple the magnetron and
cyclotron modes [31,32]. This scheme modifies the TOF curve
to that of Fig. 3(b), which is again fit with the theoretical
lineshape [33]. This technique results in a narrower central
peak in the TOF curve compared with the traditional TOF-ICR
technique, and a factor of ~3 increase in precision in f, for
the same measurement time.

To calibrate the magnetic field and to account for its
time variation, cyclotron frequency measurements on the ion
of interest, fj"", and a reference ion, fff, are alternately
performed. Typically, two reference ion measurements at
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FIG. 4. Individual cyclotron frequency ratio measurements, R,
of ¥V+ /30Cr™, each obtained from pairs of frequency measurements
similar to that of Fig. 3(b) and calculated by using Eq. (3). The
dotted line and shaded region indicate the weighted average and
corresponding uncertainty, as listed in Table 1.

times #p and #, encompass each measurement of the ion
of interest at time #;. The frequencies of the reference ion
measurements are interpolated to obtain £ at time #;. The
cyclotron frequency ratio, which corresponds to the inverse
mass ratio of the ions, is thus obtained:

_ fcref(tl) __ Mion — Mg + bion/c2
fg"“(tl) Myet — M, + bref/c2 .

Here, m.,s and m;,, are the neutral atomic masses of the
reference and nuclide of interest, respectively, by and bjgy,
are (in this case for singly charged atoms) their first ionization
energies, m, is the mass of the electron, and c is the speed of
light. The cyclotron frequency ratio is obtained for all such
alternating pairs of cyclotron frequency measurements and the
average ratio R for the data set is obtained as a weighted
average.

3

III. DATA AND ANALYSIS

In this work a 200-600-200 ms rf on-off-on two-pulse
Ramsey scheme was used. A frequency range of £2.5 Hz
around the resonant frequency was scanned in 125 mHz steps
and typically 1 to 2 ions were detected per shot, producing
a Ramsey TOF resonance, such as that shown in Fig. 3(b).
When the number of detected ions was greater than five, these
data were removed from the analysis to eliminate possible
systematic frequency shifts due to the Coulomb interaction
between ions in the trap [34-36]. The scan over the entire
frequency range was repeated 30 times to accumulate statistics.
As such, each resonance took about 30 mins to acquire and
typically contained around 2000 detected ions.

For each ion pair for which the cyclotron frequency ratio
was measured, between 9 and 33 individual ratio measure-
ments were obtained by using Eq. (3) and the average ratio
was found. Figure 4 shows an example of cyclotron frequency
ratio data for °'V+ / 0Crt, For each of these data sets, the Birge
ratio [37] was calculated. In cases where the Birge ratio BR
was greater than 1, the statistical uncertainty in R was inflated
by the factor B R. The resulting ratios are listed in Table 1.
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TABLE 1. Average cyclotron frequency ratios R for the ion pairs
listed with statistical uncertainties in parentheses. N is the number of
measurements used to determine the average for each ion pair, and
BR is the Birge ratio.

Num. Ion pair N BR R

) Soy+ S0yt 11 0.79 0.9999525266(23)
) SOy+/30¢rt 16 0.98 0.9999776879(15)
3) Byt 40Tt 21 0.95 0.9583853416(13)
4) Wit /ATt 21 0.97 0.9792234132(12)
5) Wit /Tt 21 0.83 1.0208546008(11)
(6) Bt 0Tyt 33 0.85 1.0416465817(10)
) Byt SOy 12 0.87 1.0416960347(23)
(8) BTit Syt 16 1.08 1.0624855042(17)
) Bt /0Crt 11 0.75 1.0416727876(15)
(10) BTit S2Crt 10 1.03 1.0832696834(20)
(11) Bt S3ert 9 0.97 1.1041288205(24)
(12) Brit Sert 9 1.37 1.1249481224(33)

The main goal of this work was to measure the *°V Qg
and Qg values, and the ¢y Qorc value. These quantities
are defined as the energy equivalent of the mass difference
between relevant parent and daughter atoms,

0 = [my, — mqlc?, 4)
where m,, and mq are the mass of the parent and daughter
atoms, respectively. Atomic masses can be obtained from
Eq. (3), which can be arranged in the form of a mass difference
equation,

bion bref 5
IR

Myef — Mion = [mref - me](l - R) + C2 - c
Thus, the Q value can be indirectly determined from two ratio
measurements that are used to determine the atomic masses of
parent and daughter atoms, respectively. Alternatively, if the
reference ion and ion of interest are chosen to be ions of the
parent and daughter atoms, respectively, the Q value can be
obtained directly from a single ratio measurement:

0 = [(my, — m)c* + bpl(1 — R) + by — by, ©)

where the subscripts “p” and “d” refer to the parent and daugh-
ter atoms, respectively. In this work, singly charged titanium,
chromium, and vanadium ions were used. The corresponding
first ionization energies are by = 6.83 eV, bey = 6.77 eV,
by = 6.75 eV [38]. We note that the uncertainties in these
ionization energies (all <10 meV), and any differences among
the different isotopes of each element are insignificant at the
level of precision of this work.

IV. RESULTS AND DISCUSSION
A. O values among *Ti, °V, and *Cr

The 'V Orc and Qg values were obtained with Eq. (6)
using the ratios (1) and (2) listed in Table I. The mass of the
parent atom, in this case *°V, does appear on the right-hand
side of Eq. (6). For this calculation we used the new value
for m(*°V) obtained in this work—see Sec. IV B—and the
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TABLE II. Q values (in keV) for the g decay and EC decay of
59V and the 2EC decay of *°Cr obtained from the cyclotron frequency
ratios listed in Table I.

Decay Ref. Q value (keV) AQ
This work AME2016 (keV/c?)
SOV(EC) Direct  2208.70(11)  2207.65(43)  1.05(44)
Direct 1038.07(7)
Ov(g) By 1038.28(12)
Avg. 1038.12(9) 1038.06(59)  0.06(60)
Ny 1170.63(13)
SCr(2EC) By 1170.43(8)
Avg. 1170.48(10)  1169.59(45)  0.90(46)

conversion factor 931 494.0954(57) keV/c2 per u [39] to
obtain the Q value in keV. However, we note that the sensitivity
of the calculated Q value to the uncertainty in the mass of the
parent atom is reduced by a factor (1 — R) < 10~*, which
is completely negligible at our level of precision. We also ob-
tained the °V — 3°Cr B-decay Q value indirectly from Eq. (4)
by using ratios (7) and (9) and Eq. (5) to determine the mass
of *°V and °Cr, respectively. Ratios (7) and (9) use the same
reference ion **Ti ™, so the uncertainty in the reference ion mass
drops out in the Q-value determination. The Q value obtained
from these two independent determinations agreed at the 1.5¢
level. To account for the possible discrepancy between the two
measurements we followed the procedure of the Particle Data
Group [40] and inflated the uncertainty in the average by the
factor 1.5, which corresponds to the scale factor defined in
Ref. [40].

Finally, we obtained the °Cr Q,gc value indirectly in two
ways—by determining the °Cr and °Ti masses from ratios
(1) and (2) using °V as a reference, and by determining the
0Cr and *°Ti masses from ratios (6) and (9) using “BTj as a
reference (again, the uncertainty due to the reference ions then
drops out). Here, the Q value obtained from the two methods
agreed at the 1.40 level and so we inflated the uncertainty in
the average by 1.4.

The resulting Q values obtained from the different methods,
the average values, and a comparison with values from the
2016 Atomic Mass Evaluation (AME2016) [12] are listed in
Table II. We find that our result for the 3°V Qg value is in
good agreement with the AME2016 data, whereas our Oy Okc
and °Cr Q,pc measurements show a 20 shift of around 1
keV compared with the AME2016. As discussed in Sec. IV B,
this shift is due to the fact that our values for the atomic
masses of *°V and *°Cr are shifted from the AME2016 values by
about 1 keV.

B. Atomic mass determinations for “&474%50Tj,

5051y and 5-54Cr

The absolute masses of 46’47’49’50Ti, 30,51y and Y9234y
were determined from the cyclotron frequency ratio mea-
surements (3)—(12) in Table I and by using Eq. (5). In each
case ®Tit was the reference ion and the value m(*®Ti) =
47.947 940 932(117) u given in the AME2016 [12] was used.
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TABLE III. Mass excesses (ME) for 464749301y 3051y and
50.52-54Cr obtained from the cyclotron frequency ratios listed in Table I
and mass differences AM between the AME2016 [12] values and our
new results. The uncertainties given in parentheses in the second
column correspond to the statistical uncertainty, uncertainty in the
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TABLE IV. Neutron separation energies obtained via cyclotron
frequency ratio measurements described here, E,, and from y-ray
spectroscopy measurements performed after neutron capture on
RO, B, [43,44].

reference (*Ti), and total uncertainty, respectively. Isotope E, (keV) E, (keV) E, — E, (keV)
®Ti 11626.68(5) 11626.65(4) —0.03(7)
2
Isotope ME (keV/c) AM O 8142.37(5) 8142.39(3) 0.02(6)
This work AME2016 (keV/c?) O 10939.14(7) 10939.19(3) 0.05(7)
46Ty —44128.06(6)(11)(12) —44127.80(16) 0.26(21)
T4 —44937.35(5)(11)(12) —4493737(11)  —0.02(17)
97y —48563.76(5)(11)(12) —48563.79(11)  —0.03(17) ues are either completely or mainly determined from (r,y) re-
07y —51431.58(4)(11)(12) —51431.66(12) —0.08(17) actions, i.e., neutron binding energy measurements, performed
S0y _49222.88(10)(11)(15)  —49224.02(41)  —1.14(43)  Vvia y-Tay spectroscopy after neutron capture on 47.48.491y
51 which link them to the mass of "°Ti. Our value for the mass of
\" —52202.87(8)(11)(13) —52203.85(40) —0.98(42) i . . .
S0 50261.16(7)(11)(13) 50262.08(44) 0.92(45) Ti is also in good agreement with the AME2016 value, which
T — . — . —0. . . .
26y _55419.1309)(11)(14) 554190534)  —0.1137) was determined via (p,y), (3He,t), and (d, p) reactions. Due to
5 —55287.58 D115 —55287.01 35) 0'57 38 the uncertainty in the mass of **Ti of 0.11 keV, our new results
54C£ —56935.17215;21 1;(18) —56934.77535) 0'40240; do not reduce the uncertainties in the masses of *"*>Ti, but

This value is mainly determined from precise Penning trap
measurements of the atomic mass of **Ca [15] and of the
8BCa—"8Ti double B-decay Q value [16,41]. A recent Penning
trap determination of the mass of 48(Ca [42], not included in
AME2016, reduces its uncertainty by a factor of ~10 but is in
agreement with the result of Ref. [15].

Our resulting atomic masses were converted into mass
excesses and are listed in Table III. The difference between
our results and the AME2016 values are also listed in Table III
and are plotted in Fig. 5.

1. Atomic masses of ‘4745 Tj

Our results for the atomic masses of *7**°°Tj are in excel-
lent agreement with the values listed in the AME2016. These val-

1.0
0.5+
R,
<] -
= +
£ 00-------- ;; ------------------------------------
o = 1
[
=
W 0.5 L
2
m 3 Uncertainty band
= (this work)

-1.01 e AME 2016 data

46Ti 47_|_i 49Ti SOTi 50V 51V
Isotope

FIG. 5. Difference between mass excesses given in the AME2016
and those determined in this work. The shaded band corresponds to
the total uncertainty in our mass measurements, as listed in the second
column of Table III.

reduce the *°Ti uncertainty by a factor of 1.3 compared with the
AME2016.

2. Neutron separation energies of *>*>°Ti

From our cyclotron frequency ratio measurements of
BTt /A7TiE, BTt /PTit, and “®Tit/°Tit, and by using
Eqg. (5), we can obtain the mass difference Am between
-84, “Ti-*Ti, and *°Ti-°Ti. Hence, we can determine
the neutron separation energy E, = m, — Am, where m,, is
the mass of the neutron. These results can be directly compared
with the (n,y) measurements of Refs. [43,44] that are used in
the AME2016 evaluation; see Table IV. This comparison pro-
vides a test of E = mc2, similar to that described in Ref. [45],
but is a factor of about 10 less precise. However, improvements
in the precision of the mass measurements are possible with
existing or upcoming facilities; see, e.g., Refs. [46,47], and
the y-ray spectroscopy measurement could be performed
more precisely by using the GAMS4 crystal diffraction
spectrometer [48].

3. Atomic masses of *>'V

Our new results for the mass of **>'V indicate a shift of
about 1 keV with respect to the AME2016 and an increase in
precision of a factor of three in both cases. The mass of *°V
is determined from nuclear reaction data, whereas the mass of
1V was determined from a Penning trap measurement [49]
and from (p,n) reaction data, linking it to Sler [50]. The Sler
mass was also determined in the Penning trap measurement of
Ref. [49]. Our value for m(5 ! V) and that of Ref. [49] differ by
0.82(55) keV, i.e., 1.50.

4. Atomic masses of 55 Cr

For the chromium masses, our results indicate that the
AME2016 value for *°Cr is too low by about 1 keV; a 20
difference. The value for 3*Cr is too large by 0.6 keV (1.50)
and the values for 3>>3Cr agree at the lo level or better.
In each case we improve the uncertainties by factors of
~2-3. Only **Cr was previously determined via a direct
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Penning trap measurement. This measurement was performed
with the ISOLTRAP facility and was included in AME2016,
but is currently unpublished [51]. Neutron capture (n,y)
measurements link the >>**Cr masses to 2Cr and the °Cr
mass to ' Cr.

V. CONCLUSION

We have performed the first direct measurement of the
0y B decay and electron-capture Q values and have also
provided a new determination of the °Cr double electron-
capture Q value by using high-precision Penning trap mass
spectrometry. These results provide precise input data for
theoretical calculations of these processes and can be used
to help analyze experimental data. We also report on the first
measurements of the masses of 40:47:490Tj 50y and 303334y
via Penning trap mass spectrometry, and provide more precise

PHYSICAL REVIEW C 96, 044321 (2017)

mass values for >'V, and 2Cr, which have been previously
measured with Penning traps.
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