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Precision mass measurement of 61Zn and updated Ft value for conserved vector current tests
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We report a high-precision mass measurement of 61Zn, performed with the ISOLTRAP mass spectrometer

at ISOLDE, CERN. Our result agrees with a recent measurement from the LEBIT Penning trap at FRIB and

reduces the mass uncertainty by a factor of four. Combined with recent measurements of the mirror nuclide 61Ga

performed by TITAN at TRIUMF and CSRe at HIRFL, we obtain a more accurate Q value. This new value

slightly improves the determination of the corresponding Ft value in the Tz = 1/2 mirror beta decays used to

test the conserved vector current hypothesis in the standard model.

DOI: 10.1103/fbf3-nry6

I. INTRODUCTION

Beta-decaying isotopes provide important tests for weak-

interaction studies, which offer tantalizing possibilities for

the discovery of new physics. The special class of Fermi

beta transitions, in which the decaying nucleon spin is

unchanged (�S = 0) and the total nuclear momentum is con-

served (�J = 0), has provided the most stringent tests of

the conserved vector current (CVC) hypothesis, concerning

the independence of the weak interaction inside the nuclear

medium. Fermi decays are also the basis of the Vud element,

decisive for testing the standard-model unitarity condition of

the Cabbibo-Kobayashi-Maskawa (CKM) quark-mixing ma-

trix in the standard model. The nuclear data required for such

tests, including the decay energy, which is derived from mass
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measurements of the parent and daughter nuclides, has been

periodically evaluated by Hardy and Towner, most recently in

2020 [1].

By extending this type of evaluation to the beta-decay tran-

sitions between T = 1/2 isospin doublets in mirror nuclei,

Naviliat-Cuncic and Severijns have provided a complemen-

tary route to extract Vud [2]. An essential step in these Vud

determinations is the calculation of the corrected Ft ∝ V −2
ud

value. This Ft value is calculated from the product f t of

statistical-rate function f and partial half-life t by including

additional correction terms [3]. The statistical-rate function

f =
∫ W0

1

pW (W0 − W )2 F (Z,W )C(Z,W ) dW (1)

is an integral over the beta-decay energy spectrum, where

W = Ekin/mec2 + 1 is the total beta energy, p =
√

W 2 − 1

is the beta momentum, and W0 = Q/mec2 + 1 the maximum

beta energy. As this maximum energy is defined by the decay

Q value, the Q value is the crucial experimental input to calcu-

late f . F (Z,W ) is the Fermi function and C(Z,W ) includes a

shape factor and higher-order corrections. The partial half-life

t = t1/2

BR
(1 + PEC) (2)

consists of the electron-capture fraction PEC and the two

experimental inputs half-life t1/2 and decay branching ra-

tio BR. The input decay data have been measured with

ever-improving precision. This fact, combined with advances

in theoretical correction factors, has recently resulted in a

more broad-ranging evaluation [3] that includes the weak
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FIG. 1. Schematic representation of ISOLDE and the ISOLTRAP on-line mass spectrometer. The typical kinetic energy of the ions at

various stages of the ISOLTRAP apparatus is indicated in green (for details, see Refs. [4,5]). The inset shows the RILIS laser-wavelength

scheme employed to ionize Zn atoms from the target.

magnetism term, which is also of interest for testing the stan-

dard model through beta-decay correlation or spectrum-shape

measurements. This most recent survey includes transi-

tions and corrections up to—and including—the 61Ga - 61Zn

mirror pair.

Although such decays require additional measurements

to determine the respective Fermi (vector) and Gamow-

Teller (axial-vector) components, the results achieve pre-

cision similar to constraints on Vud coming from neutron

decay.

In this work, we present a refined mass value for 61Zn,

obtained from complementary trapped-ion mass-spectrometry

techniques. Thus, we update the input decay Q value by com-

bining mass measurements of 61Ga performed by the TITAN

MR-ToF MS at TRIUMF [6] and Cooler Storage Ring (CSRe)

at HIRFL, in Lanzhou [7]. The new Q value is, in turn, used

to update the evaluation for beta-decay Ft values presented in

Ref. [3].

II. EXPERIMENT

The present measurements were performed at the radioac-

tive ion-beam facility ISOLDE at CERN [8]. The 61Zn+ ions

of interest were produced by impinging a primary beam of

1.4-GeV protons from CERN’s PS Booster accelerator on a

Y2O3 target, shown schematically on the top left in Fig. 1.

The zinc atoms diffusing out of the 1750-K heated target were

ionized by multistep-resonance photoionization (RILIS) [9]

according to the laser ionization scheme shown in the inset

of Fig. 1. The zinc ions were accelerated to a kinetic energy

of 30 keV, and the isobars of interest were mass-over-charge-

ratio (m/q) selected using the ISOLDE High-Resolution

(magnetic-dipole) Separator (HRS), depicted as the cut circles

downstream of the ion source in Fig. 1.

The ISOLTRAP mass spectrometer [4,5] is schemati-

cally represented on the right-hand side of Fig. 1. The

quasicontinuous ion beam from the HRS was transported to

the ISOLTRAP spectrometer, where the ions were accumu-

lated in a linear radio-frequency quadrupole cooler buncher

(RFQ-cb) [10]. The RFQ-cb was floated to less than 100 eV

below the 30 keV ion energy and filled with helium buffer

gas. Collisions with the buffer gas stopped the ions in the trap

and reduced their emittance. The ions were extracted in short

bunches after 15 ms of cooling and bunching time, deceler-

ated by a pulsed drift tube to a kinetic energy of 3.2 keV, and

injected into a multi-reflection time-of-flight mass separator

(MR-ToF MS) [11,12].

Enabled by its mass-resolving power in excess of 105,

the MR-ToF MS was used as a mass filter to select the

species of interest by optimizing the timing of its extrac-

tion pulse [13] to only extract the ion species of interest

towards the Penning traps. The beam of selected ions was

bent 90 degrees to ISOLTRAP’s vertical section and captured

in the preparation Penning trap [14], where the ions were

further purified with the mass-selective buffer-gas cooling

technique [15].

Finally, the mass-over-charge mion/q of the ion of interest

was determined in the hyperbolic-measurement Penning trap

by measuring the ion’s cyclotron frequency

νc = qB

2πmion

, (3)

via both the time-of-flight ion-cyclotron resonance (ToF-ICR)

[16], and phase-imaging ion-cyclotron resonance (PI-ICR)

[17] mass-spectrometry techniques. The magnetic field B was

calibrated by measuring the cyclotron frequency νc,ref of a ref-

erence species with a well-known mass mion,ref shortly before

and shortly after the measurement of the species of interest.

The measured cyclotron-frequency ratio

R = νc,ref

νc

= mion qref

mion,ref q
(4)
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FIG. 2. Time-of-flight spectrum for ion identification recorded

after 1000 revolutions in the MR-ToF MS. The abundant, stable
42Ca19F+ contaminant was used as reference for the mass measure-

ments of 61Zn.

was used to calculate the ion mass. In this work, all ions

were singly charged. As the relevant electron and molecular

binding energies are on the order of only a few electronvolts,

far below the keV uncertainties of the measurements, they

could be neglected in the calculation of mass if the neutral

atom

matom = R (matom,ref − me) + me, (5)

where me is the electron mass.

A. MR-ToF MS measurement

Multiple MR-ToF spectra were recorded using a

MagneTOF detector [18] (bottom right in Fig. 1) during

the identification of ion species in the beam and optimization

of the experiment cycle, especially for choosing the proper

timings for mass selective ejection out of the MR-ToF device

[13]. An example of such a spectrum is shown in Fig. 2. The
61Zn+ ions were identified by observing their disappearance in

the MR-ToF spectrum when turning off the element-specific

resonant laser ionization, in addition to appearing at the

expected ToF relative to the 42Ca19F+ reference. Although

intended only as a preparatory step, the MR-ToF spectra

were later found to be suitable for an independent 61Zn mass

determination.

The fundamental relationship of time-of-flight (ToF) mass

spectrometry,

t = a

√

mion

q
+ b, (6)

links an ion’s mass-over-charge ratio mion

q
to its flight time t

[19]. In Eq. (6), a and b are parameters that are calibrated

by measuring the flight times t1,2 of two reference ions with

well-known masses mion,1 and mion,2 and charges q1,2. Here,
61Cu+ and 42Ca19F+ were used as reference ions. The mass

of an ion of interest is calculated from [20]

√

mion

q
=CToF

(√

mion,1

q1

−
√

mion,2

q2

)

+ 1

2

(√

mion,1

q1

+
√

mion,2

q2

)

, (7)
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FIG. 3. Data used for the simultaneous unbinned maximum-

likelihood estimation of CToF with the resulting EMG fit curves of the

three ion species. The spectrum was recorded after 1000 revolutions

in the MR-ToF MS.

with the experimental value of

CToF = 2t − t1 − t2

2(t1 − t2)
. (8)

For the present spectra, the ToF distribution of an ion

species is well described by an exponentially modified

Gaussian

EMG(t, µ, σ, τ ) = 1

2τ
exp

(

σ 2

2τ 2
− t − µ

τ

)

× erfc

(

σ√
2τ

− t − µ√
2σ

)

,

where t is the time of flight, τ is the time constant of the

exponential term, and σ 2 and µ are the variance and mean of

the Gaussian term, respectively. For a specific experimental

distribution �t of flight times ti of a single-ion species the

unbinned negative log likelihood is

ℓ(�t, µ, σ, τ ) = −
∑

i

ln EMG(ti, µ, σ, τ ). (9)

To obtain CToF, the ToF-distribution parameters of all three ion

species are fitted simultaneously by minimizing

ℓ(�tCu, µCu, σ, τ ) + ℓ

(

�tZn, µZn = CToF(µCu − µCaF )

+ µCu + µCaF

2
, σ, τ

)

+ ℓ(�tCaF, µCaF, σ, τ ).

To reduce systematic effects such as detector saturation, for

each species’ ToF window, only cycles containing a single-ion

TABLE I. Final frequency ratios (R), time-of-flight ratio (CToF),

and mass excess (ME) of the 61Zn+ measured in this work.

Method Reference Ions Ratio R or CToF ME (keV)

MR-ToF 61Cu+, 42Ca19F+ 0.2436(10) −56 356(22)

ToF-ICR 42Ca19F+ 0.999 712 527(59) −56 357.6 (33)
85Rb+ 0.717 678 235(36) −56 357.0 (29)

PI-ICR 42Ca19F+ 0.999 712 574(24) −56 355.0 (14)

Weighted average −56 355.4 (13)
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FIG. 4. A typical ToF-ICR resonance of 61Zn+, with a 600 ms

excitation time. The grey points represent the flight times of the indi-

vidual ions recorded after ejection at different excitation frequencies

νrf . The black errorbars represent the mean ToF at each frequency

step while the red line shows the result of the least-squares fit of

these mean values to the theoretical line shape [21].

count in the window were included. Note that this excludes a

large number of 42Ca19F+ counts and their relative intensity

is therefore lower than in Fig. 2. The three ion arrival-time

signals (�tCu, �tZn, and �tCaF) and the associated fitted EMGs are

shown in Fig. 3 while the resulting CToF and the derived-

mass excess are listed in Table I together with the ICR-MS

results.

B. ToF-ICR measurement

For the ToF-ICR measurement in the precision Penning

trap, a 3-ms-long dipole excitation at the ions’ magnetron

frequency increased the ions’ magnetron radius. Next, a

quadrupolar excitation at the cyclotron frequency converted

the ions’ magnetron motion into cyclotron motion. As the

latter has a much higher frequency, the ions’ magnetic mo-

ment increased. Finally, the ions were ejected out of the

Penning trap onto the detector where their ToF was measured.

When the ions leave the trap axially along the magnetic-field

direction, their orbital magnetic moment leads to a conversion

of their transversal kinetic energy into longitudinal kinetic
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FIG. 5. Simultaneous least-squares fit of a first-degree polyno-

mial to the zinc and the calcium-fluoride ToF-ICR frequencies to

obtain the frequency ratio R. This example shows the data for one

detected count per measurement cycle.
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FIG. 6. Single-ion extrapolation of the ToF-ICR frequency ratio

R for 61Zn+ with 42Ca19F+ and 85Rb+ references. The black error

bars show the results for the three count-rate classes while the red line

shows the extrapolated linear dependence with the corresponding

error band in light red. The extrapolated R for a single ion in the trap

is indicated by the red error bar. The detector efficiency of 0.3(1) is

marked by the dashed vertical lines.

energy, thereby reducing the ions’ ToF. This measurement

cycle was repeated for different excitation frequencies νrf ,

where the lowest flight time was achieved when this frequency

matched the ions’ cyclotron frequency νc.

An example of such a ToF-ICR scan for 61Zn+ is shown in

Fig. 4, where the theoretical line shape [21] is fitted to the data

to obtain the cyclotron frequency. The quadrupolar-excitation

time for 61Zn+ was 600 ms, while 1200 ms was used for

the stable 42Ca19F+ and 85Rb+ reference ions. According to

Eq. (4), only one reference is required to obtain the mass of

the ion of interest. A second reference species was taken for a

cross check.

The frequency ratios R between zinc and reference ions

were determined with a simultaneous polynomial fit of their

frequencies over time, similar to Ref. [22], see Fig. 5. To also

account for a systematic effect of different number of ions

in the trap, the data was divided into three groups with 1,

2, and 3 ions measured per ejection cycle. In a least-squares

minimization, the same polynomial was fitted simultaneously

to the zinc and the reference data for all three count-rate

classes, with each polynomial multiplied only by a scaling

factor. The frequency ratio R was determined from the ratio

of the zinc and reference-ion scaling factors. For each ion

species, the scaling factors of the three count-rate classes were

fixed to a linear trend. This linear fit allowed the extrapolation

to the single-ion frequency ratio [23] using a calculated detec-

tor efficiency of 0.3(1), as shown in Fig. 6.

The ISOLTRAP mass-dependent systematic effect and

residual uncertainty from Ref. [23] are included in the uncer-

tainty of the ToF-ICR frequency ratio R and the derived-mass

excess listed in Table I.

C. PI-ICR measurement

The measurement scheme employed for the PI-ICR mea-

surement of νc is extensively described in Ref. [24] (denoted

as scheme 2). In short, three separate ion-position measure-

ments are made. First, the center of the ions’ radial motion is

determined by ejecting the ions with minimized radial-motion
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FIG. 7. Example of PI-ICR spots of 61Zn+ recorded on a

position-sensitive microchannel-plate particle detector. The full

circles represent ion counts. The corresponding unfilled ellipses rep-

resent the 1σ -uncertainty band of the fitted spot position using a

multivariate Gaussian distribution [22]. In this example, the ions in

magnetron and cyclotron orbits accumulated a total of n− + n+ =
720 000 revolutions (t acc ≈ 0.48 s phase-accumulation time). The

resulting phase difference φ is indicated.
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FIG. 8. Top: Simultaneous least-squares fit of a second-degree

polynomial to the zinc and reference PI-ICR frequencies to obtain

the frequency ratio R. This example shows the data for one detected

count per measurement cycle. Bottom: Single-ion extrapolation of

R. The black error bars show the R results for the three count-rate

classes while the red line shows the extrapolated linear dependence

with the corresponding error band in light red. The extrapolated R

with a single ion in the trap is indicated by the red error bar. The

detector efficiency of 0.3(1) is marked by the dashed vertical lines.

amplitudes. In both the second and third measurements, the

ions are initially put on a cyclotron orbit with minimized

magnetron motion by a dipole pulse at ν− followed by a

dipole excitation at ν+. In the second measurement, the result-

ing cyclotron motion at the reduced-ion cyclotron frequency

ν+ is immediately converted into a magnetron motion by

a quadrupolar π pulse at νc. Subsequently, the ion orbits

in the trap for a phase-accumulation time tacc before being

ejected to the detector. When the ion leaves the magnetic field

of the trap, its magnetron radius is magnified, allowing for

precise measurement of the ions’ magnetron phase φ− from

their position on the detector. Finally to measure φ+, in the

third measurement the ions revolve on the cyclotron orbit for

tacc before being converted by the π pulse at νc to achieve

the same magnification as in the second measurement. An

example of the resulting three ion spots is shown in Fig. 7.

By knowing the number of revolutions n− and n+ the ions

performed in measurements two and three, one can use the

angle φ between the two recorded ion spots to calculate the

ions’ cyclotron frequency [23]

νc = ν− + ν+ = 2π (n− + n+) + φ

2πtacc

. (10)

The fit procedure to obtain φ for each measurement is de-

scribed in detail in Ref. [22]. Similarly to the ToF-ICR

measurement, the frequency of 61Zn+ and the 42Ca19F+

reference are recorded alternately, allowing a simultaneous

polynomial fit to obtain their frequency ratio (see top plot

of Fig. 8). Again, the data is divided into count-rate classes

for the extrapolation of the single-ion ratio as shown on

the bottom plot of Fig. 8. Conservatively, the same residual

uncertainty [24] as in the ToF-ICR measurement is added

in quadrature to the frequency ratio R uncertainty listed in

Table I.

III. DISCUSSION

The mass-excess results from the three different meth-

ods of trapped-ion mass spectrometry are listed in Table I.

While the result derived from the MR-ToF measurement has

an uncertainty almost one order of magnitude larger than

the others, its value is in perfect agreement. In Fig. 9, we

compare the MR-ToF, ToF-ICR, and PI-ICR results, along

with the ToF-ICR result from LEBIT [25], all of which agree

within one standard deviation. The result of this work re-

duces the uncertainty of the 61Zn mass value by a factor of

four, thereby dominating the weighted average of all previous

measurements.

The decay Q value is the mass difference of mother and

daughter nuclide. As evident from Eq. (1), the Ft value of

the 61Ga - 61Zn mirror decay depends sensitively on this Q

value. The last Ft survey by Severijns et al. [3] used the

AME 2020 Q value for this decay [26]. Since then, in addition

to the more precise mass of 61Zn presented here, two mea-

surements of 61Ga have been published: a TITAN-MRTOF

measurement by Paul et al. [6], yielding −47114(12) keV,

and an isochronous-mode storage-ring measurement by Wang

et al. [7], with a result of −47168(21) keV. While these two

recent values differ by almost two standard deviations, the

034318-5



P. F. GIESEL et al. PHYSICAL REVIEW C 113, 034318 (2026)

MR-ToF
61Cu+, 42CaF+

ToF-ICR
42CaF+

ToF-ICR
85Rb+

PI-ICR
42CaF+

−56380

−56370

−56360

−56350

−56340

−56330

m
a
s
s
 e
x
c
e
s
s
 (
k
e
V
)

AME 2020 value

NSCL 2022 (ToF-ICR)

FIG. 9. The present 61Zn results compared to the AME2020 [26]

and recent NSCL result [25]. The references used for the different

measurements are indicated below the methods in the labels on the

abscissa.

least-squares weighted average of them and the older AME

value is −47127(10) keV.1 This yields a new decay Q value of:

9228(10) keV, compared to the AME2020 value of 9214(38)

keV used by Severijns et al. [3,26].

Awaiting an updated mirror-transition evaluation, we have

used the “LogFT calculator” provided by NNDC [28] to

calculate log10(Ft ). In addition to the decay Q value, the

calculator requires a transition intensity and decay half-life,

which we have taken from Ref. [3]. The result is log10(Ft ) =
3.681(9), which compares to log10(Ft ) = 3.677(13) obtained

in Ref. [3]. The new value has a slightly reduced uncertainty

but the two results agree well within their uncertainties. The

nucleus-dependent correction terms (described in Ref. [3])

to convert the f t value into an Ft value for comparison

1When taking the weighted standard deviation [27] instead of the

standard error of the weighted mean, the combined uncertainty would

be 28 keV. This would result in log10(Ft ) = 3.681(11).

FIG. 10. Uncertainty contributions of the experimental input fac-

tors to the Ft value for the 61Ga - 61Zn mirror beta transition. The

gray uncertainty contributions are the same as in Ref. [3] and the

new Q value is indicated in yellow with the partial contribution from

the 61Ga mass excess in red and the 61Zn mass excess from this work

in blue.

with other mirror transitions may also be improved in the

future.

Figure 3 in Ref. [3] shows the fractional contribution of the

experimental and theoretical input factors to the Ft values for

the mirror beta transitions in the mass range A = 41–61. The

Q value for the A = 61 case contributes the largest uncertainty

to all the cases shown in the figure, at 2.2%. For the present

work, Fig. 10 shows the experimental uncertainties of the
61Ga - 61Zn decay with the values used by Ref. [3] in gray

and the new Q value in yellow. Our result helps to bring

this uncertainty contribution below that of the decay half-

life and branching-ratio inputs. This motivates future, more

precise measurements of those two values. Additionally, the

two-standard-deviation discrepancy in the 61Ga mass excesses

provides a strong motivation for a Penning-trap mass mea-

surement, which could reduce the uncertainty by an order of

magnitude.

IV. CONCLUSION

The mass of 61Zn was measured with the ISOLTRAP mass

spectrometer at ISOLDE using multiple state-of-the-art tech-

niques. The uncertainty of the 61Zn mass value was reduced

by a factor of four. This result helped to lower the uncertainty

of the Q value of the mirror beta decay, which in turn, reduces

the Q-value uncertainty contribution for the determination of

the Ft value. Consequently, it provides a strong incentive

for more precise measurements of the decay half-life and

branching ratio. A detailed re-evaluation of the latest data for

these types of decays will show their impact on the conserved

vector current (CVC) hypothesis and determination of Vud to

probe for physics beyond the standard model.
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