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Short-lived 46Cr, 50Fe and 54Ni were studied by isochronous mass spectrometry at the HIRFL-CSR facility 
in Lanzhou. The measured precision mass excesses (M E) of 46Cr, 50Fe and 54Ni are −29471(11) keV, 
−34477(6) keV and −39278(4) keV, respectively. The superallowed 0+ → 0+ β-decay Q values were 
derived to be Q EC(46Cr) = 7604(11) keV, Q EC(50Fe) = 8150(6) keV and Q EC(54Ni) = 8731(4) keV. The 
values for 50Fe and 54Ni are by one order of magnitude more precise than the adopted literature values. 
By combining the existing half-lives and branching ratios, we obtained the corrected F t values to be 
F t(50Fe) = 3103(70) s and F t(54Ni) = 3076(50) s. The main contribution to the F t uncertainties is 
now due to β-decay branching ratios, still, more high-precision measurements of the half-lives, the 
masses, and especially the branching ratios are needed in order to satisfy the requirements for a stringent 
CVC test.

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
Nuclear β decays provide valuable information for studies in 
nuclear structure, nuclear astrophysics, as well as in the funda-
mental interactions and symmetries. One of the main parame-
ters that characterizes β decay is the f t value with f being the 
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statistical rate function and t the partial half-life for a partic-
ular transition. For the superallowed 0+ → 0+ β decays occur-
ring between nuclear analog states with nuclear spin-and-parity 
Jπ = 0+ and isospin T = 1, precise determinations of f t values 
are since long an important research subject because these values 
sensitively probe the conserved vector current (CVC) hypothesis, 
set tight limits on the presence of scalar currents, and provide 
the most precise value for V ud , the up–down quark-mixing ele-
ment of the Cabibbo–Kobayashi–Maskawa (CKM) matrix (see, e.g., 
Refs. [1,2]).
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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The CVC hypothesis asserts that the weak vector coupling con-
stant, G V , is not renormalized in the nuclear medium. This indi-
cates that the experimental f t value for a superallowed 0+ → 0+
β decay should be the same for all such transitions, independent 
of the nucleus. In reality, small corrections of radiative and isospin-
symmetry-breaking have to be taken into account, and thus yield-
ing a corrected F t value defined as [3]:

F t ≡ f t(1 + δ′
R)(1 + δNS − δc) = K

2G2
V (1 + �V

R )
, (1)

where K/(h̄c)6 = 8120.2787(11) × 10−10 GeV−4 s, �V
R is the 

transition-independent part of the radiative correction, δ′
R and 

δNS are the transition-dependent parts of the radiative correc-
tion, and δc is the isospin-symmetry-breaking correction. From this 
equation, one sees that each measured transition establishes an in-
dividual value for G V and, if the CVC hypothesis holds, all the F t
values should be identical within uncertainties regardless of the 
specific nuclei involved. In confirmation of the CVC hypothesis, the 
value for G V determined from the F t values can be used in com-
bination with G F , the weak-interaction constant determined from 
purely leptonic muon decays [2], to calculate the V ud matrix ele-
ment, which is needed for testing the unitarity of the CKM matrix, 
a fundamental property of the electroweak Standard Model [1,2].

For the determination of an f t value one requires the total 
transition energy, Q EC, the half-life, T1/2, of the parent state, and 
the branching ratio, B R , for the particular transition of interest. 
The Q EC value is required to determine the statistical rate function, 
f , while the half-life and branching ratio are combined to yield the 
partial half-life, t . Note that f depends on the fifth power of the 
Q EC value [4]. Thus it is essential to determine the Q EC with the 
highest precision possible.

Twenty superallowed 0+ → 0+ β decays have been critically 
surveyed recently [2] and their F t values evaluated. The authors 
recommended an average F t value based on the 14 most precise 
values. Soon after this survey, a new measurement of β decays 
of 42Ti, 46Cr, 50Fe, and 54Ni has been reported [5]. A similar sur-
vey was performed for these four nuclei in Ref. [6]. The authors 
called for precision measurements of the three quantities for each 
of the four T z = −1 f p-shell nuclei in order to be able to use more 
0+ → 0+ β-decay data for the test of the CVC hypothesis and for 
the comparison of the f t values of mirror transitions. The mass of 
42Ti has been measured with 0.28 keV uncertainty at the JYFLTRAP 
Penning-trap facility [7], while those for 46Cr, 50Fe, and 54Ni were 
only measured about 40 years ago either from a reaction excitation 
function [8] or from the Q values of (4He, 8He) reactions [9]. The 
uncertainties of these measurements are far beyond the required 
precision of about 0.1% [2,6]. The mass of 54Ni was addressed at 
the JYFLTRAP, but no result could be obtained due to a very low 
production yield [10].

In this Letter we report high-precision mass measurements 
of short-lived T z = −1 f p-shell nuclei performed by employing 
the storage-ring based isochronous mass spectrometry method. 
By tuning the experimental cooler storage ring (CSRe) into the 
isochronous ion-optical setting centered on 52Co, a relative mass 
precision of ∼ 1 ×10−7 has been achieved for 50Fe and 54Ni. These 
are the heaviest T z = −1 nuclei for which the masses are known 
with such a high precision. We report here the new masses for 
50Fe and 54Ni which are 10 times more precise than the previ-
ously accepted values [11]. By combining our new results with the 
known masses of the associated T = 1 isobaric analog states (IAS) 
in the T z = 0 daughter nuclei [11], the Q EC-values of the superal-
lowed β-decay of 50Fe and 54Ni are newly determined.

The experiment was conducted at the HIRFL-CSR facility, which 
is an acceleration complex consisting of a separated sector cy-
clotron (SSC, K = 450), a sector-focusing cyclotron (SFC, K = 69), 
Fig. 1. (Color online.) The high-energy part of the HIRFL-CSR complex at IMP in-
dicating the synchrotron CSRm, the in-flight fragment separator RIBLL2, and the 
experimental storage ring CSRe.

a main cooler-storage ring (CSRm) operating as a heavy-ion syn-
chrotron, and an experimental ring CSRe [12]. The high-energy part 
of the facility is schematically shown in Fig. 1. The CSRm has a 
circumference of 161 m and a maximal magnetic rigidity Bρ of 
10 Tm. The CSRe has a circumference of 128.8 m and a maximal 
magnetic rigidity of 8.4 Tm [12]. The Bρ acceptance of CSRe in the 
isochronous mode is ±0.2%.

In this experiment, a 467.91 MeV/u 58Ni19+ primary beam was 
focused onto a ∼15 mm thick beryllium target placed in front of 
the in-flight fragment separator RIBLL2. The reaction products from 
projectile fragmentation of 58Ni were analyzed [13] by RIBLL2 and 
a cocktail beam including the ions of interest was injected into 
the CSRe. According to LISE++ simulations [14], the ions of inter-
est have the velocity distribution centered at γ = 1.400. Therefore, 
the CSRe was tuned into the isochronous ion-optical mode [15–17]
with the transition energy of γt = γ = 1.400. At these kinetic en-
ergies, the fragments are predominantly fully-ionized according to 
the estimations with a specialized CHARGE code [18].

Both RIBLL2 and CSRe were set to a fixed magnetic rigidity 
of Bρ = 5.8574 Tm to allow for an optimal transmission of the 
T z = −1 nuclides centered on 52Co. The γt deviates from 1.400 
at the edges of the CSRe aperture. Similar behavior can be seen 
in Ref. [15] on the example of the storage ring at GSI, Darmstadt. 
Therefore, we restricted the range of orbits by inserting a slit at the 
position with high dispersion (see Fig. 1). The latter was estimated 
to be about 20 m. The slit opening was 60 mm corresponding to 
the momentum acceptance of the CSRe of �p/p ± 0.15%. As a re-
sult, the resolving power of the acquired spectra was considerably 
improved leading to clear separation of the ground-state 52Co from 
its low-lying isomer [19]. We note that in addition to the ions of 
interest, other nuclides within the acceptance of the RIBLL2-CSRe 
system were transmitted and stored as well. Typically, about ten 
ions were stored simultaneously in each injection. The nuclides 
with well-known masses have been used as reference ions.

The revolution times of the ions stored in CSRe were measured 
using a timing detector [20] installed inside the CSRe aperture. 
For a single passage of an ion, the time resolution of the detec-
tor is about 50 ps, and the detection efficiency varies from ∼ 20%
to ∼ 70% depending on the charge state and overall number of 
stored ions (see Refs. [17,20] for details). For each injection the 
measurement time was set to 300 μs, which corresponds to ∼ 500
revolutions of the ions. The ions that circulated for more than 
100 μs were considered in the analysis. This is different from pre-
vious analyses [17,21–23], where the minimum time of 186 μs was 
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Fig. 2. (Color online.) Part of the revolution time spectrum zoomed in at a time window of 607 ns ≤ t ≤ 621 ns. The red peaks indicate those nuclei for which masses are 
reported in this work.
Fig. 3. (Color online.) Differences between experimental M E values determined in 
this work and those from the atomic-mass evaluation AME′12. The green shadows 
indicate the 1σ error in AME′12.

applied. Thus, the number of ions used in the analysis could be in-
creased.

The resolving power of the CSRe mass spectrometry was dete-
riorated by magnetic field instabilities which caused small shifts 
of the entire revolution time spectra measured in different injec-
tions. A correction method [24] was applied in the data analysis 
to correct for the influence of unstable magnetic fields. Fig. 2 il-
lustrates a part of the corrected spectrum in a time window of 
607 ns ≤ t ≤ 621 ns. The identification of the peaks in the spec-
trum is described in Ref. [17].

We used 21 nuclides observed in the time range of 607 ns ≤
t ≤ 621 ns with known mass uncertainties of less than 5 keV [25]
to fit their m/q values versus the revolution time by employing 
a third order polynomial, giving a mass calibration to the revolu-
tion time spectrum. The unknown mass values were determined 
by interpolating the fit function to the corresponding revolution 
times. In order to estimate possible systematic errors, we rede-
termined the masses for each of the 21 nuclides by calibrating 
the spectrum with the other 20 nuclides. The differences be-
tween our mass excess (M E) values and the literature ones [25]
are compared in Fig. 3. We calculated the normalized χn defined 
as:
Table 1
Experimental M E values obtained in this work and values from the atomic-mass 
evaluation AME′12 [25]. The deviations δM E = M ECSRe − M EAME′12 are given in the 
last column. Also listed are the numbers of identified ions N , standard deviation, σt , 
and FWHM values of the revolution time peaks (see Fig. 2). The latter are converted 
in keV through mass calibration.

Atom N σt

(ps)
FWHM 
(keV)

M ECSRe

(keV)
M EAME′12
(keV)

δM E
(keV)

42Ti 85 1.33 403 −25125(19) −25104.66(28) −20
46Cr 195 1.13 373 −29471(11) −29474(20) +3
48Mn 198 0.69 242 −29299(7) −29320(170) +21
50Fe 343 0.76 277 −34477(6) −34490(60) +13
54Ni 688 0.54 226 −39278(4) −39220(50) −58

χn =
√√√√ 1

n f

21∑
i=1

[(M E)CSRe,i − (M E)AME,i]2

σ 2
CSRe,i + σ 2

AME,i

, (2)

with n f = 21 being the number of degrees of freedom. The cal-
culated value of χn = 1.09 is within the expected range of χn =
1 ± 0.15 at 1σ confidence level, indicating that no additional sys-
tematic errors have to be considered. The M E values obtained in 
this work are presented in Table 1 together with the values from 
AME′12 [25] for comparison. The differences are given in the last 
column of Table 1 and shown in Fig. 3. The larger uncertainties, 
e.g., for 36K, 38Ca, 40Sc and 42Ti, are due to low statistics.

Three points should be emphasized here: Firstly, our measure-
ment yields M E(48Mn) = −29299(7) keV, which is 24 times more 
precise than the adopted value in AME′12 [25] (see Table 1). This 
precise result can independently be verified by using the recent 
data from the β decay studies of 48Fe [26]. In that experiment, 
both β-delayed protons and β-delayed γ ′s of 48Fe decay have been 
measured and assigned as being due to the de-excitation of the 
T = 2 isobaric analog state in the T z = −1 nucleus 48Mn. There-
fore the ground-state M E value of 48Mn can be obtained through,

M E(48Mn) = M E(47Cr) + M E(1H) + Ec.m
p − Esum

γ

= [−34561(7) + 7289 + 1018(10) − 3036.5(1.5)] keV

= −29291(12) keV,

(3)

with Ec.m
p being the proton decay energy in the center-of-mass 

system, and Esum
γ the summed energy of three sequential γ tran-

sitions from the IAS in 48Mn. The deduced M E value for 48Mn 
agrees well with our direct measurement. Secondly, as shown in 
Fig. 2, the revolution times of 46Cr, 50Fe, and 54Ni are very close to 
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Table 2
A comparison of the determined superallowed Q EC values, statistical rate func-
tion f , and the corrected F t values with the latest survey of superallowed nuclear 
β decay [6].

Fermi transition Q EC

(keV)
f F t

(s)
Ref.

46Cr → 46V 7604(11) 10683(84) 3141(100) this work
46Cr → 46V 7600(20) 10660(150) 3130(110) [6]
50Fe → 50Mn 8150(6) 15060(60) 3103(70) this work
50Fe → 50Mn 8139(60) 14950(600) 3080(140) [6]
54Ni → 54Co 8731(4) 21130(50) 3076(50) this work
54Ni → 54Co 8787(50) 21850(670) 3180(110) [6]

Fig. 4. (Color online.) F t values plotted as a function of the charge of the daughter 
nucleus, Z . The black circles stand for the fourteen cases used in Ref. [2], the blue 
circles for the potential candidates compiled in Ref. [2], and the red ones from this 
work.

those of 23Mg, 25Al, and 27Si, respectively. The re-determined mass 
excesses of the latter are in excellent agreement with their pre-
cise literature values. Thirdly, our measured mass for 54Ni differs 
by 58 keV, i.e., 1.2σ , from the adopted value [11]. Still its corrected 
F t value has been deduced to be very close to the recommended 
one when using our results to calculate the statistical rate func-
tion f .

Using the M E values of 46Cr, 50Fe, and 54Ni obtained in this 
work and the adopted M E values of the corresponding T = 1 IAS’s 
in their β-decay daughters 46V, 50Mn, and 54Co [11], we calcu-
lated the Q EC values, see Table 2. The parameterization formulas 
of Eqs. (12) through (14) given in Ref. [6] were used to calculate 
each statistical rate function f . The partial half-lives and associated 
theoretical correction terms, δ′

R and δc − δN S , have been collected 
in Ref. [6], which allowed us to calculate the corrected F t val-
ues using Eq. (1). The results are given in Table 2 and depicted in 
Fig. 4.

It can be seen that our new results are in a good agreement 
with Ref. [6], but with much improved precision. The uncertainties 
in the statistical rate functions for 50Fe and 54Ni are reduced by 
one order of magnitude reaching a level of ∼ 0.3%. Consequently, 
the uncertainties of the F t values are also reduced as shown in 
Table 2. We note that the new F t = 3076(50) s for 54Ni is by 
3.2% smaller than the previous one [6] now agreeing well with the 
latest averaged value of F t = 3072.27(72) s [2].

The present uncertainties of the F t-values are still too large to 
be used for a critical test of the CVC hypothesis. Fig. 5 presents 
fractional uncertainties of the experimental and theoretical input 
factors contributing to the final F t values for the three discussed 
superallowed transitions. It is seen that the limiting factor is now 
Fig. 5. (Color online.) Fractional uncertainties of the experimental and theoretical 
input factors contributing to the final F t values of the superallowed transitions of 
46Cr, 50Fe and 54Ni. The data are from this work and from Refs. [2,6].

the uncertainty of the B R . Therefore high-precision measurements 
of superallowed β-decay branching ratios are essential, at least for 
the above-mentioned cases, in order to improve the precision in 
their F t .

In conclusion, the T z = −1 nuclei, 46Cr, 50Fe, and 54Ni were 
produced by the projectile fragmentation of 58Ni beam, and 
their atomic masses were measured using the storage-ring based 
isochronous mass spectrometry technique. Our results are in ex-
cellent agreement with the latest atomic-mass evaluation AME′12
[25], but with much improved precision. The new masses of 50Fe 
and 54Ni are one order of magnitude more precise than the 
adopted values [25]. We have obtained the superallowed Fermi de-
cay Q EC values and calculated the statistical rate functions. Taking 
into account the radiative and isospin-symmetry-breaking correc-
tions, we have calculated the corrected F t values in order to pro-
vide new data for testing the conserved vector current hypothesis. 
The obtained F t values are much more precise and are in excel-
lent agreement with the averaged value of F t = 3072.27(72) s [2]. 
Owing to the accurate Q -value determination in this work, the 
uncertainties in F t values for 50Fe and 54Ni are now dominated 
by the corresponding β-decay branching ratios. The present work 
is a step-forward for the heaviest T z = −1 pf nuclei, and more 
high-precision measurements of the half-lives, the masses, and es-
pecially the branching ratios are needed in order to satisfy the 
requirements for a stringent CVC test.
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