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TRIUMF EEC NEW RESEARCH PROPOSAL 

Detailed Statement of Proposed Research for Experiment # S1242 

 

High Precision Mass Measurements of Superallowed T=2 Nuclear Beta Decay Emitters 

 

(a) Scientific value of the experiment: Describe the importance of the experiment and its relation to previous 
work and to theory.  All competitive measurements at other laboratories should be mentioned.  Include 
examples of the best available theoretical calculations with which the data will be compared. 

Superallowed Fermi 0+→0+ beta decays between isobaric analog states have proved to be the 
most precise way to extract Vud of the Cabibbo–Kobayashi–Maskawa (CKM) quark mixing 
matrix. Together with Vus (and Vub), it allows to challenge the CKM’s unitarity by means of a 
unity test of the first row which represents a stringent test of the Standard Model of particle 
physics. 
So far, superallowed beta decays have been – except one recent set of measurements- only 
studied for T=1 isospin multiplets and the 13 most precise cases are in remarkable agreement 
with the Conserved Vector Current (CVC) hypothesis which states that corrected Ft- values of 
superallowed decays are transition independent:  

 

Here, f is the statistical rate function, t is the partial half life for the transition, and δR and δC 
are transition dependent radiative and isospin symmetry breaking corrections, respectively. 
The average of the most precisely known Ft-values provides access to Vud which currently 
rests at Vud = 0.97425±0.00022 [HAR09], which is by far the most precisely measured 
element in the CKM matrix. Despite this level of precision, the contribution to the uncertainty 
on the unitarity test of the first row of the CKM matrix 
 

 
is shared in equal parts between Vud and Vus because of the much smaller, but less precise value 
of  Vus. Vub is too small to play any significant role at the moment. Thus, any future 
improvement on the theoretical or experimental side in respect to Vus will demand for increased 
efforts for superallowed beta decays. Potential deviations could also be interpreted as different 
coupling constants for leptons and quarks [MAR08]: 
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The above equation thus probes coupling universality of the weak force. Violations from |Vud|
2 + 

|Vus|
2 + |Vub|

2 =1 could further be caused by loop diagrams involving unobserved new particles 
such as a neutral gauge boson Zχ which is part of the SO(10) unification scheme of the Standard 
Model’s symmetry groups [MAR87]. The current level of precision restricts the mass of the Zχ 
boson to be larger than 750 GeV at 95% CL [TSC09], which is about the same value as the lower 
mass limit from current collider data [ERL08]. This means that |Vud|

2 + |Vus|
2 + |Vub|

2 in this 
regard is competitive with collider physics and is within reach of sensitivity to physics at the 
TeV scale. Additionally, the sum also allows searches for right handed currents in the weak 
interaction and, finally, the Ft-values of superallowed decays are themselves stringent probes for 
fundamental or induced scalar currents in nuclear beta decays. 
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Consequently, improving the precision in Ft-values of superallowed nuclear beta decays remains 
of great importance in the low energy precision frontier. Currently, a dominant source of 
uncertainty for Ft-values is due to discrepancies between different theoretical models for nuclear 
structure effects in δC: Calculations based on a Saxon-Wood potential [TOW77, TOW02] are 
consistently larger than using Hartree-Fock eigenfunctions [ORM95] even though both are based 
on the same shell model space.  
The former approach was recently refined by including core-orbitals [TOW08] which lead to an 
improved confirmation of CVC, but did not resolve the discrepancies with the Hartree-Fock 
calculations. In their last critical survey on superallowed beta decays Hardy and Towner 
[HAR09] have now performed their own Hartree-Fock based calculations of δC which employs 
the same model space as in [TOW08]. However, it has to be stressed that the used method is not 
identical to [ORM95]. Hardy and Towner identified, in their opinion, a serious flaw in the 
previous Hartree-Fock procedure: In the asymptotic expression of the mean-field potential’s 
direct Coulomb term the total charge appears one unit too high. In principle this would be 
compensated by the exchange term in the Hartree-Fock formalism, but the exchange term cannot 
be calculated without sacrificing accuracy. Consequently, Hardy and Towner have altered the 
previous Hartree-Fock protocol to avoid this problem. Their results are now in better agreement 
with their own Saxon-Wood calculation; a fact which is entirely responsible for the significant 
reduction on the δC‘s uncertainty in [HAR09].  
Additionally, Miller and Schwenk [MIL08] suggest improvements in the implementation of the 
isospin operator for δC – calculations. A completely new approach for the calculation of δC has 
been proposed in [AUE09]. 
 
These recent developments illustrate the improvements in the understanding of the isospin 
symmetry breaking corrections δC. Assuming CVC, experimental data can be used to benchmark 
theoretical descriptions and are thus essential for pushing the level of precision further. For this 
purpose superallowed beta decays in T=2 multiplets provide particularly important test cases: 
First, because the corrections have been intensively tested only for decays between T=1 states, 
and secondly, the corrections are expected to be larger for T=2 transitions [TOW09] (see also 
figure 1), which offers an opportunity to discriminate between theoretical models.  
 
Figure 1 
Hartree-Fock based isospin symmetry breaking corrections for different superallowed decays. 
Except 32Ar, which is T=2 and calculated in [BHA08], all cases are T=1 transitions and 
determined in [ORM95]. Figure from [BHA08]  



T=2 transitions are more challenging from an experimental perspective due to their greater 
distance from the valley of stability, implying shorter half-lives, lower yields at radioactive beam 
facilities and more exotic decay channels as for instance beta delayed proton emissions. 
Nevertheless, T=2 superallowed transitions are within experimental reach as the very first case to 
determine the corrected Ft-value in 32Ar has proven [BHA08].  
 
We therefore propose high precision mass measurements for the superallowed T=2 beta decay 
emitters 20Mg, 24Si, 28S, 32Ar, 36Ca, 40Ti, 44Cr, 48Fe, and 52Ni, which is essential to experimentally 
access the transition energy, i.e. the Q-value, required to determine the statistical rate function f. 
Combined with half-life and branching ratio of the superallowed decay the Ft-value can be 
obtained. The first measurement is planned on 20Mg which is a particularly interesting case, 
because in addition to its importance for studies of superallowed decays, it currently also 
contributes the dominating uncertainty for the test of the isobaric multiplet mass equation 
(IMME) in the A=20, T=2 quintet [GAD07]. This is by itself very interesting because for A=20, 
T=2 the lowest lying 0+ multiplet appears to follow the IMME, while there is a tiny hint that the 
2+ multiplet might violate the IMME. Our mass value for 20Mg is expected to be at least a factor 
15 better than the current value (see also Table 1 in the next section) and will thus provide tighter 
constraints on the IMME. Similarly, the mass of 36Ca is the dominating source of uncertainty on 
the IMME in the A=36 quintet [YAZ07]. 
 
(b) Description of the experiment: Techniques to be used, scale drawing of the apparatus, measurements to be 

made, data rates and background expected, sources of systematic error, results and precision anticipated.  
Compare this precision with that obtained in previous work and discuss its significance in regard to 
constraining theory.  Give a precise list of targets to be used in order of their priority. 

 
The TITAN facility is pictured in Figure 2a. The ISAC beam is injected in the RFQ cooler and 
buncher. For measurements on singly charged ions the ions are directly transferred into the 
measurement Penning trap. The measurement precision follows the equation 
 
 
 
where B is the magnetic field strength in the Penning trap, T is the measurement time per ion 
shot, N is the number of ion shots, and q is the charge state of the ion. Consequently, to improve 
the level of precision, the ions can also be sent after extraction from the RFQ to an Electron 
Beam Ion Trap (EBIT) where they are charge bred to higher charge states before being sent to 
the measurement Penning trap. The cooling Penning trap is currently under construction. 
Mass measurements are performed via frequency scans of quadrupolar RF excitations; 
resonances appear at the cyclotron frequency (see Figure 2b) being proportional to its mass 
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Figure 2 
(a) Experimental setup of TITAN 
(b) Time of flight resonance curve for a cyclotron frequency determination 

Table 1 lists half-lives and the present uncertainties on the mass values which are taken from the 
Atomic Mass Evaluation 2003 (AME03), except for the cases of 32Ar and 36K which are cited 
from the Penning trap measurements [BLA03] and [YAZ07] respectively, not evaluated in the 
AME03. The current uncertainty is compared with the expected uncertainty for the TITAN 
measurement. A δm/m of 10-7 for single charged ions (A+) is assumed, which is a conservative 
upper limit never exceeded by any previous published TITAN measurement. Even in our very 
recent measurement of 12Be with a half-life of 23.6 ms and only 30-150 ions/sec measured at the 
yield station a precision of less than δm/m<2▪10-7 could be achieved. However, none of the 
proposed isotopes have half-lives as short as 12Be. Considering that the half-life goes into the 
minimally achievable uncertainty as 1/T1/2 our 12Be measurements provides strong confidence 
that as soon as one of the proposed species can be identified at the yield station, TITAN will be 
able to perform a measurement by using singly charged ions with δm/m<10-7. 
To improve the precision further TITAN’s EBIT will be used to charge breed singly charged 
ions to a higher charge state q, which reduces the uncertainty by an additional factor q. First 
mass measurements using highly charged ions (HCI) are planned for summer 2009. The upper 
limit on the expected uncertainty for the proposed cases by using highly charged ions is also 
listed in Table 1. The charge breeding to the intended charge state will take between 5-10 ms and 
is well below the respective half-lives.  
Finally, Table 1 also provides the uncertainty on the excitation energy E* of the isobaric analog 
state in the daughter nucleus. These data are taken from the Evaluated Nuclear Structure Data 
File (ENSDF) or the Experimental Unevaluated Nuclear Data List (XUNDL).   
Since the transition energy required for the determination of the respective Ft-value is simply 
Q=m(g.s. , parent)-m(g.s., daughter)-E*, the impact of the uncertainty of the ground state masses 
on the error on the Q-value will be entirely eliminated after our measurements, except for the 
case of 32Ar for which the excitation energy in 32Cl has been recently measured and is known to 
0.4 keV [BHA08]. This is comparable to our aimed uncertainty for the ground state masses. 



Table 1: Proposed Measurements 
List of the proposed mass measurements to determine Q-values of superallowed T=2 transitions: ‘present  
∆m’ is based on AME03 except for 32Ar and 36K. The expected uncertainty for the TITAN measurement 
using singly charged ions are given in column ‘∆m  TITAN (A+)’.  The expected uncertainty for highly 
charged ions is listed in ‘TITAN HCI’  together with the charge state to be used for the measurement. 
‘∆E*’ is the uncertainty on the isobaric analog state in the daughter nucleus. A measured ISAC yield can 
be found in column ‘YIELD’. Since 44V might be difficult to be delivered, we also add 43Ti to the list: The 
Q-value can then be determined via the beta-delayed proton decay of 44Cr similarly as it was done for 
32Ar [BHA08]. 
 

Isotope Half-life Present ∆∆∆∆m 
[keV] 

∆∆∆∆m  TITAN 
(A+) [keV] 

    
q 

TITAN     HCI 
∆∆∆∆m [keV] 

∆∆∆∆E* 
[keV] 

YIELD 
ions / 
sec 

comment 

Mg-20 90 ms 27 1.865 10 He-like 0.186  240 request stage 2 
Na-20 448 ms 6.66 1.864 9 He-like 0.207 13 1.7▪108 request stage 2 
Si-24 140 ms 19.47 2.237 12 He-like 0.186   ? 
Al-24 2.053 s 2.78 2.236 11 He-like 0.203 6  proposal S1191 
S-28 125 ms 160 2.609 14 He-like 0.186   requires development 
P-28 270 ms 3.32 2.607 13 He-like 0.201 21  requires development 
Ar-32 98 ms 1.8 2.981 16 He-like 0.186   requires development 
Cl-32 298 ms 6.59 2.979 15 He-like 0.199 0.4  requires development 
Ca-36 102 ms 40 3.353 10 Ne-like 0.335   possible, request stage 2 
K-36 342 ms 0.39 3.352 9 Ne-like 0.372 8 2.9▪105 request stage 2 
Ti-40 53 ms 160 3.725 12 Ne-like 0.310   requires development 
Sc-40 182 ms 2.83 3.724 11 Ne-like 0.339 8  requires development 

Cr-44 53 ms 50 4.097 14 Ne-like 0.293   requires development 
V-44 111 ms 121 4.096 13 Ne-like 0.315 ?  ? 
Ti-43 509 ms 6.90 4.002 12 Ne-like 0.334   requires development 

Fe-48 44 ms 70 4.469 16 Ne-like 0.279   requires development 
Mn-48 158 ms 112 4.468 15 Ne-like 0.298 0.9  requires development 

Ni-52 38 ms 84 4.842 18 Ne-like 0.269   requires development 
Co-52 115 ms 65 4.840 17 Ne-like 0.285 30  requires development 

 
Mass measurements in Penning traps require pure beams of the species of interest. For the 
TITAN facility several possibilities are foreseen to handle isobaric contaminations in case they 
are present in the ISAC beam after the mass separator. 
Dipole cleaning techniques are already in place and can be used in the measurement Penning trap 
itself. For more efficient and higher resolving powers TITAN is at this moment upgrading the 
existing facility along two lines: The cooling Penning trap currently under construction and 
planned to be added to the TITAN platform in the beginning of next year will have the ability to 
apply a more elaborate cleaning technique involving dipole and quadruple excitation in the 
buffer-gas filled trap. Additionally, TITAN will also install a multi-reflection TOF separator 
which is specifically designed for isobaric cleaning. The required resolving powers to deal with 
potential contaminates for the proposed measurement is thus not expected to represent any 
problem. 
 
Systematic uncertainties have been investigated in detail [BRO09] for single charged ions and at 
this moment we state them at less then 1 ppb ▪ ∆A  
 
 



(c) Experimental equipment: Describe the purpose of all major equipment to be used. 
 Details of all equipment and services to be supplied by TRIUMF must be provided separately on the 

Technical Review Form available from the Science Division Office. 
 

In addition to the TITAN facility, the ISAC yield station will be needed to determine the yields, 
isobaric contaminants and their suppression by the mass separator. A quadrupole ion guide under 
development at ISAC could be involved at the later stage of the proposed experiment to help 
reduce isobaric contamination. 
 
 
(d) Readiness:  Provide a schedule for assembly, construction and testing of equipment.  Include equipment to 

be provided by TRIUMF. 
 
The TITAN setup is operational and ready to perform the measurements outlined above. 
TITAN has proved to be in a position to handle short-lived isotopes at low rates. Online 
measurements with highly charged ions will be performed later this year and will be available 
for the proposed experiment.  
Tests of the cleaning of isobaric contamination in the measuring Penning trap have 
demonstrated that contamination in excess of 20:1 can be handled without significant effect 
on the precision of the measurement. Further isobaric cleaning would require the cooling 
Penning trap or multi-reflection TOF separator which will come online within the next year. 
 
We request stage 2 approval for those cases which ISAC beam is already developed for, i.e. 
20Mg and 36Ca, and are seeking stage 1 for all other cases.  
 
 
(e) Beam time required: State in terms of number of 12-hour shifts.  Show details of the beam time estimates, 

indicate whether prime-user or parasitic time is involved, and distinguish time required for test and 
adjustment of apparatus. 

 
We request 1 shift for each case, i.e. parent and daughter, for setup and calibration and 5 
shifts for the measurement. This is 54 shifts in total. We will need at least 30 ions/sec to 
perform the measurement.  
 
(f) Data analysis:  Give details and state what data processing facilities are to be provided by TRIUMF. 

The data evaluation methods are well developed for the TITAN mass spectrometer system, 
and all the necessary software tools are available. 
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