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FIG. 2. Experimental mass-excess deviations with respect to
the AME’03 values. Our 44K mass excess of -35778.7(1.6) keV
measured with multiply charged K4+ agrees with the more
precise ISOLTRAP value of -35781.29(0.47) keV [32]. The
black error bars represent the uncertainties of the AME’03
values. The red thick elongated lines lying on the zero-energy
line represent the uncertainties of our measurements.

III. RESULTS

The measured frequency ratios of the studied K and
Ca isotopes with respect to stable 39K are listed in Table
I along with their respective deduced mass-excess values.
The frequency ratios are obtained from the weighted av-
erage of several frequency measurements, each of them
resulting from a series of 50 to 200 frequency scans con-
ducted with 41 frequency steps. Table I also presents
the difference between the AME’03 mass-excess values
[44, 45] and TITAN’s, δME . Fig. 2 shows the δME de-
viation for the measured K and Ca isotopes. The 44K
mass excess was determined using 44K4+. Our result
of -35778.7(1.6) keV is in accordance with the AME’03
value, but approximately one order of magnitude more
precise. It agrees well with the recent ISOLTRAP value
of -35781.29(0.47) keV, which is a factor of 4 more accu-
rate than ours [32]. The sum of the ionization potentials
from neutral K to K3+ is 143 eV and was included in
the calculations of the 44K4+ mass excess. Our mass-
excess value for 47K is in agreement, within 2σ, with the
AME’03 value, which is based on three transfer-reaction
measurements: 48Ca(d,3He)47K [33] and 48Ca(t,α)47K
[34, 35]. However, those obtained for 48,49K show
strong deviations from the evaluated values by δME =-
160(24) keV and δME =708(70) keV, respectively. The
AME’03 48K mass excess is mainly infered from two
transfer-reaction measurements: 48Ca(7Li,7Be)48K [36]
and 48Ca(14C,14N)48K [37]. The AME’03 49K mass-
excess value was mainly determined from a single mea-
surement of the β-decay Q-value end-point energy [40].
The deviation of the AME’03 50K mass excess from our
measurement is within 2σ. The AME’03 50K mass ex-
cess is based on a direct measurement (time-of-flight

isochronous) [41] as well as a determination of the β-
decay Q-value end-point energy [40]. Our mass-excess
values for 49,50Ca are within 2σ of the evaluated values.
The 49Ca AME’03 mass excess is deduced from three
48Ca(n,γ)49Ca transfer-reaction measurements [42–45],
while the 50Ca excess value is based on two 48Ca(t,p)50Ca
measurements [34, 46].

Systematic studies using stable species were performed
for the TITAN system in order to evaluate sources of
systematic errors, see Refs. [19–21]. The principal sys-
tematic error affecting our measurements is due to the
magnetic-field misalignment and harmonic distortion of
the trap’s electrostatic potential. In Ref. [19], it was con-
servatively estimated that this error is at most ±4.2 ppb
per atomic mass number difference between the investi-
gated and reference ions. This error is considered a full-
width uncertainty, which corresponds to a 3σ (99.74%)
error of a normal distribution. Due to compensating er-
rors in the construction of the trap, the resulting error
contribution can be divided by three in Table I to make
it consistent with a one σ (68.26%) error and added in
quadrature to the statistical error to obtain the total un-
certainty. Very recently analyses of the systematic er-
rors of the TITAN Penning-trap mass spectrometer have
yielded an error of ±0.2 ppb per atomic mass number dif-
ference [21]. To remain conservative, we kept ±4.2 ppb
[19].

IV. DISCUSSION OF THE RESULTS

A. Disagreement of the 48K mass excess

The AME’03 48K mass excess is more massive than
our result by 160(24) keV. One possible explanation for
the disagreement is the transfer-reaction studies [36, 37]
that previously attempted to measure the 48K mass ex-
cess, might have measured the mass excess of an excited
state and not the ground state. Based on two series
of γ-spectroscopy coincidence measurements, Królas et

al. [38] proposed a new excited-state structure for 48K,
whose four first excited levels are at 143 keV (Jπ =2-),
279 keV (Jπ =2-), 728 keV (Jπ =3-), and 2.117 MeV
(Jπ =5+). Królas et al. also proposed a new Jπ=1-
spin-parity assignment for the 48K ground state, which
is consistent with the spin-parity evolution of odd K
isotopes near N = 28 [38] and a recent spin-parity re-
assignement of the 50K ground state as Jπ=1- [39]. In
the transfer-reaction studies, no peak at 143 keV was dis-
cerned. Weisser et al. [36] observed, in addition to the
peak assigned to the ground state, one very prominant
peak at 580 keV, which they attributed to an excited
state. In [37], Mayer et al. observed with the ground-
state peak three additional weak peaks at 0.35, 0.8, and
2.1 MeV. Such later peaks have a low statistical signif-
icance and hence might be originating from the three
last upper levels proposed by Królas et al.. However, as-
suming that the transfer reactions did not produce the

• large deviations from previous 
measurements up to 10 σ

• N=28 shell gap in fact ≈1 MeV larger
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TABLE I. Frequency ratios (relative to stable 39K) and atomic mass-excess (ME) values of the investigated K and Ca isotopes.
The first displayed uncertainty is the statistical error while the second one is the systematic error (see text), the third error is
the total uncertainty which is the result of the statistical and systematic errors added in quadrature. δME is the deviation of
the AME’03 values [44, 45] with respect to our results (MEexpt − MEAME′03).

Isotopes Half-life νmeas
c /νref

c MEexpt (keV) MEAME′03 (keV) δME

44K4+
25 22.13(19) m 0.886306820(35)(7)(36) -35778.7(1.6)(0.3)(1.6) -35810(36) 31(36)

47K+
28 17.50(24) s 0.829689831(27)(11)(29) -35711.8(1.4)(0.6)(1.5) -35696(8) -15(8)

48K+
29 6.8(2) s 0.812328289(14)(13)(19) -32284.2(0.8)(0.7)(1.1) -32124(24) -160(24)

49K+
30 1.26(5) s 0.795691609(13)(14)(19) -29611.3(0.8)(0.9)(1.2) -30320(70) 708(70)

50K+
31 472(4) ms 0.77970242(13)(15)(13) -25727.6(7.7)(0.9)(7.8) -25352(278) -376(278)

49Ca+
29 8.718(5) m 0.795895563(20)(14)(24) -41300.0(1.2)(0.8)(1.5) -41289(4) -11(4)

50Ca+
30 13.9(6) s 0.779934672(26)(15)(30) -39589.0(1.6)(0.9)(1.9) -39571(9) -18(9)

trometer [20]. The set-up is also equipped with a surface
ion source located under the TITAN RFCT to supply
ions of stable alkali isotopes such as 39K for systematic
tests, optimization, and for mass calibration.

The short-lived neutron-rich K and Ca isotope beams
were produced by the TRIUMF’s ISAC (Isotope Sep-
arator and ACcelerator) radioactive beam facility [30]
with a surface ion source using a Ta target bombarded
by a ∼75-µA (and later reduced to ∼40 µA) 500-MeV
proton beam. The ISAC beams were mass separated
with a dipole magnet with a mass resolving power of
∼3000 and delivered to TITAN with a kinetic energy of
15 keV. The singly charged ion beams were injected into
the RFCT where they were decelerated electrostatically
and their transverse and longitudinal emittances were re-
duced with He buffer gas. The ions were subsequently
extracted as bunches with an energy of approximately 2
keV. The bunches were then either sent directly to the
Penning trap, or to the EBIT for charge breeding and
subsequently to the Penning trap. During this experi-
ment, the EBIT was utilized only for 44K (T1/2=22.13
m) as a proof-of-principle to achieve a charge state of
4+. 44K4+ was charge bred with an electron-beam en-
ergy of 3.95 keV, and a weak electron-beam current of less
than 1 mA produced by only warming up the Pierce-type
electron-gun cathode. The EBIT magnetic-field strength
was 4 T, the trapping potential was set to 100 V, and the
charge breeding time was 200 ms.

The mass measurements were performed with the well-
established time-of-flight ion cyclotron resonance (TOF-
ICR) technique [31]. For details of the TITAN measure-
ment procedure see Ref. [19]. Quadrupole RF excitation
times ranged from 8 to 997 ms, but excitation times of
147 and 997 ms were normally used. After RF excita-
tion of the trapped ions, they were ejected from the trap
and the energy gained during the excitation was adia-
batically converted in the decreasing magnetic field into
the axial energy, which was reflected in shorter time of
flights to a microchannel plate (MCP) detector. Full con-
version of the magnetron-to-cyclotron motion only oc-
cured when the RF frequency was equal to the ions’
cyclotron frequency, νc, which was thus determined by

FIG. 1. 49K+ and 50K+ TOF-ICR resonance curves. The
RF quadrupolar excitation times were 997 and 147 ms, re-
spectively. The red solid curve is a fit of the theoretically
expected line shape [31] to the data points.

scanning the frequency of the RF field. Typical TOF-
ICR curves obtained with 49K+ and 50K+ are shown
in Fig. 1. The ions’ mass was determined from the
relation νc = qB/(2πm), where q is the charge of the
trapped ions, m their mass, and B, the trap’s magnetic
field strength. 39K from the TITAN ion source was used
as mass reference to calibrate the trap’s magnetic field
strength. TOF-ICR measurements of 39K were taken be-
fore and after the resonance frequency measurements of
the neutron-rich K and Ca isotopes.
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FIG. 2. Experimental mass-excess deviations with respect to
the AME’03 values. Our 44K mass excess of -35778.7(1.6) keV
measured with multiply charged K4+ agrees with the more
precise ISOLTRAP value of -35781.29(0.47) keV [32]. The
black error bars represent the uncertainties of the AME’03
values. The red thick elongated lines lying on the zero-energy
line represent the uncertainties of our measurements.

III. RESULTS

The measured frequency ratios of the studied K and
Ca isotopes with respect to stable 39K are listed in Table
I along with their respective deduced mass-excess values.
The frequency ratios are obtained from the weighted av-
erage of several frequency measurements, each of them
resulting from a series of 50 to 200 frequency scans con-
ducted with 41 frequency steps. Table I also presents
the difference between the AME’03 mass-excess values
[44, 45] and TITAN’s, δME . Fig. 2 shows the δME de-
viation for the measured K and Ca isotopes. The 44K
mass excess was determined using 44K4+. Our result
of -35778.7(1.6) keV is in accordance with the AME’03
value, but approximately one order of magnitude more
precise. It agrees well with the recent ISOLTRAP value
of -35781.29(0.47) keV, which is a factor of 4 more accu-
rate than ours [32]. The sum of the ionization potentials
from neutral K to K3+ is 143 eV and was included in
the calculations of the 44K4+ mass excess. Our mass-
excess value for 47K is in agreement, within 2σ, with the
AME’03 value, which is based on three transfer-reaction
measurements: 48Ca(d,3He)47K [33] and 48Ca(t,α)47K
[34, 35]. However, those obtained for 48,49K show
strong deviations from the evaluated values by δME =-
160(24) keV and δME =708(70) keV, respectively. The
AME’03 48K mass excess is mainly infered from two
transfer-reaction measurements: 48Ca(7Li,7Be)48K [36]
and 48Ca(14C,14N)48K [37]. The AME’03 49K mass-
excess value was mainly determined from a single mea-
surement of the β-decay Q-value end-point energy [40].
The deviation of the AME’03 50K mass excess from our
measurement is within 2σ. The AME’03 50K mass ex-
cess is based on a direct measurement (time-of-flight

isochronous) [41] as well as a determination of the β-
decay Q-value end-point energy [40]. Our mass-excess
values for 49,50Ca are within 2σ of the evaluated values.
The 49Ca AME’03 mass excess is deduced from three
48Ca(n,γ)49Ca transfer-reaction measurements [42–45],
while the 50Ca excess value is based on two 48Ca(t,p)50Ca
measurements [34, 46].

Systematic studies using stable species were performed
for the TITAN system in order to evaluate sources of
systematic errors, see Refs. [19–21]. The principal sys-
tematic error affecting our measurements is due to the
magnetic-field misalignment and harmonic distortion of
the trap’s electrostatic potential. In Ref. [19], it was con-
servatively estimated that this error is at most ±4.2 ppb
per atomic mass number difference between the investi-
gated and reference ions. This error is considered a full-
width uncertainty, which corresponds to a 3σ (99.74%)
error of a normal distribution. Due to compensating er-
rors in the construction of the trap, the resulting error
contribution can be divided by three in Table I to make
it consistent with a one σ (68.26%) error and added in
quadrature to the statistical error to obtain the total un-
certainty. Very recently analyses of the systematic er-
rors of the TITAN Penning-trap mass spectrometer have
yielded an error of ±0.2 ppb per atomic mass number dif-
ference [21]. To remain conservative, we kept ±4.2 ppb
[19].

IV. DISCUSSION OF THE RESULTS

A. Disagreement of the 48K mass excess

The AME’03 48K mass excess is more massive than
our result by 160(24) keV. One possible explanation for
the disagreement is the transfer-reaction studies [36, 37]
that previously attempted to measure the 48K mass ex-
cess, might have measured the mass excess of an excited
state and not the ground state. Based on two series
of γ-spectroscopy coincidence measurements, Królas et

al. [38] proposed a new excited-state structure for 48K,
whose four first excited levels are at 143 keV (Jπ =2-),
279 keV (Jπ =2-), 728 keV (Jπ =3-), and 2.117 MeV
(Jπ =5+). Królas et al. also proposed a new Jπ=1-
spin-parity assignment for the 48K ground state, which
is consistent with the spin-parity evolution of odd K
isotopes near N = 28 [38] and a recent spin-parity re-
assignement of the 50K ground state as Jπ=1- [39]. In
the transfer-reaction studies, no peak at 143 keV was dis-
cerned. Weisser et al. [36] observed, in addition to the
peak assigned to the ground state, one very prominant
peak at 580 keV, which they attributed to an excited
state. In [37], Mayer et al. observed with the ground-
state peak three additional weak peaks at 0.35, 0.8, and
2.1 MeV. Such later peaks have a low statistical signif-
icance and hence might be originating from the three
last upper levels proposed by Królas et al.. However, as-
suming that the transfer reactions did not produce the
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FIG. 4: Ground-state energies of calcium isotopes relative
to 40Ca compared with experiment and extrapolated energies
from the AME2003 atomic mass evaluation [24]. The panels
and results are labeled as in Fig. 2. The changes due to 3N
forces are highlighted by the shaded area in panel (c).

havior flattens to N=40 due to the weakly-bound f5/2
orbital. With NN-only forces in Fig. 4 (b) [as expected
from Fig. 1 (b)], all neutron-rich calcium isotopes are
overbound. In Fig. 4 (c) and (d) the repulsion due to
3N forces leads to less bound ground-state energies, and
improved agreement with experiment, which is amplified
with neutron number [in Fig. 4 (c) the Vlow k+3N(N2LO)
(KB3G SPE) results would lie on those of Vlow k+3N(∆)
(GXPF1 SPE)]. The repulsive 3N mechanism, discovered
for the oxygen anomaly [7], is therefore robust and gen-
eral for neutron-rich nuclei. With MBPT SPEs in the
pfg9/2 shell, the ground-state energies are further im-
proved, particularly at 52Ca, due to the higher p1/2. Our
results with 3N(N2LO) suggest a drip line around 60Ca,
which is close to the experimental frontier [25]. As the
predicted energies significantly flatten from N = 34−40,
the inclusion of continuum effects will be very important.

Another difference in the MBPT SPEs is the position
of the g9/2, which was taken at 1MeV in 41Ca with the
GXPF1 SPEs. For consistency all one-body contribu-
tions from 3N forces were calculated with a 40Ca core.
This results in the g9/2 lying just below the f5/2 orbit in
41Ca [see Fig. 1 (d)]. When a 60Ca core is used for the
g9/2 orbital, the additional 3N repulsion raises the g9/2 to
−1.11MeV, further improving our results. In this case,
the 2+ energy in 48Ca is at 4.4MeV, the ground-state
energies are raised by 1−2MeV past 48Ca, and the peak
B(M1) transition is concentrated at 10.2MeV, very close
to the experimental values. This suggests that a refined
3N inclusion to the SPEs will be very promising.

We have presented the first study of the role of 3N
forces for the formation and evolution of shell structure in
medium-mass nuclei. Our results show 3N forces are key
to explain the N = 28 magic number, leading to a high
2+ excitation energy and a concentrated magnetic dipole
transition strength in 48Ca. Our different 3N(N2LO) pre-
dictions can be taken as a range of uncertainty. This pre-
dicts a shell closure at N = 34 and suggests the drip line
around 60Ca, thus linking the 3N forces frontier to the
experimental frontier for neutron-rich nuclei.
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TABLE I. Frequency ratios (relative to stable 39K) and atomic mass-excess (ME) values of the investigated K and Ca isotopes.
The first displayed uncertainty is the statistical error while the second one is the systematic error (see text), the third error is
the total uncertainty which is the result of the statistical and systematic errors added in quadrature. δME is the deviation of
the AME’03 values [44, 45] with respect to our results (MEexpt − MEAME′03).

Isotopes Half-life νmeas
c /νref

c MEexpt (keV) MEAME′03 (keV) δME

44K4+
25 22.13(19) m 0.886306820(35)(7)(36) -35778.7(1.6)(0.3)(1.6) -35810(36) 31(36)

47K+
28 17.50(24) s 0.829689831(27)(11)(29) -35711.8(1.4)(0.6)(1.5) -35696(8) -15(8)

48K+
29 6.8(2) s 0.812328289(14)(13)(19) -32284.2(0.8)(0.7)(1.1) -32124(24) -160(24)

49K+
30 1.26(5) s 0.795691609(13)(14)(19) -29611.3(0.8)(0.9)(1.2) -30320(70) 708(70)

50K+
31 472(4) ms 0.77970242(13)(15)(13) -25727.6(7.7)(0.9)(7.8) -25352(278) -376(278)

49Ca+
29 8.718(5) m 0.795895563(20)(14)(24) -41300.0(1.2)(0.8)(1.5) -41289(4) -11(4)

50Ca+
30 13.9(6) s 0.779934672(26)(15)(30) -39589.0(1.6)(0.9)(1.9) -39571(9) -18(9)

trometer [20]. The set-up is also equipped with a surface
ion source located under the TITAN RFCT to supply
ions of stable alkali isotopes such as 39K for systematic
tests, optimization, and for mass calibration.

The short-lived neutron-rich K and Ca isotope beams
were produced by the TRIUMF’s ISAC (Isotope Sep-
arator and ACcelerator) radioactive beam facility [30]
with a surface ion source using a Ta target bombarded
by a ∼75-µA (and later reduced to ∼40 µA) 500-MeV
proton beam. The ISAC beams were mass separated
with a dipole magnet with a mass resolving power of
∼3000 and delivered to TITAN with a kinetic energy of
15 keV. The singly charged ion beams were injected into
the RFCT where they were decelerated electrostatically
and their transverse and longitudinal emittances were re-
duced with He buffer gas. The ions were subsequently
extracted as bunches with an energy of approximately 2
keV. The bunches were then either sent directly to the
Penning trap, or to the EBIT for charge breeding and
subsequently to the Penning trap. During this experi-
ment, the EBIT was utilized only for 44K (T1/2=22.13
m) as a proof-of-principle to achieve a charge state of
4+. 44K4+ was charge bred with an electron-beam en-
ergy of 3.95 keV, and a weak electron-beam current of less
than 1 mA produced by only warming up the Pierce-type
electron-gun cathode. The EBIT magnetic-field strength
was 4 T, the trapping potential was set to 100 V, and the
charge breeding time was 200 ms.

The mass measurements were performed with the well-
established time-of-flight ion cyclotron resonance (TOF-
ICR) technique [31]. For details of the TITAN measure-
ment procedure see Ref. [19]. Quadrupole RF excitation
times ranged from 8 to 997 ms, but excitation times of
147 and 997 ms were normally used. After RF excita-
tion of the trapped ions, they were ejected from the trap
and the energy gained during the excitation was adia-
batically converted in the decreasing magnetic field into
the axial energy, which was reflected in shorter time of
flights to a microchannel plate (MCP) detector. Full con-
version of the magnetron-to-cyclotron motion only oc-
cured when the RF frequency was equal to the ions’
cyclotron frequency, νc, which was thus determined by

FIG. 1. 49K+ and 50K+ TOF-ICR resonance curves. The
RF quadrupolar excitation times were 997 and 147 ms, re-
spectively. The red solid curve is a fit of the theoretically
expected line shape [31] to the data points.

scanning the frequency of the RF field. Typical TOF-
ICR curves obtained with 49K+ and 50K+ are shown
in Fig. 1. The ions’ mass was determined from the
relation νc = qB/(2πm), where q is the charge of the
trapped ions, m their mass, and B, the trap’s magnetic
field strength. 39K from the TITAN ion source was used
as mass reference to calibrate the trap’s magnetic field
strength. TOF-ICR measurements of 39K were taken be-
fore and after the resonance frequency measurements of
the neutron-rich K and Ca isotopes.

relevant for nuclear theory
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∆ν ≈ 1/Trf

R =
m

∆m
=

νc
∆νc

≈ νcTrf

≈ qBTrf

2πm

line width (FWHM):

⇒ resolution:

accurate, 
but not precise

precise, 
but not accurate

Precision
•exact theoretical description

•even for non-ideal traps

•off-line tests with stables

L.S. Brown and G. Gabrielse, Rev. Mod. Phys. 58, 233 (1986)
G. Bollen et al., J. Appl. Phys. 88, 4355 (1990)
M. König et al., Int. J. Mass Spect. 142, 95 (1995)
M. Kretzschmarr, Int. J. Mass Spect. 246, 122 (2007)

G. Bollen et al., J. Appl. Phys. 88, 4355 (1990)

Accuracy

http://www.sciencedirect.com/science/journal/01681176
http://www.sciencedirect.com/science/journal/01681176
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A typical 11Li resonance is shown in Fig. 2. The data
were analyzed following as closely as possible the well
established procedure of the ISOLTRAP experiment [16]
and the central frequency was found from a fit of the
theoretical line shape (as illustrated) [18]. To obtain this
resonance an excitation time of two half-lifes (18 ms) was
used. The theoretical line width of the 11Li resonance is
given as ! ! 1=Trf ¼ 56 Hz. The resonance shown in
Fig. 2 has a line width of approximately 60 Hz which is
close to this theoretical limit. Measurements of the masses
of 8;9Li were also made, using a 48 ms excitation time. The
results for the frequency ratios for these lithium isotopes
are shown in Table I. From these ratios new values for the
mass excess of these isotopes were derived using the recent
SMILETRAP measurement of the mass excess of 6Li,
!ð6LiÞ ¼ 14 086:882ð37Þ keV [24]. The quoted values in-
clude a systematic error which takes into account both
linear (!m=m ¼ 2% 10&9) and nonlinear (!m=m ¼ 7%
10&9) drifts of the magnetic field which where added in
quadrature to the statistical uncertainty. The effects of
deviations from the ideal electric and magnetic fields
were also explicitly probed by measurement of a range of
nuclei (4<m< 39 u), with respect to 6Li, in all cases
agreement, within error bars, was obtained between the
TITAN measurements and the literature values [see
Fig. 1(b)]. An upper limit on these effects was then derived
from the uncertainty in the TITAN measurements as
!m=m ¼ 1:5% 10&9 per mass unit difference between

the measured and reference ions (i.e., 7:5% 10&9 for
11Li). This was added linearly into the final error budget.
Using these mass measurements the two-neutron sepa-

ration energy, S2n, of
11Li was calculated to be 369.15

(65) keV. Figure 3 shows this new value along with those
calculated from all previous mass measurements of 11Li.
The value from CERN-PS [25] was obtained using a
magnetic dipole mass spectrometer. The TOFI-LANL
[26] result is a time-of-flight measurement of a fragmented
beam using an isochronous mass spectrometer. The KEK
[27] result is a 11Bð"&;"þÞ11Li reaction Q value and the
MSU [28] result is derived from the Q value of the
14Cð11B; 11LiÞ14O reaction. The previous best result was
achieved at ISOLDE by the transmission spectrometer
MISTRAL [29]. The MAYA experiment (also carried out
at TRIUMF) used an active target to study the 11Liðp; tÞ9Li
reaction [30]. The new 9Li value can be seen to be ten
times more accurate than the literature value and both the
values for 8;9Li show good agreement with previous
measurements.
Although in good agreement with the TOFI-LANL and

KEK results the MISTRAL measurement shows over two
sigma deviation from the MSU result. Analysis of recent
measurements of both the soft-dipole excitation, via in-
variant mass spectrometry, and the charge radius, via iso-
tope shifts, of 11Li requires the mass. However, due to this
uncertainty in the mass the invariant mass spectrometry
data were analyzed using the AME03 value whereas the
isotope-shift measurements used the MISTRAL result. It
was reported in [8] that using the MISTRAL result for the
11Li mass would enhance the total E1 strength by 6%.
Using the AME mass value for 11Li (11:043 798ð21Þ u)
in the analysis of the isotope-shift measurement results in a
charge radius of 2.465(19)(30) fm, where the first uncer-
tainty comes from the isotope-shift measurement, and the
second from the 7Li reference radius of 2.39(3) fm [31].

TABLE I. Frequency ratios, r ¼ #ref=#c, for
8;9;11Li and the

derived mass excesses, !. Also shown are the AME03 values for
the mass excesses for comparison [23]. The 8Li literature value is
derived by adding the average Q value for the 7Liðn;$Þ8Li
reaction (as given in [23]) to the recent SMILETRAP measure-
ment of the mass of 7Li [24].

Isotope r !TITAN (keV) !Lit (keV)

8Li 1:333 749 862ð18Þ 20 945.80(11) 20 945.799(65)
9Li 1:500 728 256ð34Þ 24 954.91(20) 24 954.3(19)
11Li 1:836 069 26ð11Þ 40 728.28(64) 40 797(19)

FIG. 3 (color online). 11Li two-neutron separation energies
derived from previous mass measurements: CERN-PS [25];
TOFI-LANL [26]; KEK [27]; MSU [28]; MISTRAL-ISOLDE
[29]; MAYA [34] and TITAN [this work]. All shown with respect
to the 2003 atomic mass evaluation [23]. The second gray line
shows the weighted average of all the values (which is essentially
identical to the TITAN result). The three most recent results are
shown inset on an expanded scale for better comparison.

FIG. 2 (color online). A typical 11Li resonance collected over
30 min, containing approximately 1000 ions. Here #c ¼
5 147 555 Hz. The solid line is a fit of the theoretical curve
[18] to the data.
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11Li: 8.8 ms

A typical 11Li resonance is shown in Fig. 2. The data
were analyzed following as closely as possible the well
established procedure of the ISOLTRAP experiment [16]
and the central frequency was found from a fit of the
theoretical line shape (as illustrated) [18]. To obtain this
resonance an excitation time of two half-lifes (18 ms) was
used. The theoretical line width of the 11Li resonance is
given as ! ! 1=Trf ¼ 56 Hz. The resonance shown in
Fig. 2 has a line width of approximately 60 Hz which is
close to this theoretical limit. Measurements of the masses
of 8;9Li were also made, using a 48 ms excitation time. The
results for the frequency ratios for these lithium isotopes
are shown in Table I. From these ratios new values for the
mass excess of these isotopes were derived using the recent
SMILETRAP measurement of the mass excess of 6Li,
!ð6LiÞ ¼ 14 086:882ð37Þ keV [24]. The quoted values in-
clude a systematic error which takes into account both
linear (!m=m ¼ 2% 10&9) and nonlinear (!m=m ¼ 7%
10&9) drifts of the magnetic field which where added in
quadrature to the statistical uncertainty. The effects of
deviations from the ideal electric and magnetic fields
were also explicitly probed by measurement of a range of
nuclei (4<m< 39 u), with respect to 6Li, in all cases
agreement, within error bars, was obtained between the
TITAN measurements and the literature values [see
Fig. 1(b)]. An upper limit on these effects was then derived
from the uncertainty in the TITAN measurements as
!m=m ¼ 1:5% 10&9 per mass unit difference between

the measured and reference ions (i.e., 7:5% 10&9 for
11Li). This was added linearly into the final error budget.
Using these mass measurements the two-neutron sepa-

ration energy, S2n, of
11Li was calculated to be 369.15

(65) keV. Figure 3 shows this new value along with those
calculated from all previous mass measurements of 11Li.
The value from CERN-PS [25] was obtained using a
magnetic dipole mass spectrometer. The TOFI-LANL
[26] result is a time-of-flight measurement of a fragmented
beam using an isochronous mass spectrometer. The KEK
[27] result is a 11Bð"&;"þÞ11Li reaction Q value and the
MSU [28] result is derived from the Q value of the
14Cð11B; 11LiÞ14O reaction. The previous best result was
achieved at ISOLDE by the transmission spectrometer
MISTRAL [29]. The MAYA experiment (also carried out
at TRIUMF) used an active target to study the 11Liðp; tÞ9Li
reaction [30]. The new 9Li value can be seen to be ten
times more accurate than the literature value and both the
values for 8;9Li show good agreement with previous
measurements.
Although in good agreement with the TOFI-LANL and

KEK results the MISTRAL measurement shows over two
sigma deviation from the MSU result. Analysis of recent
measurements of both the soft-dipole excitation, via in-
variant mass spectrometry, and the charge radius, via iso-
tope shifts, of 11Li requires the mass. However, due to this
uncertainty in the mass the invariant mass spectrometry
data were analyzed using the AME03 value whereas the
isotope-shift measurements used the MISTRAL result. It
was reported in [8] that using the MISTRAL result for the
11Li mass would enhance the total E1 strength by 6%.
Using the AME mass value for 11Li (11:043 798ð21Þ u)
in the analysis of the isotope-shift measurement results in a
charge radius of 2.465(19)(30) fm, where the first uncer-
tainty comes from the isotope-shift measurement, and the
second from the 7Li reference radius of 2.39(3) fm [31].

TABLE I. Frequency ratios, r ¼ #ref=#c, for
8;9;11Li and the

derived mass excesses, !. Also shown are the AME03 values for
the mass excesses for comparison [23]. The 8Li literature value is
derived by adding the average Q value for the 7Liðn;$Þ8Li
reaction (as given in [23]) to the recent SMILETRAP measure-
ment of the mass of 7Li [24].

Isotope r !TITAN (keV) !Lit (keV)

8Li 1:333 749 862ð18Þ 20 945.80(11) 20 945.799(65)
9Li 1:500 728 256ð34Þ 24 954.91(20) 24 954.3(19)
11Li 1:836 069 26ð11Þ 40 728.28(64) 40 797(19)

FIG. 3 (color online). 11Li two-neutron separation energies
derived from previous mass measurements: CERN-PS [25];
TOFI-LANL [26]; KEK [27]; MSU [28]; MISTRAL-ISOLDE
[29]; MAYA [34] and TITAN [this work]. All shown with respect
to the 2003 atomic mass evaluation [23]. The second gray line
shows the weighted average of all the values (which is essentially
identical to the TITAN result). The three most recent results are
shown inset on an expanded scale for better comparison.

FIG. 2 (color online). A typical 11Li resonance collected over
30 min, containing approximately 1000 ions. Here #c ¼
5 147 555 Hz. The solid line is a fit of the theoretical curve
[18] to the data.
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higher precision 

6

➡ longer excitation time 

➡ larger B

➡ more ions

➡ highly charged ions

⇒ CHARGE BREEDING

Advantages:

➡ more precise or 

➡ same precision in shorter time

➡ same precision with lower yield

➡ higher resolving power (isomers!)
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direct mass measuremnts in Penning trap: 
• highest precision
• ISOLTRAP @ CERN
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TABLE III. Result of the atomic-mass evaluation incorporating our present results. The experimental mass excesses Dexp from the ISOLTRAP cyclotron frequency ratio measurements
were calculated by using the most recent values for the mass of 85Rb, the electron mass, and the unified atomic mass unit, all given in the text. Uncertainties (in parentheses) refer to the
least significant digits of a quantity. The literature values Dlit are from Ref. [25], except the ones for 87Rb and 133Cs, which are from the MIT Penning trap measurement [27]. The adjusted
mass excess Dnew is the result of a complete midstream atomic-mass adjustment and reflects the status of September 2006. The last column shows the influence of the present ISOLTRAP
measurements on the final value. The slight change between the ISOLTRAP results and the AME values for 76,80Rb is due to rounding errors that occur in the additional calculation steps of
the AME. The second part of the table shows the nuclides that are indirectly influenced by the present mass measurements; the relevant mass relation as well as the literature masses and the
new adjusted mass excesses are indicated.

Nuclide Dexp Dlit Dexp − Dlit Dnew Infl.
(keV) (keV) (keV) (keV) (%)

2000 2002 2003 mean

64Zn −65 998.6(7.8) −65 998.6(7.8) −65 999.5(1.7) 0.9(8.0) −66 003.56(68) 0
71Ga −70 137.5(1.2) −70 137.5(1.2) −70 136.8(1.8) −0.7(2.2) −70 139.14(79) 42
74Ga −68 047(21) −68 019(32) −68 041(18)a −68 050(70) 9(72) −68 049.6(3.7) 0
74Rb −51 905(18)b −51 917.3(4.8)c −51 910.7(7.0)c −51 914.7(3.9) −51 730(720) −180(720) −51 917.0(3.7) 84
75Rb −57 218.6(1.6) −57 225(20) −57 218.7(1.6) −57 222.0(8.0) 3.3(8.2) −57 218.7(1.6) 100
76Rb −60 479.8(1.8)b −60 488(14) −60 477.0(1.5) −60 478.1(1.1) −60 481.0(8.0) 2.9(8.1) −60 478.1(1.2) 100
77Rb −64 830.5(1.3) −64 830.5(1.3) −64 826.0(8.0) −4.5(8.1) −64 830.5(1.3) 100
79Rb −70 803.0(2.1) −70 803.0(2.1) −70 797.0(7.0) −6.0(7.3) −70 803.0(2.1) 100
80Rb −72 175.4(1.8) −72 175.4(1.8) −72 173.0(7.0) −2.4(7.2) −72 175.5(1.9) 100
83Rb −79 070.6(2.3) −79 070.6(2.3) −79 073.0(6.0) 2.4(6.4) −79 070.6(2.3) 100
84Sr −80 649.5(1.4) −80 649.5(1.4) −80 644.0(3.0) −5.5(3.3) −80 648.7(1.3) 86
87Rb −84 597.94(75) −84 597.94(75) −84 597.795(12) −0.14(75) −84 597.795(12) 0
88Sr −87 938(18) −87 938(18) −87 919.7(2.2) −18(19) −87 922.0(1.1) 0
133Cs −88 072.5(1.5) −88 072.5(1.5) −88 070.958(22) −1.6(1.5) −88 070.960(22) 0

71Ge primary, via 71Ge(ε)71Ga −69 904.9(1.7) −69 906.65(80) 32
72Ga primary, via 71Ga(n, γ )72Ga −68 586.5(2.0) −68 588.30(79) 29
75Sr tertiary, via 75Sr(ε)75Rb −46 650(300)d −46 620(220) 100
82Sr primary, via 84Sr(p, t)82Sr −76 009.0(6.0) −76 010.7(5.4) 41
84Rb primary, via 84Rb(β−)84Sr −79 750.0(3.0) −79 752.8(2.7) 34
84Y secondary, via 84Y(β+)84Sr −74 160(90) −74 163(91) 86

aA possible isomeric contamination has been corrected for.
bThis result has been published previously [24].
cThis result has been published previously [13].
dMass excess estimated from systematic trends.
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TABLE III. Result of the atomic-mass evaluation incorporating our present results. The experimental mass excesses Dexp from the ISOLTRAP cyclotron frequency ratio measurements
were calculated by using the most recent values for the mass of 85Rb, the electron mass, and the unified atomic mass unit, all given in the text. Uncertainties (in parentheses) refer to the
least significant digits of a quantity. The literature values Dlit are from Ref. [25], except the ones for 87Rb and 133Cs, which are from the MIT Penning trap measurement [27]. The adjusted
mass excess Dnew is the result of a complete midstream atomic-mass adjustment and reflects the status of September 2006. The last column shows the influence of the present ISOLTRAP
measurements on the final value. The slight change between the ISOLTRAP results and the AME values for 76,80Rb is due to rounding errors that occur in the additional calculation steps of
the AME. The second part of the table shows the nuclides that are indirectly influenced by the present mass measurements; the relevant mass relation as well as the literature masses and the
new adjusted mass excesses are indicated.

Nuclide Dexp Dlit Dexp − Dlit Dnew Infl.
(keV) (keV) (keV) (keV) (%)

2000 2002 2003 mean

64Zn −65 998.6(7.8) −65 998.6(7.8) −65 999.5(1.7) 0.9(8.0) −66 003.56(68) 0
71Ga −70 137.5(1.2) −70 137.5(1.2) −70 136.8(1.8) −0.7(2.2) −70 139.14(79) 42
74Ga −68 047(21) −68 019(32) −68 041(18)a −68 050(70) 9(72) −68 049.6(3.7) 0
74Rb −51 905(18)b −51 917.3(4.8)c −51 910.7(7.0)c −51 914.7(3.9) −51 730(720) −180(720) −51 917.0(3.7) 84
75Rb −57 218.6(1.6) −57 225(20) −57 218.7(1.6) −57 222.0(8.0) 3.3(8.2) −57 218.7(1.6) 100
76Rb −60 479.8(1.8)b −60 488(14) −60 477.0(1.5) −60 478.1(1.1) −60 481.0(8.0) 2.9(8.1) −60 478.1(1.2) 100
77Rb −64 830.5(1.3) −64 830.5(1.3) −64 826.0(8.0) −4.5(8.1) −64 830.5(1.3) 100
79Rb −70 803.0(2.1) −70 803.0(2.1) −70 797.0(7.0) −6.0(7.3) −70 803.0(2.1) 100
80Rb −72 175.4(1.8) −72 175.4(1.8) −72 173.0(7.0) −2.4(7.2) −72 175.5(1.9) 100
83Rb −79 070.6(2.3) −79 070.6(2.3) −79 073.0(6.0) 2.4(6.4) −79 070.6(2.3) 100
84Sr −80 649.5(1.4) −80 649.5(1.4) −80 644.0(3.0) −5.5(3.3) −80 648.7(1.3) 86
87Rb −84 597.94(75) −84 597.94(75) −84 597.795(12) −0.14(75) −84 597.795(12) 0
88Sr −87 938(18) −87 938(18) −87 919.7(2.2) −18(19) −87 922.0(1.1) 0
133Cs −88 072.5(1.5) −88 072.5(1.5) −88 070.958(22) −1.6(1.5) −88 070.960(22) 0

71Ge primary, via 71Ge(ε)71Ga −69 904.9(1.7) −69 906.65(80) 32
72Ga primary, via 71Ga(n, γ )72Ga −68 586.5(2.0) −68 588.30(79) 29
75Sr tertiary, via 75Sr(ε)75Rb −46 650(300)d −46 620(220) 100
82Sr primary, via 84Sr(p, t)82Sr −76 009.0(6.0) −76 010.7(5.4) 41
84Rb primary, via 84Rb(β−)84Sr −79 750.0(3.0) −79 752.8(2.7) 34
84Y secondary, via 84Y(β+)84Sr −74 160(90) −74 163(91) 86

aA possible isomeric contamination has been corrected for.
bThis result has been published previously [24].
cThis result has been published previously [13].
dMass excess estimated from systematic trends.
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TABLE III. Result of the atomic-mass evaluation incorporating our present results. The experimental mass excesses Dexp from the ISOLTRAP cyclotron frequency ratio measurements
were calculated by using the most recent values for the mass of 85Rb, the electron mass, and the unified atomic mass unit, all given in the text. Uncertainties (in parentheses) refer to the
least significant digits of a quantity. The literature values Dlit are from Ref. [25], except the ones for 87Rb and 133Cs, which are from the MIT Penning trap measurement [27]. The adjusted
mass excess Dnew is the result of a complete midstream atomic-mass adjustment and reflects the status of September 2006. The last column shows the influence of the present ISOLTRAP
measurements on the final value. The slight change between the ISOLTRAP results and the AME values for 76,80Rb is due to rounding errors that occur in the additional calculation steps of
the AME. The second part of the table shows the nuclides that are indirectly influenced by the present mass measurements; the relevant mass relation as well as the literature masses and the
new adjusted mass excesses are indicated.

Nuclide Dexp Dlit Dexp − Dlit Dnew Infl.
(keV) (keV) (keV) (keV) (%)

2000 2002 2003 mean

64Zn −65 998.6(7.8) −65 998.6(7.8) −65 999.5(1.7) 0.9(8.0) −66 003.56(68) 0
71Ga −70 137.5(1.2) −70 137.5(1.2) −70 136.8(1.8) −0.7(2.2) −70 139.14(79) 42
74Ga −68 047(21) −68 019(32) −68 041(18)a −68 050(70) 9(72) −68 049.6(3.7) 0
74Rb −51 905(18)b −51 917.3(4.8)c −51 910.7(7.0)c −51 914.7(3.9) −51 730(720) −180(720) −51 917.0(3.7) 84
75Rb −57 218.6(1.6) −57 225(20) −57 218.7(1.6) −57 222.0(8.0) 3.3(8.2) −57 218.7(1.6) 100
76Rb −60 479.8(1.8)b −60 488(14) −60 477.0(1.5) −60 478.1(1.1) −60 481.0(8.0) 2.9(8.1) −60 478.1(1.2) 100
77Rb −64 830.5(1.3) −64 830.5(1.3) −64 826.0(8.0) −4.5(8.1) −64 830.5(1.3) 100
79Rb −70 803.0(2.1) −70 803.0(2.1) −70 797.0(7.0) −6.0(7.3) −70 803.0(2.1) 100
80Rb −72 175.4(1.8) −72 175.4(1.8) −72 173.0(7.0) −2.4(7.2) −72 175.5(1.9) 100
83Rb −79 070.6(2.3) −79 070.6(2.3) −79 073.0(6.0) 2.4(6.4) −79 070.6(2.3) 100
84Sr −80 649.5(1.4) −80 649.5(1.4) −80 644.0(3.0) −5.5(3.3) −80 648.7(1.3) 86
87Rb −84 597.94(75) −84 597.94(75) −84 597.795(12) −0.14(75) −84 597.795(12) 0
88Sr −87 938(18) −87 938(18) −87 919.7(2.2) −18(19) −87 922.0(1.1) 0
133Cs −88 072.5(1.5) −88 072.5(1.5) −88 070.958(22) −1.6(1.5) −88 070.960(22) 0

71Ge primary, via 71Ge(ε)71Ga −69 904.9(1.7) −69 906.65(80) 32
72Ga primary, via 71Ga(n, γ )72Ga −68 586.5(2.0) −68 588.30(79) 29
75Sr tertiary, via 75Sr(ε)75Rb −46 650(300)d −46 620(220) 100
82Sr primary, via 84Sr(p, t)82Sr −76 009.0(6.0) −76 010.7(5.4) 41
84Rb primary, via 84Rb(β−)84Sr −79 750.0(3.0) −79 752.8(2.7) 34
84Y secondary, via 84Y(β+)84Sr −74 160(90) −74 163(91) 86

aA possible isomeric contamination has been corrected for.
bThis result has been published previously [24].
cThis result has been published previously [13].
dMass excess estimated from systematic trends.
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FIG. 4: Summary histogram of the fractional uncertainties attributable to each experimental and theoretical input factor that
contributes to the final Ft values for the “traditional nine” superallowed transitions.

B. Ft value error budgets

We show the contributing factors to the individual Ft-value uncertainties in Fig. 4 for the ”traditional nine” cases
and in Fig. 5 for the remaining eleven. For most of the cases that contribute to the CVC test – 26Alm to 54Co in
Fig. 4 as well as 62Ga and 74Rb in Fig. 5 – the theoretical uncertainties are greater than, or comparable to, the
experimental ones. In these cases, the nuclear-structure-dependent correction, δC − δNS , contributes an uncertainty
of 3-7 parts in 104 to all Ft values between 26Alm and 54Co but jumps up to 20-30 parts in 104 for 62Ga and 74Rb
because of nuclear-model ambiguities. For its part, the nucleus-dependent radiative correction, δ′R, has an uncertainty
that starts very small but grows smoothly with Z2. This is because the contribution to δ′R from order Z2α3 has only
been estimated from its leading logarithm [176] and the magnitude of this estimate has been taken as the uncertainty
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FIG. 5: Summary histogram of the fractional uncertainties attributable to each experimental and theoretical input factor that
contributes to the final Ft values for the eleven other superallowed transitions. Where the error is shown as exceeding 60 parts
in 104, no useful experimental measurement has been made.
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operators, then |i〉 and |f 〉 are exact isospin analogs of each
other, 〈π |bα|i〉 = 〈f |a†

α|π〉∗, and the symmetry-limit matrix
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element is

M0 =
∑

α,π

|〈f |a†
α|π〉|2. (5)

If isospin is not an exact symmetry, then |i〉 and |f 〉 are not
isospin analogs and a correction to M0 needs to be evaluated.
This is the isospin-symmetry-breaking correction, δC , we seek
to determine. It is defined by

M2
F = M2

0 (1 − δC). (6)

Ideally, to obtain δC one would compute Eq. (4) using the shell
model and introduce Coulomb and other charge-dependent
terms into the shell-model Hamiltonian. However, because the
Coulomb force is long range, the shell-model space would
have to be huge to include all the potential states with which
the Coulomb interaction might connect. Currently, this is not
a practical proposition.

To proceed with a manageable calculation, we have devel-
oped a model approach [7,178,179] in which δC is divided into
two parts:

δC = δC1 + δC2. (7)

For δC1, we compute
∑

α,π

〈f̄ |a†
α|π〉〈π |bα|ı〉 = M0(1 − δC1)1/2, (8)

055502-12

Q-value

uncertainty of δc due to charge radius
⇒ reduced by laser spectroscopy!

Ft-value

see talk by E. Mané

J. C. Hardy & I.S. Towner, 
Phys. Rev. C 79, 055502 (2009)
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TITAN @ TRIUMF
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off-line ion source

SCI

SCI

a) SCI

SCI

b) HCI

Time-of-flight gate

SCI SCI

Figure 1: (colour on-line) The TITAN experimental setup which includes a RFQ, a high-
precision Penning trap, an EBIT, a time-of-flight gate and an off-line ion source. a) Shown
in red is the path of the beam when mass measurement on singly charged ions (SCI) is
performed. b) In blue is the path for highly charged ions (HCI) mass measurement.

cause the precision of mass measurements performed using Penning traps
linearly increases with the charge state.

The high-precision mass measurements carried out at TITAN (shown in
figure 1) are achieved through a series of steps. First, the continuous ion
beam from ISAC (Isotope Separator and ACcelerator) is delivered to TI-
TAN where it is cooled and bunched using a gas-filled linear radio-frequency
quadrupolar (RFQ) trap [26]. The subsequent step depends on whether a
mass measurement is performed using singly charged ions (SCI), or highly
charged ions. The ions can either be transferred to an electron-beam ion trap
(EBIT) [27, 28], where charge breeding takes place (blue path in figure 1),
or sent directly to the Penning trap (MPET) where the mass of the ion of
interest is determined (red path in figure 1).

Precision and accuracy are critical for high impact mass measurement in
particular for experiments where relative uncertainty on the level of δm/m ≤
5×10−9. Therefore, it is critical to ensure that the TITAN Penning trap
can accurately perform mass measurement at this level of precision. This
paper gives a detailed description of the TITAN Penning trap and documents
the various systematic studies performed in order to ensure reliable mass

3

Simulation and Testing of a Bradbury-Nielsen Gate TRIUMF 2010

d (µm) Transmission (%) Slope %
V

20 90.9± 0.3 −0.0006± 0.0004
42 95.4± 0.3 −0.0005± 0.0003
58 96.7± 0.3 −0.0004± 0.0003

71.5 97.1± 0.3 −0.0003± 0.0003

3 Mechanical Parts

3.1 Pictures

Figure 13 and Figure 14 are pictures of the assembled Bradbury-Nielsen gate
before it was mounted on a flange and installed in the beam line.

Figure 13: Frame with a 42 mil wire spacing.

11

Bradbury-Nielsen

see poster #310: A.T. Gallant

to be tested soon:
Cooler Penning trap

see poster #934
V. V. Simon
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charge breeding of 75Rb
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76Rb
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•first mass measurement of radioactive HCIs

•stat. uncertainty of < 300 eV achieved in a few hours
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Ramsey excitation of 75Rb
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Ramsey excitation:
•2 excitation pulses
•improves precision by a factor 2 - 3 

HCI
during this beamtime demonstrated 
up to q=12+

compared to conventional method: 
improvement by factor >24 
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74Rb
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 BUT 
•data of < 20 hours 
•power outage during 74Rb => reconditioning of EBIT => lower efficiency
=> „easy‰ improvement next time
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charge exchange with residual gas
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pressure (below MCP):
5.7.10-10 Torr (2009)
3.5.10-10 Torr (2010)

Open questions:
•impact of charge exchange on fc? 
•ion-ion interaction?
•what is the ÂrightÊ TOF range?

⇒ improvement of vacuum desirable 

but demonstrated Trf = 1 s with 76Rb8+ 
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results
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error budget 75Rb
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M. Brodeur et al, PRC 80, 044318 (2009)

 < 5 ppb demonstrated alreadyfurther vacuum 
improvements
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HCI and isomers
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78mRb

78Rb

111.2 keV

q=8+  & Trf = 197 ms q=1+  & Trf = 997 ms
Calculation:

Measurement:

∆ν ≈ 1/Trf

νc =
1

2π

q

m
B

A.T. Gallant et al., in preparation
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HCI and isomers
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Trf = 2.9 . T1/2

20 ms charge breeding
Trf = 2.9 . T1/2

data from Nuclear Wallet Cards

R ∝ qBTrf

m
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n -rich Rb,Sr
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V. V. Simon et al., in preparation

preliminary

see talk by P. Kunzfirst UC-target @ TRIUMF 

charge breeding in EBIT
electron beam: 10 → 30 mA
breeding time:  23 - 35 → 80 ms
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n -rich Rb,Sr
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V. V. Simon et al., in preparation

preliminary

see talk by P. Kunzfirst UC-target @ TRIUMF 

charge breeding in EBIT
electron beam: 10 → 30 mA
breeding time:  23 - 35 → 80 ms
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⇒ charge state q=15+

maximal electron beam: 500 mA (400 mA demonstrated)
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summary
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• accurate and precise masses are essential ⇒ Penning traps
• HCI boost precision by factor q

➡ more precise (required for weak interaction studies)
➡ same precision in shorter time
➡ same precision with lower yield
➡ higher resolving power (isomers)

• first mass measurement of highly charged, short-lived nuclides 
• Rb, Ga, and Sr isotopes measured with q= 8 - 15+
• superallowed beta emitter 74Rb (65 ms): improved Q-value
• demonstrated potential for resolving isomers: 78m,78Rb
• BUT 

➡ reduce systematics to demonstrated level for SCI
➡ improve vacuum further to avoid charge exchange
➡ improve charge breeding (higher current, efficiency,... )
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