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Halo nuclei properties

S2N

Halos are untypical nuclei characterized by:

• Tiny one- or two- neutron separation energy
Sxn = m(Z,N-x) + x mn - m(Z,N)
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I. Tanihata et al., PLB 202, 592 (1988)

• Large matter distribution 
(larger than the usual A1/3 dependence) 

A. Ozawa et al., NPA 691, 599 (2001)

most
nuclei

n-halo
nuclei

n p

• Large difference in charge and matter radii

R. Sanchez et al., PRL 96, 033002 (2006)
P. Mueller et al., PRL 99, 252501 (2007)
H. de Vries et al., ADTNT 36, 495 (1987)

• S2n regulates extent of halo structure

• Hansen & Jonson model for 11Li: 9Li core + 2n

Halo “=“ RMatter - RCharge

11Li

• Halo formed by the valence neutrons QM leakage
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Relevance of the atomic mass

For 8He, M.S. 72 000 times larger than F.S. 
and needs to be known at same precision 
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Penning Trap Experiments with the Most Exotic Nuclei on Earth:

Precision Mass Measurements of Halo Nuclei
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Exotic nuclei are the unstable brothers of the ‘normal’, stable nuclei with an extremely unbalanced

protons-to-neutrons ratio. The most exotic nuclei ever produced are the halo isotopes of helium

and lithum with up to three time more neutrons than protons (compared to the balanced ratio in

C-12). Teetering on the edge of nuclear stability, the properties of these exotic halo nuclei have long

been recognized as the most stringent tests of our understanding of the strong force. Nuclear halos,

which were first discovered in the 1980s [1], are an exotic form of nuclear matter that continue

to defy the considerable scientific efforts focused upon them.
11

Li belongs to a special category

of halos called Borromean, bound as a three-body family, while the two-body siblings,
10

Li and

2n, are unbound as separate entities. Last year, a first mass measurement of the radioisotope
11

Li

using a Penning trap spectrometer was carried out at the TITAN (Triumfs Ion Trap for Atomic and

Nuclear science) facility [2] at TRIUMF-ISAC. Penning traps are proven to be the most precise

device to make mass measurements, yet until now they were unable to reach these nuclei. At

TRIUMF we managed [3] to measure the mass of
11

Li to an unprecedented accuracy of δm/m
= 6 · 10

−8
, which is remarkable for the fact that it has a half-life of only 8.8 ms making it the

shortest-lived nuclide ever to be measured with this technique. Furthermore, new and improved

masses for the two and four neutrons halo
6,8

He [4], as well has the one neutron halo
11

Be [5]

have been performed. An overview of the TITAN mass measurement program and its impact in

understanding the most exotic nuclei will be given.
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FIG. 2: Left: Charge radius of lithium [4] and helium isotopes [6]. Note the sharp increase for
6
He followed by a decrease for

8
He. Right: RMS matter radius of lithium [2] and helium isotopes [7].

In the study of halo nuclei, there are two important representative quantities: the matter and charge radii. The first

is a measure of the density distribution of the nuclei and a sharp increase of it along an isotopic chain, as shown in

Figure 2, is the signature of a halo nuclei. The second, is a measure of the “shape” of the halo or the correlation

between its constituents. Both of these quantities are strongly mass-dependant, thus a precise and accurate knowledge

of the mass of these halo nuclei is critical.

II. MOTIVATIONS FOR THE MASS MEASUREMENT

As the two-proton wave-function of helium is mainly in a spherical 1s-state, any changes in the charge radius of

helium isotope is a reflection of the motion of the core due to a non-centric centre of mass. As previously discussed, a

halo nuclei comprise a tightly bounded core surrounded by one to four loosely bounded nucleons. There are two helium

halo nuclei;
6
He and

8
He. Both comprise a

4
He core accompanied by respectively two and four orbiting neutrons. The

correlation between these excess neutrons gives two possible situations. In the first situation, the neutrons spent more

time together on one side of the nuclei, inducing recoil of the core, which smears the charge distribution of the nuclei.

This is observed as an increase of the charge radius. This case correspond to several borromean types of halo nuclei

such as:
6
He,

11
Li,

14
Be and the potential di-proton halo

17
Ne. The other type of correlation is a more spherical one

were the neutrons spent most of their time away from each other, reducing the centre of mass shift and consequently

the nuclear charge radius. This can be the case of the four-neutron halo
8
He [? ].

The nuclear charge radius of
8
He as been recently determined from isotopic shift measurements [6]. The isotopic

shift is given by the following expression:
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shift KSMS due to electron correlations. The second contribution to the isotopic shift, the field shift δA,A�

FS :
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FS = KFS · δ < r2
c >A,A�

, (3)

is the one from which the nuclear charge radius can be extracted. The field constant KFS , as well as the two mass

shift constants are all precisely known quantities [8]. Figure 3 shows the variation of charge and matter radius along

the lithium and helium isotopic chain. While the matter radius increases quite promptly for the di-neutrons
6
He and

11
Li, it shows only a slight increase for

8
He compared to

6
He. This is a consequence that

8
He has a four neutrons

halo structure rather than a
6
He core plus two halo neutrons. The charge radius increase

6
He and

11
Li, consequence

of the strong correlation between the neutrons, but decreases for the more spherical
8
He. Finally, as discussed in [6],

the biggest contribution to the error on the
8
He charge radius comes from the uncertainty on the nuclear mass of

8
He.

Thus, an accurate and precise mass measurement is necessary in order to confirm the nature of
8
He. This will be the

main topic of that Ph.D. thesis.
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Thus, an accurate and precise mass measurement is necessary in order to confirm the nature of
8
He. This will be the

main topic of that Ph.D. thesis.
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Exotic nuclei are the unstable brothers of the ‘normal’, stable nuclei with an extremely unbalanced

protons-to-neutrons ratio. The most exotic nuclei ever produced are the halo isotopes of helium

and lithum with up to three time more neutrons than protons (compared to the balanced ratio in

C-12). Teetering on the edge of nuclear stability, the properties of these exotic halo nuclei have long

been recognized as the most stringent tests of our understanding of the strong force. Nuclear halos,

which were first discovered in the 1980s [1], are an exotic form of nuclear matter that continue

to defy the considerable scientific efforts focused upon them.
11

Li belongs to a special category

of halos called Borromean, bound as a three-body family, while the two-body siblings,
10

Li and

2n, are unbound as separate entities. Last year, a first mass measurement of the radioisotope
11

Li

using a Penning trap spectrometer was carried out at the TITAN (Triumfs Ion Trap for Atomic and

Nuclear science) facility [2] at TRIUMF-ISAC. Penning traps are proven to be the most precise

device to make mass measurements, yet until now they were unable to reach these nuclei. At

TRIUMF we managed [3] to measure the mass of
11

Li to an unprecedented accuracy of δm/m
= 6 · 10

−8
, which is remarkable for the fact that it has a half-life of only 8.8 ms making it the

shortest-lived nuclide ever to be measured with this technique. Furthermore, new and improved

masses for the two and four neutrons halo
6,8

He [4], as well has the one neutron halo
11

Be [5]

have been performed. An overview of the TITAN mass measurement program and its impact in

understanding the most exotic nuclei will be given.

ωc(measured) = ωc(ideal) + ∆ωc(C4) + ∆ωc(C6) + ... (1)

νc =
1

2π

q · B

M
= ν− + ν+ (2)

W = −Er(νRF )

B0
Bz(z) (3)

δνA,A�
= νA − νA�

= δνA,A�

MS + δνA,A�

FS (4)

ν− � ν+ (5)

νRF = νc = ν− + ν+ (6)

∗ This work was supported by the Natural Sciences and Engineering Research Council of Canada and the National
Research Council of Canada.

Directly: neutron separation energies

Sn = m(Z,N-1) + mn - m(Z,N)

Indirectly: relative charge radius δrc 
determination via isotopic shifts 
measurement (of atomic energy levels)

The atomic mass is involved in determination of both rc and S2N
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Figure 1.3: Dependance of the field shift and mass shift on mass number.

Error 6He (%) 8He(%)
Statistical 6 18

Atomic mass 19 58
Other systematics 75 24

Table 1.1: Relative contributions, in percent, of various sources of errors
on the charge radius of 6,8He coming from the isotopic shift measurement
[Mue07]. Note that the error from the atomic mass of 8He accounts for over
half of the total error, while it is almost 20% for 6He.

The comparatively large size of the mass shift term compared to the field
shift term requires that in order for both terms to be known to a similar
absolute precision, the mass shift term must be known to a considerably
larger relative precision. Since the mass shift term is inversely proportional
to the atomic mass and the field shift term is proportional to the charge
radius, in order to have a reliable charge radius a precise mass determination
is important. In the case of 8He, the atomic mass value is, in fact, the
dominant source of systematic uncertainty on the charge radius. Table 1.1
shows that the atomic mass constitutes 58% of the uncertainty on the results
of the isotopic shift measurement of 8He and 19% for the case of 6He [Mue07].

In order to minimize the contribution of the atomic mass to the charge
radius uncertainty, we estimate that the mass excesses of 6He and 8He need
to be known at levels of 350 eV and 730 eV, respectively. Mass excess is
generally referred to as the difference between the atomic mass and the mass
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Importance of mass measurement

5

Mass is the major contribution to the error on 8He 
relative charge radius 

IS Statistical

IS systematics

Error budget on relative charge radii

accurate, 
but not precise

precise, 
but not accurate

... masses also need to be more accurate!

The two 8He measurements differs by 20
(19) keV, which could lead to change in 
relative charge radius of 40%

Error calculated from: P. Mueller et al., PRL 99, 252501 (2007) 

Mass precision required < 350 eV for 6He
                                       < 730 eV for 8He

relative uncertainty of  
~ 1x10-7 on the mass 
needed

1.1. Nuclear halos

Isotope Ref. M.E. (keV)

6
He [Aud03] 17 595.11 ± 0.76

8
He [Aud03] 31 598.0 ± 6.9

8
He [Tri77] 31 593 ± 8

8
He [Kou75] 31 613 ± 17

Table 1.2:
6
He and

8
He mass excesses from the AME03 and the major

contributions to the AME03
8
He mass evaluation.

in the case of
8
He, an improvement in the precision of almost a factor of ten is

needed to offset the impact of the mass uncertainty whereas an improvement

of a factor of two is necessary for
6
He.

In addition to improving the precision level, there is a need to verify the

accuracy of the mass values for
6
He and

8
He. The precision is a measure

of the reproducibility of the measurement, while the accuracy measure its

correctness. The best way to confirm the accuracy of a measurement is to

have an independent verification of this measurement at a similar or better

level of precision. Table 1.2 shows the two major contributions ([Kou75] and

[Tri77]) to the mass evaluation of
8
He. These two results differs by 20 ± 19

keV, which means that the value of the charge radius of
8
He can fluctuate

by as much as 40%. Therefore, precise and accurate mass values for the halo

nuclei
6
He and

8
He are important to increase the reliability of the charge

radius value.

With a precise and accurate knowledge of the charge radius and binding

energies of the
6
He and

8
He halos, one can test the validity of the current

nuclear theories all of which attempt to explain the complex interactions

within the nucleus. For example, ab-initio (from first principle) methods are

one of the more sophisticated approaches to investigating the nuclear sys-

tem. These methods use nucleons as the building block and the Schrödinger

equation to compute the nuclear properties (see section 1.3 for more de-

tails). However, the complexity of the calculation increases rapidly with the

number of nuclei and it is currently limited to systems with mass number

A � 10. Within this mass range, there are two systems that offers unique

opportunity to test these ab-initio methods, the neutron halo nuclei
6
He and

8
He. Explaining the extreme properties of halo nuclei such as their very low

valence neutron separation energy, large matter radius and large difference

between charge and matter radius poses a challenge to the ab-initio meth-

ods. For example, for some methods [Pie07], the calculation of the charge

8
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Need 2x more precise
Need 10x more precise

Tabulated mass excesses (M.E. = m - A)

G.  Audi et al., NPA 729, 337 (2003) 
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Motivation for mass measurement

Two-neutron separation 
energy (S2N)

Check if predicted 
bound nuclei (S2N > 0)

Fig. 3 are the values from ab initio calculations based on
the no-core shell model (NCSM) [17] and Green’s function
Monte Carlo (GFMC) techniques [18]. Apart from those,
there are a number of cluster model calculations providing
values for rms point-proton and matter radii of both iso-
topes [19].

Most strikingly, the rms charge radius decreases signifi-
cantly from 6He to 8He, while the matter radius seems to
increase. The larger matter radius of 8He is consistent with
there being more neutrons and more nucleons altogether.
On the other hand, the larger charge radius of 6He is
consistent with the interpretation that the two neutrons
are correlated so that on average they spend more time
together on one side of the core rather than on opposite
sides. As a result, the recoil motion of the !-like core
against the correlated pair of neutrons smears out the
charge distribution. In 8He, the four excess neutrons are
distributed in a more spherically symmetric fashion in the
halo and the smearing of the charge in the core is corre-
spondingly less, leading to a reduction in the charge radius.
These effects are reproduced rather well by ab initio cal-
culations, giving further confidence in our understanding
of nuclear forces and in the method of calculation.
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erator (Service des Accélérateurs) and physical technical
(Service Techniques de la Physique) staff. We thank J. P.
Schiffer, S. C. Pieper, and R. B. Wiringa for stimulating
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C. L. Jiang, M. Notani, R. C. Pardo, K. E. Rehm,
B. Shumard, and X. Tang for contributions in the early
phase of this experiment. This work was supported by the
U.S. Department of Energy, Office of Nuclear Physics,
under Contract No. DE-AC02-06CH11357. G. Drake ac-
knowledges support by NSERC and by SHARCnet. The
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FIG. 3 (color online). Comparison of rms point-proton radii
(circles) and matter radii (triangles) for 6He and 8He between
experiment (solid symbols) and theory (open symbols). The
vertical bands represent experimental error bands, consistent
with the spread and error bars of the reported values, and the
4He rms point-proton radius from [7]. For comparison, the 3He
point-proton radius is 1:77!1" fm [6].

PRL 99, 252501 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
21 DECEMBER 2007

252501-4

from Muller et al., ab-initio 
theories charge radius predictions 
for 6,8He agree with value from 
isotopic shift measurement 

6,8He halo masses

Charge radius (rc)

Does it still hold using the more 
accurate & precise values obtained 
from the TITAN masses?

Binding energy (EB)

Unveil systematic 
deviations in EB predictions

How well these methods predicts 
other observables?

Figure from: P. Mueller et al., PRL 99, 252501 (2007) 

Besides metrology, why do we need to increase charge radii precision?

Need more precise and accurate mass for reliable test of nuclear theory
Current experimental charge radii are at a similar level of precision as theory

(No-Core Shell Model)
(Green Function Monte-Carlo)

(No-Core Shell Model)
(Green Function Monte-Carlo)

matter radii from nuclear
scattering experiments

matter radii from nuclear
scattering experiments

charge radius from isotopic shift

charge radius from isotopic shift
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Measurement device

7

Recall relative uncertainty of δm/m ~ 10-7 
needed for the mass determination of 6,8He

Only spectrometers that can achieve such precision 
and tested to reach this accuracy: Penning traps

Performed measurement with 
TITAN Penning trap at TRIUMF



Maxime Brodeur TCP2010 conference

6,8He production at ISAC
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TITAN

TRINAT

p
500 MeV
proton beam

Target

Mass
separatorLow energy

beam line

Lifetime
experiments

RFQ post
accelerator

DRAGON

TUDA

8!

ISAC hall

Location of the TITAN Penning trap at the TRIUMF ISAC facility

3) contamination removed using mass 
separator (resolution: m/Δm = 3000)

1) 500 MeV protons from cyclotron

protons

2) protons hit thick target, unstable nuclei 
produced, diffuse, get ionized, extracted

2.1. Beam production and separation at ISAC

Figure 2.3: The ISAC production and and separation room. This room

includes two target stations, target and ion sources, a pre-separator and a

high-resolution (m/∆m = 3000) magnet separator. Also shown is a render-

ing of the target and a surface ion source.

by the so-called Forced Electron Beam Ion Arc Discharge (FEBIAD) source

[Bri08]. Using this technique, ionization is done via a plasma generated by

injecting atomic gas into a chamber where a hot filament produces electrons.

The feature of this technique is that it is non-selective and can ionize various

gas molecules in the chamber. This leads to an ion beam with possible

isobaric contamination. However, because of their light mass, there is very

limited contamination close to the mass of
6
He and

8
He in the beam. In fact,

the two contaminants with the closest mass to
6
He and

8
He, were

6
Li and

8
Li. Their mass excess, together with the mass excess of the ions of interest,

are presented in table 2.1. The relative mass difference of
6
Li compared

to
6
He is 1600, while for

8
Li compared to

8
He it is 700. Since the relative

mass difference m/∆m of both species is less than the resolving power of the

mass separator, which is 3000, they can both be separated from the helium

39

protons
ions

Figure courtesy of  J.P. Lavoie

(mass excess: Δ = m - A)

Closest contaminants in mass to 6,8He

For the 6,8He mass measurements, the contamination was resolved

2.2. Beam preparation: the radio-frequency quadrupole (RFQ) cooler and buncher

Isotope Isotope ∆ (keV) contaminant cont. ∆ (keV) m/∆m
6
He 17 592.09(6)

6
Li 14 086.88(2) 1600

8
He 31 609.74(12)

8
Li 20 945.80(11) 700

Table 2.1: Resolution m/∆m required to separate ISAC contaminants for

6
He and

8
He. The

8
Li mass excess (∆) is from [Smi08b] and the others are

from this work.

The feature of this technique is that it is non-selective and can ionize various

gas molecules in the chamber. This leads to an ion beam with possible

isobaric contamination. However, because of their light mass, there is very

limited contamination close to the mass of
6
He and

8
He in the beam. In fact,

the two contaminants with the closest mass to
6
He and

8
He, were

6
Li and

8
Li. Their mass excess, together with the mass excess of the ions of interest,

are presented in table 2.1. The relative mass difference of
6
Li compared

to
6
He is 1600, while for

8
Li compared to

8
He it is 700. Since the relative

mass difference m/∆m of both species is less than the resolving power of the

mass separator, which is 3000, they can both be separated from the helium

isotopes.

2.2 Beam preparation: the radio-frequency
quadrupole (RFQ) cooler and buncher

The RFQ is a beam preparation device for accumulating, cooling and bunch-

ing the continuous ion beam coming from either the TITAN off-line ion

source or ISAC. Prior to its injection in this device, the beam is decelerated

to tens of eV which is achieved by floating the electrode structure of the

trap on a high voltage (HV) potential slightly below the beam energy. This

allows one to stop and accumulate the beam in the RFQ.

In the RFQ the beam energy spread is dissipated through collisions with

inert buffer gas. This leads to cooling of the beam, thus reducing its trans-

verse and longitudinal emittance. The emittance is a measure of the depar-

ture of the beam properties from the ideal case. Ideally, all particles within

the beam should travel at the same velocity and along the same direction.

However, in reality it is not the case and leads to a diverging beam with a

certain energy spread. The “divergence” of the beam is quantified by the

transverse emittance which measure the area occupied by the beam in the

x-θx space. The TITAN RFQ has been designed in order to accept an ISAC

38
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TITAN experimental set-up
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off-line ion source

SCI

SCI

a) SCI

SCI

b) HCI

TITAN: TRIUMF Ion Trap for Atomic and Nuclear science

2.5. The mass measurement Penning trap

A frequency ratio R is derived from each frequency (νc,inter, νc) pair:

R = νc,inter/νc. (2.47)

The mean frequency ratio R is calculated by taking the weighted mean of all

R. The frequency ratio involves ion masses, while the quantity of interest is

the (neutral) atomic mass. Hence, one has to take into account the electron’s

mass and binding energy. The atomic mass of interest m is then determined

by:

m = R · (mcal −me + Be,cal) + me −Be, (2.48)

where Be,cal and Be are the first ionization energies of the calibrant and the

ion of interest respectively and me is the electron mass.

The statistical relative uncertainty of a mass measurement is estimated

by the relation [Bol01]:

δm

m
≈ m

q · B · TRF ·
√

Nion
, (2.49)

where TRF is the excitation time and Nion is the number of detected ion.

This relation shows that the precision on the measured mass can be improved

in several ways. By increasing the excitation time TRF , purchasing a magnet

with a higher magnetic field or increasing the charge state of the ion. For

stable ions, we can increase TRF to improve the precision. However, the

half-life of the measured specie limits the excitation time, which limits the

excitation time that can be used.

The precision on the mass measurement can be improved by using a

magnet with higher field strength. However, only an increase in the precision

of a factor of two or three would be possible as higher field magnets have not

yet been developed with the required homogeneity and stability. An other

option is to increase the charge state q of the ion. This allows a precision

gain proportional to the charge state used. This is used at the TITAN

experiment as described in section 2.1.2.
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Penning trap basics
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Basic idea:
Place ion in magnetic field

+

B
Measure cyclotron frequency
Knowing q & B, get M

Confine the ions
in small volume

2 hyperboloids of revolution
1 ring, 2 end caps electrode

Ideal Penning trap:

Achieved using 
Penning trap

+ B

B: trap radially

Analytical solution 
for the ion motion

end cap ring

To achieve high precision (10-7):
Need long observation time
Homogenous B

2.5. The mass measurement Penning trap

A frequency ratio R is derived from each frequency (νc,inter, νc) pair:

R = νc,inter/νc. (2.47)

The mean frequency ratio R is calculated by taking the weighted mean of all

R. The frequency ratio involves ion masses, while the quantity of interest is

the (neutral) atomic mass. Hence, one has to take into account the electron’s

mass and binding energy. The atomic mass of interest m is then determined

by:
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where TRF is the excitation time and Nion is the number of detected ion.

This relation shows that the precision on the measured mass can be improved

in several ways. By increasing the excitation time TRF , purchasing a magnet

with a higher magnetic field or increasing the charge state of the ion. For

stable ions, we can increase TRF to improve the precision. However, the

half-life of the measured specie limits the excitation time, which limits the

excitation time that can be used.

The precision on the mass measurement can be improved by using a

magnet with higher field strength. However, only an increase in the precision

of a factor of two or three would be possible as higher field magnets have not

yet been developed with the required homogeneity and stability. An other

option is to increase the charge state q of the ion. This allows a precision

gain proportional to the charge state used. This is used at the TITAN

experiment as described in section 2.1.2.
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3.3. Compensation of the Penning trap electrical potential

+

+

V

V b)V

V

z z

z z

c) d)

+

+

+

ion position when the trap is closed

a) 

axial oscillations

∆t      < 0cap

∆t      = 0cap

Figure 3.10: Axial oscillations of the ion in the trap as function of the
closing time of the trap. a) The ion did not reach the trap centre when it
was closed b) results in large axial oscillations c) the ion stopped in the trap
centre when it was closed d) results in minimal oscillations.

the amplitude and direction of the concavity of the equation ν+ = az2 + b,
as shown by figure 3.12.

Thus, the Ci>2 coefficients are minimized by changing the potential on
the correction electrodes and taking the difference between the measured
ν+ at the trap centre (circled in figure 3.11) and the ν+ at a location away
from the centre (squared in figure 3.11) ∆ν+ = ν+(tcap = 1.1µs)−ν+(tcap =
1.6µs).

Figure 3.13 shows the linear behaviour in the reduced cyclotron fre-
quency difference ∆ν+ with the correction tube voltage for kguard = -0.05.
A linear regression of the data shows that ∆ν+ crosses zero for ktube =
1.464(4). As discussed in section 3.3.1, this would correspond to one of the
possible optimal compensation. Therefore, we repeated the procedure for
different correction guard potentials kguard. Figure 3.14 shows that all the
optimal kguard and ktube values lie along a straight lines as expected from
equation (3.52). In order to select the setting that optimizes the compensa-

81

+

V

z

ΔV: trap axially

(typical voltage)

3 eigenmotions
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The TITAN Penning trap
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2.5. The mass measurement Penning trap

Out to MCP

Corr. tube el.

End cap el.

Ring el.

Corr. guard el.

V

Ions in from 
RFQ or EBIT

q q

q q

q q q

Corr. guard electrode top view

q

a) b)

B

V0 RF

1

2

3

4

Figure 2.10: a) Illustration of the TITAN Penning trap electrode configura-

tion formed by the hyperbolic ring (1), end cap electrodes (2), tube (3) and

guard (4) correction electrodes. The RF is applied on (4). b) Application

of a quadrupolar excitation on the correction guard electrode ((4) in a).

the ions will experience an average central force. This method is employed

in the so-called Paul trap. Please refer to [Gos95] for a detailed discussion

about Paul traps. The second method uses a magnetic field along the axial

direction to radially trap the ions. This method is used in a Penning trap.

2.5.2 The TITAN Penning trap electrode structure

This section shortly introduces the various electrodes forming the TITAN

Penning trap. Figure 2.10 (a) is a schematic of the TITAN Penning trap

electrode structure. The trap is composed of two hyperboloids of revolution

forming one ring (label (1) in figure 2.10) and two end cap electrodes (2).

The ions are axially trapped by a harmonic quadrupole electrostatic poten-

tial produced by a potential difference, V0, between the ring and the end cap

electrodes, as shown in figure 2.10. Some anharmonicities in the trapping

potential are introduced by the holes in the end-cap electrodes and by the

finite size of the hyperbolic electrodes. Two sets of correction electrodes

(labeled (3) and (4) in figure 2.10), are used to compensate for higher-order

electric field components (for more detail see section 3.3). The radial con-

finement is provided by a magnetic field B. Figure 2.10 (b) shows how the

quadrupolar excitation necessary for the mass measurement by TOF-ICR

technique is applied on the segmented correction guard electrode (see section

2.4.4 for more details).
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Modifications from ideal trap:
Hole in end caps (ion insertions)

Correction of non-harm. imperfections
Tube electrode before end caps

Truncation of hyperbola Guard electrode between end cap and ring

The Time-Of-Flight Ion Cyclotron Resonance (TOF-ICR) technique: 

Cyclotron frequency determined by finding  
for which full magnetron to reduced cyclotron conversion is achieved

TITAN Penning trap tested to be accurate to 4x10-9 using stable species.
Quadrupole excitation at          using guard el.

Effect on ion motion:
couples the 2 radial motions

when
full conversion

reduced



for time TRF 2) Excite with quadrupole  freq.        
finish: full v+

time
if 
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TOF-ICR technique
TOF-ICR Determination of the cyclotron frequency

ions with                  arrive sooner 
determined by stepping  

1) Prepare the ions in full magnetron motion 

x

ystart: 
full v- 

Max Er when 

2.5. The mass measurement Penning trap

νc 9.451 MHz
ν+ 9.445 MHz
νz 339 kHz
ν− 6.1 kHz

Table 2.2: Different frequencies ν = ω/2π for a 6Li+ ion in TITAN’s Penning
trap.

Depending on the relative size of the magnetron and the reduced cyclotron
radius, the ion energy in the radial plane is more or less potential or kinetic
energy. Because ω+ � ω−, the ratio of equation (2.28) and equation (2.29)
is:

E
pot
r

E
kin
r

=
ω−
ω+

�
1 +

r2
−

r2
+

�
(2.30)

Equation (2.30) shows that for a large magnetron radius (r− � r+), the
ion energy is mainly potential. At the opposite, when the reduce cyclotron
radius is larger (r− � r+) the ion energy is mainly kinetic. This is an
important fact that is used in Penning trap mass measurement via time-of-
flight ion cyclotron resonance (TOF-ICR) technique.

2.5.4 The TOF-ICR mass measurement technique

The basic concept of the TOF-ICR technique is to determine the mass of an
ion by measuring its cyclotron frequency. However, the cyclotron frequency
cannot be measured directly because it is not the frequency of one of the
ion’s eigenmotion. Nevertheless, access to the cyclotron frequency can be
gained using a quadrupolar excitation of the ion motion of the form

VRF =
Vq

2a2
cos(ωRF + φRF )xy, (2.31)

where Vq is the amplitude of the RF at a radial distance a from the axis of
the trap and φRF is the RF excitation phase. This RF excitation is applied
to the segmented guard electrode, as shown in figure 2.10 (b).

This RF excitation couples the two radial eigenmotions. For a given
RF amplitude and excitation time, the ion’s motion will be fully converted
from one eigenmotion to an other if the excitation frequency corresponds to
the cyclotron frequency. Therefore, the cyclotron frequency can be found
through a determination of the excitation frequency for which the conversion
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6Li+ frequencies

low Er high Er

(M. Konig et al., Int. J. Mass Spectr. Ion. Proc., 142, 95 (1995))

3) Ion release from trap and      
determined from time-of-flight 

E r
 (e

V
)

B
z 
(T

)

force on the ions: 

3

∆ωc(C6) �
15C6V0

8d6B
(ρ2

+ − ρ2
−){(ρ2

+ + ρ2
−)− 3z2} (19)

ωc =
qB

γm0
� ωc,ini

�
1− β

2
(20)

νc = νc,ini

�
1− (a · ∆VLS)2 (21)

β � ρ+ · ω+/c = ρ−,ini · k · ω+/c (22)

ρ−,ini = s · ∆VLS (23)

ω+ (24)

Rrel. = Rnon.rel.

����1− β
2
cal

1− β
2 (25)

r−(
8
He) =

ν+(
7
Li)

ν+(8He)
· r−(

7
Li) (26)

t ∝
�

q/m (27)

�F = −�∇U = �∇(�µ · �B) = −Er

B0

∂Bz

∂z
ẑ (28)
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Penning Trap Experiments with the Most Exotic Nuclei on Earth:

Precision Mass Measurements of Halo Nuclei
∗

M. Brodeur
1,2

, T. Brunner
1,3

, S. Ettenauer
1,2

,

A. Lapierre
1
, R. Ringle

1
, P. Delheij

1
, and J. Dilling

1,2

1TRIUMF, 4004 Wesbrook Mall, Vancouver BC, Canada V6T 2A3
2Department of Physics and Astronomy, University of

British Columbia, Vancouver, BC, Canada V6T 1Z1 and
3Physik Department E12, Technische Universität München,

E12, James Franck Str., Garching, Germany

Exotic nuclei are the unstable brothers of the ‘normal’, stable nuclei with an extremely unbalanced

protons-to-neutrons ratio. The most exotic nuclei ever produced are the halo isotopes of helium

and lithum with up to three time more neutrons than protons (compared to the balanced ratio in

C-12). Teetering on the edge of nuclear stability, the properties of these exotic halo nuclei have long

been recognized as the most stringent tests of our understanding of the strong force. Nuclear halos,

which were first discovered in the 1980s [1], are an exotic form of nuclear matter that continue

to defy the considerable scientific efforts focused upon them.
11

Li belongs to a special category

of halos called Borromean, bound as a three-body family, while the two-body siblings,
10

Li and

2n, are unbound as separate entities. Last year, a first mass measurement of the radioisotope
11

Li

using a Penning trap spectrometer was carried out at the TITAN (Triumfs Ion Trap for Atomic and

Nuclear science) facility [2] at TRIUMF-ISAC. Penning traps are proven to be the most precise

device to make mass measurements, yet until now they were unable to reach these nuclei. At

TRIUMF we managed [3] to measure the mass of
11

Li to an unprecedented accuracy of δm/m
= 6 · 10

−8
, which is remarkable for the fact that it has a half-life of only 8.8 ms making it the

shortest-lived nuclide ever to be measured with this technique. Furthermore, new and improved

masses for the two and four neutrons halo
6,8

He [4], as well has the one neutron halo
11

Be [5]

have been performed. An overview of the TITAN mass measurement program and its impact in

understanding the most exotic nuclei will be given.

ωc(measured) = ωc(ideal) + ∆ωc(C4) + ∆ωc(C6) + ... (1)

νc =
1

2π

q · B
M

(2)

M =
q · νc,inter

qcal · νc
· Mcal (3)

∆ωc(C4) �
3C4V0

4d4B
(ρ2

+ − ρ2
−) (4)

∆ωc(C6) �
15C6V0

8d6B
(ρ2

+ − ρ2
−){(ρ2

+ + ρ2
−)− 3z2} (5)

ωc =
qB

γm0
� ωc,ini

�
1− β

2
(6)

∗ This work was supported by the Natural Sciences and Engineering Research Council of Canada and the National
Research Council of Canada.

Measurement:

ion’s mass

Experimental result:

Atomic mass:
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6He & 8He mass measurements
TITAN mass excesses Δ compared to AME03

Error budget (note: trapping potential V0 = 3.6V)

2nd 8He mass meas.1st 8He mass meas. 6He mass meas.

counts rate: ~3 ions/min  ~40 ions/min  ~100 ions/min

Upper limit on the error due to 
the interaction between 6,8He 
and ionized background gas. 

 1.7σ
 4.0σ

(V.L. Ryjkov et al., PRL 101, 012501 (2008)) (M. Brodeur Ph.D. thesis) (M. Brodeur Ph.D. thesis) 

The other sources of systematic errors are < 1 ppb

4.2. Second
8
He and the

6
He mass measurements

23
6
Li and 5

4
He using

7
Li calibration were measured and their masses are

compared with the literature values at the end of the analysis. Table 4.3

Isotope ∆VLS (V) R × 10
6

N

4
He 15 570 462.612 3(15) 5

6
Li 15 857 332.055 4(27) 4

6
Li 23 857 332.050 8(12) 19

6
He 15 857 868.444 0(51) 8

6
He 15 857 868.439 6(84) 4

8
He* 15 1 145 098.479 3(363) 4

8
He 15 1 145 098.360 0(75) 9

8
He 23 1 145 098.345 6(164) 4

Table 4.3: Mean measured cyclotron frequency ratios Rmeas. for
4
He,

6
Li,

6
He and

8
He using

7
Li for calibration. The Rmeas. are sorted according to

the correction tube VTUBE and Lorentz steering ∆VLS voltage used. N is

the number of measurements in each series. The errors are purely statistical.

gives the weighted mean of the
4
He,

6
Li,

6
He and

8
He to

7
Li frequency

ratios, sorted according to the Lorentz steerer voltage used during the mea-

surement. The star (*) denotes the
8
He measurement series taken in non-

optimal condition.

The relativistic effects are not the dominant sources of systematic error

on the measurements. In fact, the main sources of systematic errors on

Error ∆R/R × 10
−9

(
6
He) ∆R/R × 10

−9
(
8
He)

Statistical 4.9 5.9

Ion-ion interaction 8.1 13.3

Total 9.4 14.6

Table 4.4: Error budget for the frequency ratio measurement Rfinal for

6,8
He, which includes the statistical error and the error due to the interaction

of multiple ions in the trap.

the
6
He and

8
He cyclotron frequency ratios comes from the interaction of

multiple ions in the trap as shown in table 4.4. The contribution from the

other effects are all below the 10
−9

level and therefore have a negligible

contribution to the final uncertainty.
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Accuracy check: mass measurement of 6Li and 4He

Both results agrees with literature 

4.2. Second
8
He and the

6
He mass measurements

Lastly, we checked the accuracy of the Penning trap by measuring the

frequency ratios of
4
He to

7
Li and

6
Li to

7
Li. Using these frequency ratios,

presented in table 4.3 and equation (2.49), we evaluated the mass of
4
He and

6
Li and compared it with the values from the literature ([Aud03] for

4
He and

table 4.2 for
6
Li). Table 4.5 gives the difference δ∆ = ∆(TITAN)−∆(lit.)

Isotope ∆(TITAN) (keV) ∆(lit.) (keV) δ∆ (eV)

4
He 2 424.915(18) 2 424.915 65(6) -1(18)

6
Li 14 086.867(9) 14 086.881(20) -14(22)

Table 4.5: Difference between TITAN’s and the literature mass excesses ∆.

The literature M.E. for
4
He and

24
Mg are from [Aud03], while for

6
Li we

took the weighted mean of the values from [Nag06] and [Bro09].

between the mass excess measured by TITAN during this experiment and the

literature mass excess. The error on this difference is taken as the error of the

TITAN and literature mass excess added in quadrature. These differences

are all within error, which shows that there is a good agreement between the

stable masses measured during the
6
He and

8
He mass measurement and the

values from the literature. This is an indication that the systematic errors

have not been under-estimated. This leads to the final frequency ratios

Isotope Rfinal × 10
6 δR/R (ppb)

6
He 857 868.442 9(82) 9.5

8
He* 1 145 098.479 2(997) 87.1

8
He 1 145 098.357 4(167) 14.6

8
He (average) 1 145 098.360 7(164) 14.4

Table 4.6: Mean corrected cyclotron frequency ratios Rfinal of
6,8

He, to-

gether with the relative uncertainty on these ratios.

Rfinal shown in table 4.6. Using the Rfinal presented in table 4.6 together

with equation (2.49), we evaluated the masses of
6,8

He and the results are

shown in table 4.7. The table compares the latest
8
He measurement with

the published one [Ryj08]. Both results agree within two sigma.
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(conservative estimate obtained 
from count rate analysis)
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Results and discussion
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New charge radii:

36% precision improvement

Both charge radii changed, difference 
in charge radii is 0.04(3) fm smaller 

4He

6He

8He

4.3. Calculation of the binding energy and point-proton radius

protons and neutrons are point-like particles. As the charge radius obtained

experimentally include the physical extent of the proton and neutrons, it

needs to be adjusted.

4.3.1 Binding and two-neutron separation energy of
6,8

He

The binding energy of a nucleus is the energy necessary to break the nu-

cleus into individual proton and neutrons, while the two-neutron separation

energy is the energy necessary to remove two neutrons from the nucleus.

Table 4.8 gives the
6,8

He binding energies EB:

Isotope EB (keV) S2N (keV)

6
He -29 271.123(76) 975.46(24)

8
He -31 396.134(133) 2125.01(37)

Table 4.8: Binding energies EB and two-neutrons separation energies S2N

of
6,8

He using TITAN’s mass excesses and the AME03
4
He mass excess.

EB(N,Z) = m(N, Z) − ZmH − Nmn (4.2)

where mH is the hydrogen mass, m is the atomic mass, mn the neutron mass

and Z, N , the number of protons and neutrons in the nucleus. Table 4.8

also gives the two-neutron separation energies S2N calculated using equa-

tion (4.1). The two-neutron separation energy of
6
He is calculated using the

4
He mass from the AME03 [Aud03].

4.3.2 Charge and point-proton radius of
6,8

He

The nuclear charge radius is a measure of the extent of the proton distri-

bution in the nucleus. As described in section 1.1.2.4, it can be determined

using a combination of isotopic shift measurements and atomic physics cal-

culations.

The charge radii �r2
c �1/2

are calculated using

�r2
c �A = �r2

c �4 +
δνA,4 − δνA,4

MS

KFS

, (4.3)

where �r2
c �4 is the mean-square charge radius of

4
He. The mass is relevant

for the calculation of the mass shift δνA,4
MS

. Table 4.9 shows that the new

mass values improved the precision of δνA,4
MS

by a factor of over 10 for
6
He
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New binding and 2n separation energies:

Point-proton radii:
The measured rc includes the size of p & n

TheoryExperiment

4.3. Calculation of the binding energy and point-proton radius for
6
He and

8
He

Transition δνA,4
MS(AME03) δνA,4

MS(TITAN)

6
He 2

3
S1 → 3

3
P0 43 196.204(15) 43 196.1575(14)

6
He 2

3
S1 → 3

3
P1 43 195.943(15) 43 195.8968(14)

6
He 2

3
S1 → 3

3
P2 43 196.217(15) 43 196.1708(14)

8
He 2

3
S1 → 3

3
P1 64 701.999(74) 64 702.0981(14)

8
He 2

3
S1 → 3

3
P2 64 702.409(74) 64 702.5084(14)

Table 4.9: Mass shift δνA,4
MS term for

6,8
He using AME03 [Aud03] and

TITAN masses.

The charge radii �r2
c �1/2

are calculated using

�r2
c �A = �r2

c �4 +
δνA,4 − δνA,4

MS

KFS
, (4.4)

where �r2
c �4 is the mean-square charge radius of

4
He. The mass is relevant

for the calculation of the mass shift δνA,4
MS . Table 4.9 shows that the new

mass values improved the precision of δνA,4
MS by a factor of over 10 for

6
He

and 50 for
8
He. This makes the nuclear mass uncertainty a negligible factor

in the charge radii uncertainty for
6
He and

8
He and leads to an improved

precision of 9% for
6
He and 36% for

8
He.

The point-proton radius �r2�1/2
pp is defined as the expectation value of

the protons position vector squared and can be calculated from the charge

radius using

�r2�pp = �r2�c − �R2
p� −

N

Z
�R2

n� −
3

4M2
p

(4.5)

where �R2
p� = 0.769(12) fm

2
and �R2

n� = -0.1161(22) fm
2

are the proton and

neutron mean square radii and
3

4M2
p

= 0.033 fm
2

is a first-order relativistic

correction called Darwin-Foldy term [Mue07].

Isotope �r2�1/2
c (AME03) �r2�1/2

c (TITAN) �r2�1/2
pp (TITAN)

6
He 2.068(11) 2.056(10) 1.913(9)

8
He 1.929(26) 1.955(17) 1.835(18)

Table 4.10: New charge �r2�1/2
c and point-proton �r2�1/2

pp radii in fm, of
6,8

He

using TITAN masses.
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Theory assumes point-particle
Need to correct measured rc in order to 
compare with theory

4.3. Calculation of the binding energy and point-proton radius for
6
He and

8
He

protons and neutrons are point-like particles. As the charge radius obtained

experimentally includes the physical extent of the proton and neutrons, it

needs to be adjusted.

4.3.1 Binding and two-neutron separation energy of
6,8

He

The binding energy of a nucleus is the energy necessary to break the nu-

cleus into individual proton and neutrons, while the two-neutron separation

energy is the energy necessary to remove two neutrons from the nucleus.

Table 4.8 gives the
6,8

He binding energies EB:

Isotope EB (keV) S2N (keV)

6
He -29 271.123(76) 975.46(24)

8
He -31 396.134(133) 2125.01(37)

Table 4.8: Binding energies EB and two-neutrons separation energies S2N

of
6,8

He using TITAN’s mass excesses and the AME03
4
He mass excess.

EB(N,Z) = m(N, Z) − ZmH − Nmn (4.2)

where mH is the hydrogen mass, m is the atomic mass, mn the neutron mass

and Z, N , the number of protons and neutrons in the nucleus. Table 4.8

also gives the two-neutron separation energies S2N calculated using equa-

tion (4.1). The two-neutron separation energy of
6
He is calculated using the

4
He mass from the AME03 [Aud03].

4.3.2 Charge and point-proton radius of
6,8

He

The nuclear charge radius is defined as

�r2
c � =

1

Ze

�
r2ρrd3r (4.3)

where Z is the nuclear charge, e the elementary charge, r the radial dis-

tance from the nucleus centre and ρ is the radial charge density. From equa-

tion (4.3), it can be seen that the charge radius is a measure of the extent

of the charge distribution in the nucleus and hence the proton distribution.

As described in section 1.1.2.4, it can be determined using a combination of

isotopic shift measurements and atomic physics calculations.
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1.1. Nuclear halos

is approximated to be a three-dimensional square well of radius R. In this

case, the three-dimensional wave function has the form

ψ(�r) = (2πρ)
−1/2 e−r/ρ

r

eR/ρ

(1 + R/ρ)1/2
(1.3)

where r is the distance between the core centre and di-neutron mid-seperation

and

ρ = �/(2µS2N )
1/2, (1.4)

is the decay length of the wave function. The decay length depends on the

two-neutron separation energy S2N and the reduced mass µ, defined as

µ =
m(

9
Li) · 2mn

m(9Li) + 2mn
(1.5)

where m(
9
Li) is the atomic mass of

9
Li and mn is the neutron mass. The two-

neutrons separation energy is the energy necessary to remove two neutrons

from a nucleus, and is given by:

S2N (Z, N) = m(Z, N − 2) + 2mn −m(Z, N) (1.6)

where m are atomic masses, Z is the number of protons and N is the number

of neutrons. From equation (1.3), the two-neutron separation energy deter-

mines how much the two-neutron wave function extends out of the nuclear

potential and, consequently, the size of the matter radius. Therefore, within

the Hansen and Jonson model, the two-neutron separation energy is a key

parameter in defining two-neutron halo nuclei.

More generally, the nuclear halo is defined as a nucleus composed of

a core surrounded by a diffuse region created by the quantum mechanical

tunnelling of valence nucleons [Jon04]. There are two kinds of halo nuclei,

named according to the type of nucleon that form the halo structure: the

neutron and the proton halo. Proton halos are considerably less abundant

than neutron-halos. This is due to the stronger Coulomb barrier seen by the

weakly bound proton. This barrier attenuates the leakage of the proton wave

function outside the potential well. In this thesis we mainly concentrate on

the more predominant neutron halo. From this point, we refer to neutron

halo nuclei as simply halo nuclei.

There are two quantities needed to identify halo nuclei: the size of the

core and the size of the diffuse halo structure outside the core. Being quan-

tum mechanical objects, it is not possible to define a “total” radius for the

core and the halo structure. However, it is possible to distinguish the size of

5

4.3. Calculation of the binding energy and point-proton radius for
6
He and

8
He

Transition δνA,4
MS(AME03) δνA,4

MS(TITAN)

6
He 2

3
S1 → 3

3
P0 43 196.204(15) 43 196.1575(14)

6
He 2

3
S1 → 3

3
P1 43 195.943(15) 43 195.8968(14)

6
He 2

3
S1 → 3

3
P2 43 196.217(15) 43 196.1708(14)

8
He 2

3
S1 → 3

3
P1 64 701.999(74) 64 702.0981(14)

8
He 2

3
S1 → 3

3
P2 64 702.409(74) 64 702.5084(14)

Table 4.9: Mass shift δνA,4
MS term for

6,8
He using AME03 [Aud03] and

TITAN masses.

The charge radii �r2
c �1/2

are calculated using

�r2
c �A = �r2

c �4 +
δνA,4 − δνA,4

MS

KFS
, (4.4)

where �r2
c �4 is the mean-square charge radius of

4
He. The mass is relevant

for the calculation of the mass shift δνA,4
MS . Table 4.9 shows that the new

mass values improved the precision of δνA,4
MS by a factor of over 10 for

6
He

and 50 for
8
He. This makes the nuclear mass uncertainty a negligible factor

in the charge radii uncertainty for
6
He and

8
He and leads to an improved

precision of 9% for
6
He and 36% for

8
He.

The point-proton radius �r2�1/2
pp is defined as the expectation value of

the protons position vector squared and can be calculated from the charge

radius using

�r2�pp = �r2�c − �R2
p� −

N

Z
�R2

n� −
3

4M2
p

(4.5)

where �R2
p� = 0.769(12) fm

2
and �R2

n� = -0.1161(22) fm
2

are the proton and

neutron mean square radii and
3

4M2
p

= 0.033 fm
2

is a first-order relativistic

correction called Darwin-Foldy term [Mue07].

Isotope �r2�1/2
c (AME03) �r2�1/2

c (TITAN) �r2�1/2
pp (TITAN)

6
He 2.068(11) 2.056(10) 1.913(9)

8
He 1.929(26) 1.955(17) 1.835(18)

Table 4.10: New charge �r2�1/2
c and point-proton �r2�1/2

pp radii in fm, of
6,8

He

using TITAN masses.
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Comparison with theory

Both the GFMC & NCSM rc agrees with new exp. 6,8He rc 

3NI

Method that provides the closest values to experiment
Only method that uses 3 nucleons interaction (3NI)

GFMC

1.2. Nuclear halo and nuclear models

only 2 body interaction

a) electromagnetic

3 body interaction

b) nuclear
2 body interaction and

Figure 1.9: Schematic of the interaction of three bodies due to a) the

Coulomb potential. b) the nuclear potential. The two-body interactions

between pairs of nucleons is symbolized by the black arrow. The three-body

interaction between three nucleons is symbolized by the red arrows. The

Coulomb potential is only generated from two-body interactions, while the

nuclear potential involves both two- and three-body interactions.

TITAN masses. Moreover, we go a step further than this study and also

compare the ab-initio method predictions for the binding energies with the

values calculated from the TITAN masses. By testing the ab-initio method

predictions for two different observables, one can find where the methods

limitations resides and possibly motivate improvement of the methods.

1.2.1 Nuclear potential for ab-initio methods

The interaction among nucleons forming the nucleus is governed by the

strong force and the theoretical description of the strong force is Quantum

Chromodynamics (QCD). However, QCD cannot be treated perturbatively

at the energy scales of the nucleus, which makes it a complex problem to

solve. Therefore, ab-initio methods do not use quark and gluons as their

basic constituents, but instead use nucleons. By neglecting the quark in-

teraction within the nucleons, the nucleons become the effective degrees of

freedom of the theory.

To solve the quantum mechanical nuclear many-body problem, ab-initio

methods need thus to construct a Hamiltonian and a wave function. Then,

using these constructions, one calculates various properties of nuclei by solv-
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2NI

(AV18+IL)
NCSM Produce a physical rc for an unbound nuclei, consequence 

of using faster Gaussian fall-off and small model space.

!

(CDB2k)

Charge radius Binding energy 2n separation energy

6He

6He

8He

6He

8He

8He
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We showed that using 2 observables involving the mass of 
halo nuclei, we can test the limitations of ab-initio methods

Found deviations of 3.02 and 11.67 keV for the 
respective 6,8He masses compared to tabulated values

The uncertainties on the new charges radii are now 
independent of the atomic mass 

There are more halo mass measurements to come at TITAN, 
including 14Be and 19C.

Other mass measurements are planned at TITAN, including 
neutron-rich K and Ca to study change in the nuclear structure 
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Mass measurement 
of N-rich Ca and K
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Gun end cap
a) Injection and extraction

b) Trapping

Collector end cap

Central drift tube

Figure 8: Staircase configuration of the electrostatic potentials applied to the
EBIT drift-tubes electrodes for a) injection, and trapping, and b) extraction of
ions. The potential applied to the collector-side end cap is quickly switched
from 2050 to 1900 V to open the trap for injection and extraction. Switching
extraction times are in the range of 1 µs to 500 ns. The typical potentials are
500; 1000; 1500; 2050; 1950; 2050/1900; 1500; 1000; 500 V. The central drift
tube potential is set at a value ∼50 V lower than the injected ion beam energy
normally in the 2-keV range.

It is desirable that the ion beams injected into the EBIT be
on axis with the magnetic field axis because as it enters the
trap it becomes confined in a region of constant magnetic field
stength, which if far away from the electron beam, can affect
the overlap between the electron and ion beams. Moreover,
eventhough the beam is injected off-axis, the field axis be-
comes nevertheless the prefered axis of extraction due to the
trapped-ions magnetron motions, which breaks the ion optics
injection-extraction symmetry and can affect the extraction
efficiency. For beam alignment, the EBIT is equipped with a
MCP with a phosphor screen, which is placed in the region
of the electron gun to record images of injected beams with
CCD camera located outside the vacuum. The MCP assembly
is mounted on a UHV linear manipulator installed on a nipple
connecting the magnet housing to the electron gun chamber. In
a normal charge-breeding operation mode, when the electron
beam is needed, the gun is moved forward in this nipple nearby
the drift-tube assembly. However, for beam alignment, the
electron gun is moved back in its own chamber to let room to
the MCP assembly.

The ion beam alignment procedure consists of, firstly,
lowering the potentials applied to the two collector-side and
gun-side end caps (see Fig 8) down to the potential value of
the central drift tube to let ions pass through the trap without
being captured. When the beam is strongly misaligned with
the field axis and its energy in the trap center is reduced to
hundreds of eV, the image on the MCP is an off-axis ring.
The beam is brought closer to the field axis by reducing the
ring size to a smaller dimension. Secondly, the potentials
applied to the end caps are raised to the typical trapping values,
which are approximately hundreds of volts higher than that of

Figure 9: TOF spectra of multiply ionized 39K [stable], 44K, 46K isotopes ex-
tracted from the EBIT. Minute quantities of multiply charged Ar, which had
been injected a few weeks earlier as a gas, are observed in the background
spectra. The spectra were taken with slightly different experimental conditions
such as injection intensity, beam tuning, and acquisition time. The cathode was
unbiased (warmed up only, see text), the electron and ion beam energy was 4
keV and 2 kV×q, respectively. Isobaric contamination exists in the 44K and
46K spectra. The gray-shaded region represents a background measurement.

the central drift tube. The gun-side end-cap potential is then
lowered to extract ions onto the MCP and the timing to raise
the collector-side end-cap potential, to capture ions according
to the scheme mentioned above, is adjusted by maximizing the
number of extracted ions. The beam is then further brought
closer to the field axis by reducing the beam size to a minimum
diameter. The capture efficiency was measured in a single-ion
counting mode, where each injected ion bunch had less than
about 5 ions per bunch to avoid pile-up, to be approximately
100% by comparing the number of ions reaching the MCP
to that obtained as the beam passes through the trap without
being captures in the non-trapping mode. Thirdly, following
this procedure, the extraction scheme is changed to extract
ions in the forward direction and ion optics elements are
tuned to optimize the beam intensity onto a MCP located in
front of the MPET. To force ion extraction, the collector-side
end-cap potential is lowered down to a voltage value that is
approximately 30 V below that of the central drift tube.

The length of the ion-trapping region defines the spatial
extention in the axial direction of the EBIT cigar-shaped ion

7

Charge-bred radioactive ion beam 
Time-of-flight distribution of charge bred ions from the TITAN EBIT

injected beam: potassium
rest: charge bred residual gas

EBIT

MCP

time
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Observed up to 8+ charge state of 39K for 2 keV e-beam energy
Charge breeding of the residual gas (O2, N2, H2) and 4He from RFQ makes 
it presently difficult to use higher charge states of injected ions for the 
Penning trap.

Total efficiency for injection/charge breeding and extraction of 44K4+: 0.1%

Charge state 4+ is not the dominant one, but the easiest to resolve 
from residual gas contamination
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First Penning trap mass measurement using charge-bred ions: 44K4+

Factor of 10 improvement on the AME03 mass

 2) vacuum in the Penning trap
Excitation time limited to 200 ms due to Penning trap vacuum 

Solution: baked the Penning trap (now we reached 4 x 10-11 torr) 

Future work needed for mass measurements using HCIs:
1) Improve EBIT efficiency for HCI production/transport 
Plans: evaporative cooling in the EBIT

Figure 10: TOF-ICR resonance curve of 44K4+ obtained with an RF excitation
time of 147 ms. The solid curve is a fit of the theoretically expected line shape
to the data points.

Ne-like ions can generally be sufficient to increase the precision
by more than a factor of 10. Moreover, an atomic mass value
being defined as the mass of a neutral atom, the use of such low
charge states limits the drawback of employing He-like ions
caused by uncertainties of a few percents in the knowledge of
their ionization potentials (IP). In particularly, in Ref. [18], one
listed value of the theoretical ionization potential of He-like
Kr52+ is 16.750 keV ±838 eV, while the IP is 2.728 keV ±136
eV for Ne-like Kr44+.

5. Injection of radioactive ions for physics experiments

5.1. Mass measurement on a multiply charged radioactive iso-
tope: 44K4+

The main purpose of the TITAN EBIT is to rapidly charge
breed radioactive isotopes for mass measurements with highly
charged ions. As a proof-of-principle measurement, we have
injected, trapped, charge bred, and extracted multiply charged
44K4+ ions to the Penning trap for mass-measurement test.
A typical TOF-ICR resonance is shown in Figure 11, which
is the superposition of 4 individual resonances taken for
approximately 20 minutes each with 200 scans of 41 steps and
an excitation time of 147 ms. 44K4+ was charge bred with an
electron beam energy of 4 keV and, as mentioned above, the
cathode was only warmed up while the trapping potential was
150 V.

The 44K4+ mass measurement was referenced to stable
39K4+. We measured a 44K4+-to-39K4+ mass frequency ratio
of νmeas/νre f=0.8863068169(4) from which we deduce a mass
excess for 44K of -35778.370(2.1) keV. This mass excess is in
accordance with the AME03 value of -35809.606(35.8) keV,
but approximately one order of magnitude more precise. The
sum of the ionization potentials of singly charged K to K3+

Figure 11: Difference between our mass measurement of 44K4+ and the AME03
value. Stable 39K4+ was used as a reference. The red solid lines represent the
AME03 uncertainty value while the blue solid lines represent the uncertainty
limit of our measurement. Our result is in agreement with the AME03 value
but more precise by approximately one order of magnitude.

is less than 100 eV and was neglected in the calculations of
the 44K4+ mass excess. The 44K4+ RF excitation time was
set to 147 ms, for the main reason that the vacuum pressure
in the Penning trap was not sufficiently low to allow us to
increase the excitation time to 1 s, as normally favored for
singly charged ions, without reducing the number of detected
ions and the resonance signal-to-noise ratio. Charge-exchange
recombination is a serious problem that will be addressed in
future developments of the TITAN Penning trap. However,
with an RF excitation of 147 ms, the precision reached in
K4+ was equivalent to the precision achieved in K+ with an
excitation time of 1 s.

5.2. The EBIT in the Penning-trap mode: Electron capture
branching ratio measurements

Branching ratios of nuclear electron-capture (EC) decays are
important for evaluating the nuclear matrix elements involved
in 2 and 0-neutrino ββ decays. Especially, the neutrinoless
mode is of special significance as it probes the Majorana
character of the neutrino, and if observed with no ambiguity,
knowledge of the nuclear matrix elements are the key for
determining the neutrino mass. It was suggested in Ref. [19]
to measure EC branching ratios for the odd-odd intermediate
nuclei in β decay using the TITAN EBIT in the Penning-trap
mode, i.e., with no electron beam. The EC branches of odd-odd
intermediate nuclei are in most cases suppressed by several
orders of magnitude relative to their counterparts owing to
much lower decay energies and, as a consequence, are poorly
known. For such cases, the traditional methods of producing
the radioactive isotopes through irradiation of a suitable target
and measuring the K-shell X-rays have reached a limit of
sensitivity. The ion-trap approach is expected to increase the
sensitivity limit because of significantly reduced background
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to the data points.
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breed radioactive isotopes for mass measurements with highly
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an excitation time of 147 ms. 44K4+ was charge bred with an
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cathode was only warmed up while the trapping potential was
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of νmeas/νre f=0.8863068169(4) from which we deduce a mass
excess for 44K of -35778.370(2.1) keV. This mass excess is in
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value. Stable 39K4+ was used as a reference. The red solid lines represent the
AME03 uncertainty value while the blue solid lines represent the uncertainty
limit of our measurement. Our result is in agreement with the AME03 value
but more precise by approximately one order of magnitude.

is less than 100 eV and was neglected in the calculations of
the 44K4+ mass excess. The 44K4+ RF excitation time was
set to 147 ms, for the main reason that the vacuum pressure
in the Penning trap was not sufficiently low to allow us to
increase the excitation time to 1 s, as normally favored for
singly charged ions, without reducing the number of detected
ions and the resonance signal-to-noise ratio. Charge-exchange
recombination is a serious problem that will be addressed in
future developments of the TITAN Penning trap. However,
with an RF excitation of 147 ms, the precision reached in
K4+ was equivalent to the precision achieved in K+ with an
excitation time of 1 s.

5.2. The EBIT in the Penning-trap mode: Electron capture
branching ratio measurements

Branching ratios of nuclear electron-capture (EC) decays are
important for evaluating the nuclear matrix elements involved
in 2 and 0-neutrino ββ decays. Especially, the neutrinoless
mode is of special significance as it probes the Majorana
character of the neutrino, and if observed with no ambiguity,
knowledge of the nuclear matrix elements are the key for
determining the neutrino mass. It was suggested in Ref. [19]
to measure EC branching ratios for the odd-odd intermediate
nuclei in β decay using the TITAN EBIT in the Penning-trap
mode, i.e., with no electron beam. The EC branches of odd-odd
intermediate nuclei are in most cases suppressed by several
orders of magnitude relative to their counterparts owing to
much lower decay energies and, as a consequence, are poorly
known. For such cases, the traditional methods of producing
the radioactive isotopes through irradiation of a suitable target
and measuring the K-shell X-rays have reached a limit of
sensitivity. The ion-trap approach is expected to increase the
sensitivity limit because of significantly reduced background
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A. Lapierre et. al, in preparation

cooling using the cooling Penning trap (as discussed by V. Simon) 
dipole cleaning in the EBIT (already demonstrated)
charge state ratio optimization
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(Effective Single Particle Energy)
(from S.Zhu, PRC 80, 024318 (2009) 

2
4

28

Ca

2 KB3G: no new (Kuo-Brown G-matrix pot.; full fp shell)
32

FPD6: N = 32 (Analytic 2-body pot.; selected energy levels)34
GXPF1A: N = 34 (G-matrix pot.; full fp shell; cross-shell exc.)

Motivations for the measurement
As an element gets more N-rich, its shell structure changes.
This induce a change in the magic numbers

The various existing nuclear models predicts 
different new magic numbers for Ca

Goal: put tighter constrain on nuclear models 
predictions through mass measurement
As the above models only include 2-body forces, 3-
body forces might be required to explain our findings
New magic numbers were previously found, 
such as 24O
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Mass measurements on K & Ca

47-50K and 49,50Ca masses improved by factor of up to 100
48K and 49K masses deviates by 6 and 10 σ from AME03
51K and 52K mass measurement needed to see if shell closure at N = 32
S2N(51K) ~ S2N(52K): extrapolated 48Ar mass could be under-estimated
mass measurement of 46Ar and 48Ar are needed...
As the N-rich mass landscape gets more refined, more 
measurements are needed!
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Mass measurement 
of light (halo) nuclei
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S n
 (k

eV
)

One neutron separation energy: Sn(N,Z) = m(N-1,Z) + mn – m(N,Z) 

Neutron 
drip line

The role of mass: separation energy

5
He

unbound

6
He

bound

halo

4n halo

8
He

bound

halo

7
He

unbound

4
He

bound

4He + n + n: 6He bound

4He + n: 5He unbound
n + n: 2n unbound

Borromean halo:  

Halos are a threshold phenomenon   

Neutron separation energy: key 
quantity to characterize halo

Directly involves the atomic mass 
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Charge radius definition
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The electrostatic potential energy of the atomic system 
can be express as:
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The atomic nucleus is small enough compared to the size of the atom,
than one can define a radius R such that 
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For r < R, the potential assuming constant electron density is:

This gives:
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Mass shift comes from the finite nuclear mass
This changes the energy levels as:
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Bachelet et al. measurement shows 65 keV deviation with AME03
M. Smith et al., Phys. Rev. Lett. 101, 202501 (2008).

C. Bachelet et al., Phys. Rev. Lett. 100, 182501 (2008)
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8.8

Stochastic Variational Monte-Carlo cluster 
model (SVMC) with unfrozen core gives the 
best agreement for both rc and S2N

The 9Li core should be seen as unfrozen, which 
means it is allowed to be deformed by the 
presence of the valence neutrons
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Mass measurement of 11Be
TITAN mass measurement of the one n-halo 11Be

(Nörtershäuser et. al., PRL 102 (2009) 062503)

Improve precision on the mass by one order of magnitude
The latest charge radius determination uses the TITAN mass

Fermionic Molecular Dynamic (FMD) gives the best agreement for rc and SN
(potential used mimic 3 body interactions)

NCSM (CDB2k): unbound 11Be with a physical rc

NCSM (CDB2k, INOY) rc 11Be: Forssén et al., PRC 79 (2009) 021303(R)

FMD rc and SN 11Be: B.R. Torobi Ph.D. thesis, Darmstadt (2010)

NCSM (CDB2k) SN 11Be: Quaglioni et al., PRL 101 (2008) 092501
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First step towards the mass measurement of the 2n-halo 14Be (T1/2 = 4.4 ms)

Dispute regarding the J assignment of 12C
(either 0+ or 2+)
Updated the A = 12 (for Jp = 0+) IMME 
evaluation using the new TITAN 12Be mass
Using these fit parameters, made 
prediction that favours the Jp = 0+ state

12Be

12C

12C
IMME:

S. Ettenauer et. al, PRC 81 024314 (2010)

PHYSICAL REVIEW C 81, 024314 (2010)

Precision ground state mass of 12Be and an isobaric multiplet mass equation (IMME)
extrapolation for 2+ and 0+

2 states in the T = 2, A = 12 multiplet

S. Ettenauer,1,2,* M. Brodeur,1,2 T. Brunner,1,3 A. T. Gallant,1,2 A. Lapierre,1,† R. Ringle,1,† M. R. Pearson,1

P. Delheij,1 J. Lassen,1 D. Lunney,1,4 and J. Dilling1,2

1TRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia, Canada
2Department of Physics and Astronomy, University of British Columbia, 6224 Agricultural Road, Vancouver, British Columbia, Canada

3Physik Department E12, Technische Universität München, Garching, Germany
4CSNSM-IN2P3-CNRS, Université Paris 11, F-91405 Orsay, France

(Received 22 December 2009; published 17 February 2010)

We report the mass measurement of the short-lived 12Be nuclide (T1/2 = 21.5 ms) performed using the Penning
trap mass spectrometer TITAN at TRIUMF. Our mass excess value of 25 078.0(2.1) keV is in agreement with
previous measurements, but is a factor of 7 more precise than the Atomic Mass Evaluation of 2003. To address
an unresolved discussion on the spin assignment of isospin T = 2 states in 12C and 12O, we reevaluate the
isobaric mass multiplet equation for the lowest lying T = 2 multiplet in the A = 12 system and use the extracted
parameters to extrapolate from the known excited 2+ and 0+ states in 12Be. Though this analysis favors the
second known T = 2 state in 12C to be 2+, 0+ cannot be excluded.

DOI: 10.1103/PhysRevC.81.024314 PACS number(s): 21.10.Dr, 27.20.+n

A significant amount of research has recently been dedi-
cated to the evolution of magic numbers far from stability (see,
for example, Ref. [1] and references therein). In particular, the
isotonic chain N = 8 has received close attention owing to the
rapid fading of the shell closure toward its lighter members.
While the p-shell closure is responsible for the doubly magic
nature of 16O, shell gap quenching unfolds in the case of
the exotic nuclide 12Be. Strong evidence has been collected
over the past years through a broad range of experimental
approaches, ranging from one-neutron knockout reactions
[2,3] via inelastic scattering of 12Be beams on various targets
[4–6] to the discovery of a low-lying isomeric 0+

2 state [7,8].
All of these provide a consistent picture of the loss of magicity
at N = 8 for 12Be: The ν(1s0d)2 intruder configuration
of the last neutron pair is assigned a dominating role in the
structure of the nucleus, giving rise to a pronounced admixture
to the normally expected closed-shell ν(1p)2 configuration
of the ground state [2,3] and to the low-lying excited states
[4,5,7,8]. Very recently, the structure of 12Be was studied via
the 11Be(d,p) reaction [9] and in neighboring 13B a low-lying
excited state was also suggested to be a neutron intruder
state coexisting with a normal ground state configuration [10],
which again highlights the disappearance of the N = 8 shell
gap in 12Be. This intense activity concerning 12Be was the
motivation for our mass measurement. It also extends our
previous series of measurements on the Be isotopes [11].
Because of its short half-life of 21.5 ms, the mass of 12Be
has never been measured in a Penning trap mass spectrometer
before. Indeed, short half-lives pose a real challenge for
such measurements. The recently commissioned Penning trap
facility TITAN (TRIUMF’s Ion Trap for Atomic and Nuclear
Science [12]) is capable of performing measurements on

*sette@triumf.ca
†Present Address: National Superconducting Cyclotron Laboratory,

Michigan State University, East Lansing, Michigan 48824, USA.

isotopes with half-lives below 10 ms. This has been previously
demonstrated for the two-neutron halo nuclide 11Li (T1/2 =
8.6 ms), as another example of an exotic nucleus along the
N = 8 isotonic chain [13].

With an improved mass value and the excitation energies
with uncertainties σ = 1 keV of the 2+ and 0+

2 states [7,8],
12Be would, in terms of isospin T = 2 states, also be the most
well-studied nucleus among the A = 12 quintet. According to
the isobaric multiplet mass equation (IMME) [14], the mass
excess ME of isobaric analog states of the same multiplet
follows a parabola, ME(A, T , Tz) = a + bTz + cT 2

z , where
Tz = (N − Z)/2. It would, thus, be possible to utilize the
parameters of the IMME of the lowest lying multiplet to
extrapolate from 12Be’s 2+ and 0+

2 states to respective isobaric
analog states in other Tz projections. This is particularly
interesting for the second known T = 2 state in 12C, as the spin
assignment remains undecided between 0+ and 2+ [15] and has
recently been the subject of intense debate [16–18]. The newly
discovered low-lying excited state in 12O is a second case in the
A = 12 quintet with an unresolved spin-parity determination,
allowing either 0+ or 2+ [19]. However, the existence of such a
low-lying state in this nuclide is interpreted rather as a sign of
the quenching of the Z = 8 shell closure. This would indicate
the persistence of the mirror symmetry, as observed in 12Be.

TRIUMF’s ISAC radioactive beam facility [20] produced
12Be by bombarding a tantalum target with a 40-µA, 500-MeV
proton beam from the TRIUMF cyclotron. Atomic 12Be
defusing out of the target was ionized via resonant laser
excitation [21]. The 12Be+ ions were mass separated and
delivered to TITAN with a beam energy of 20.4 keV. For
reference measurements, 12C+ was delivered at the same beam
energy from TRIUMF’s off-line ion source (OLIS) [22].

Currently, the TITAN facility consists of three ion traps: a
radiofrequency quadrupole (RFQ) cooler and buncher [23],
an electron beam ion trap (EBIT) [24], and a precision
measurement Penning trap. The EBIT was not used during
this measurement. To capture the incoming beam, the RFQ

0556-2813/2010/81(2)/024314(5) 024314-1 ©2010 The American Physical Society
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Halo nuclei

He-6

He-8

Li-11

Be-11

Reference

Brodeur et al. in prep. PRL

Ryjkov et al. PRL 08

Smith et al. PRL 08

Ringle et al. PLB 09

Old AME03 M.E. (keV)

31598.0 +/- 6.9

17595.11 +/- 0.76

40797 +/- 19 

20174.1 +/- 6.4

TITAN new M.E. (keV)

17592.087 +/- 0.054

31609.723 +/- 0.106

40728.28 +/- 0.64

20177.60 +/- 0.58

•  Maybe more out there?
Four-neutron halo   

One-proton halo    
Two-proton halo    

Binary system

One-neutron halo    

Two-neutron halo   

TITAN mass

•  New level of precision on halo nuclei masses (6,8He, 11Li, 11Be)

Halo program plans:
•  Proposals to measure the mass of 
1n halo 19C and 2n halo 14Be (expect 
<10 nuclei/s)

•  Confirmed the 6Li mass from SMILETRAP, which disagreed from AME03 by 16 ppb
        milestone measurement at a precision of 4 ppb    
•  Improved the precision on the mass of 8,9Li 
as well as the stable 9Be and nearly stable 10Be       
•  Measured the mass of 20 ms lived 12Be 
    with count rate of ~ 30 nuclei/s

Brodeur et al. in prep. PRC
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14Be: 2n-halo nucleus with T1/2 = 4.35 ms

Current mass based on two measurements 
that differs by 370(210) keV

Cluster model description of this nuclei 
requires a more reliable mass to constrain 
their model parameters

[WOU88] J.M. Wouters et al, Z. Phys. A 331 (1988) 229
[GIL84] R. Gilman et al., Phys. Rev. C 29 (1984) 958

T. Tarutina, I.J. Thompson, J.A. Tostevin, Nucl. Phys. A 733 (2004) 53

Main challenges on production side: Thick Ta target hinders release 
times for short-lived Be isotopes
Short TaC stack to be used this year

Getting ready on the TITAN side: 6Li-7Li frequency ratio test measurement 
was preformed at 100 Hz
Expect low yield (10 ions/sec); measured 
12Be with 30 ions/sec

Meanwhile, TITAN improved the 12Be mass:
ME(AME03) = 25 076.5(15.0) keV ME(TITAN) = 25 078.0(2.1) keV

S. Ettenauer et al., PRC 81, 024314 (2010)

Improved 12Be mass value contributes to more precise S2n(14Be)
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Baked vacuum tube at 200C (trap centre) for a total of 7 days; mainly H left
Now pressure reached 4 x 10-11 torr
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Ideal Penning trap:

+ B

end cap ring

+2V +2V-1.6V

3.3. Compensation of the Penning trap electrical potential

+

+

V

V b)V

V

z z

z z

c) d)

+

+

+

ion position when the trap is closed

a) 

axial oscillations

∆t      < 0cap

∆t      = 0cap

Figure 3.10: Axial oscillations of the ion in the trap as function of the
closing time of the trap. a) The ion did not reach the trap centre when it
was closed b) results in large axial oscillations c) the ion stopped in the trap
centre when it was closed d) results in minimal oscillations.

the amplitude and direction of the concavity of the equation ν+ = az2 + b,
as shown by figure 3.12.

Thus, the Ci>2 coefficients are minimized by changing the potential on
the correction electrodes and taking the difference between the measured
ν+ at the trap centre (circled in figure 3.11) and the ν+ at a location away
from the centre (squared in figure 3.11) ∆ν+ = ν+(tcap = 1.1µs)−ν+(tcap =
1.6µs).

Figure 3.13 shows the linear behaviour in the reduced cyclotron fre-
quency difference ∆ν+ with the correction tube voltage for kguard = -0.05.
A linear regression of the data shows that ∆ν+ crosses zero for ktube =
1.464(4). As discussed in section 3.3.1, this would correspond to one of the
possible optimal compensation. Therefore, we repeated the procedure for
different correction guard potentials kguard. Figure 3.14 shows that all the
optimal kguard and ktube values lie along a straight lines as expected from
equation (3.52). In order to select the setting that optimizes the compensa-

81

+

V

z

(typical voltage)

reduced 
cyclotron

Ions have 3 eigenmotions:
(L.S. Brown & G. Gabrielse, RMP 58, 233 (1986)) 

The free-ion cyclotron frequency 
depends on its mass:
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Precision Mass Measurements of Halo Nuclei
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Exotic nuclei are the unstable brothers of the ‘normal’, stable nuclei with an extremely unbalanced

protons-to-neutrons ratio. The most exotic nuclei ever produced are the halo isotopes of helium

and lithum with up to three time more neutrons than protons (compared to the balanced ratio in

C-12). Teetering on the edge of nuclear stability, the properties of these exotic halo nuclei have long

been recognized as the most stringent tests of our understanding of the strong force. Nuclear halos,

which were first discovered in the 1980s [1], are an exotic form of nuclear matter that continue

to defy the considerable scientific efforts focused upon them.
11

Li belongs to a special category

of halos called Borromean, bound as a three-body family, while the two-body siblings,
10

Li and

2n, are unbound as separate entities. Last year, a first mass measurement of the radioisotope
11

Li

using a Penning trap spectrometer was carried out at the TITAN (Triumfs Ion Trap for Atomic and

Nuclear science) facility [2] at TRIUMF-ISAC. Penning traps are proven to be the most precise

device to make mass measurements, yet until now they were unable to reach these nuclei. At

TRIUMF we managed [3] to measure the mass of
11

Li to an unprecedented accuracy of δm/m
= 6 · 10

−8
, which is remarkable for the fact that it has a half-life of only 8.8 ms making it the

shortest-lived nuclide ever to be measured with this technique. Furthermore, new and improved

masses for the two and four neutrons halo
6,8

He [4], as well has the one neutron halo
11

Be [5]

have been performed. An overview of the TITAN mass measurement program and its impact in

understanding the most exotic nuclei will be given.

∆R/R >10
−7

η
∆νc

(νc·A) = -0.5(5) ppb/u

ωc(measured) = ωc(ideal) + ∆ωc(C4) + ∆ωc(C6) + ... (1)

νc =
1

2π

q · B

M
= ν− + ν+ (2)

W = −Er(νRF )

B0
Bz(z) (3)

ν+ ≈ νc − V0/(4πBd2
) (4)

∆R

R
=

∆νc

νc · A
· ∆A. (5)

∗ This work was supported by the Natural Sciences and Engineering Research Council of Canada and the National
Research Council of Canada.

Ideal trap!

knowing q, B and
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shortest-lived nuclide ever to be measured with this technique. Furthermore, new and improved

masses for the two and four neutrons halo
6,8

He [4], as well has the one neutron halo
11

Be [5]

have been performed. An overview of the TITAN mass measurement program and its impact in

understanding the most exotic nuclei will be given.

∆R/R >10
−7

η
∆νc

(νc·A) = -0.5(5) ppb/u

ωc(measured) = ωc(ideal) + ∆ωc(C4) + ∆ωc(C6) + ... (1)

νc =
1

2π

q · B

M
= ν− + ν+ (2)

W = −Er(νRF )

B0
Bz(z) (3)

ν+ ≈ νc − V0/(4πBd2
) (4)

∆R

R
=

∆νc

νc · A
· ∆A. (5)

∗ This work was supported by the Natural Sciences and Engineering Research Council of Canada and the National
Research Council of Canada.

one can determine the ion’s mass
Cyclotron frequency measured using the 
TOF-ICR technique 

Magnetic field determined from calibrant 
ion cyclotron frequency

(G. Graff et al., ZPA 257, 35 (1980)) 
(M. Konig et al., IJMSIP 275, 95 (1995)) 

Finally, evaluate the atomic mass:



Maxime Brodeur TCP2010 conference

Er vs detuning frequency

38

The ion’s kinetic energy in the radial plane as function of the detuning

2.5. The mass measurement Penning trap
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Figure 2.12: Evolution of the reduced cyclotron motion of radius r+, mag-

netron motion of radius r− and radial kinetic energy as a function of the

conversion factor η = k0TRF /π.

If the applied RF frequency is detuned from the cyclotron frequency by

the amount

∆νRF =
ωRF − ωc

2π
, (2.40)

the kinetic energy of the ion in the radial plane at the end of the conversion

is given by

Er = E0

sin
2
�

π
2

�
(2∆νRF TRF )2 + η2

�

(2∆νRF TRF /η)2 + 1
. (2.41)

Figure 2.13 shows that the ions which are resonantly excited (∆νRF =

0) have maximum kinetic energy after the conversion. This means that the

cyclotron frequency νc of the ion can be determined by taking the kinetic

energy as a measure of achieving resonant conditions, hence when the exci-

tation frequency νRF maximizes the kinetic energy of the ion. Note that the

full width half maximum (FWHM) of the time-of-flight spectra is given by

∆ν ·TRF ≈ 0.8 for η = 1 and ∆ν ·TRF ≈ 1.6 for η = 3. This means that the

resonance width for a full conversion is minimal when the conversion factor

η = 1. Therefore, for a given excitation time TRF , the smallest FWHM of a

kinetic energy spectra is given by

∆ν =
0.8

TRF
. (2.42)

A change in the ion kinetic energy during application of an RF-field

with ∆νRF is measured by ejecting the ions from the trap through a hole in
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Sinc profile coming from the constant RF amplitude applied over a finite time.
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π
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Figure 2.13 shows that the ions which are resonantly excited (∆νRF =

0) have maximum kinetic energy after the conversion. This means that the

cyclotron frequency νc of the ion can be determined by taking the kinetic

energy as a measure of achieving resonant conditions, hence when the exci-

tation frequency νRF maximizes the kinetic energy of the ion. Note that the

full width half maximum (FWHM) of the time-of-flight spectra is given by

∆ν ·TRF ≈ 0.8 for η = 1 and ∆ν ·TRF ≈ 1.6 for η = 3. This means that the

resonance width for a full conversion is minimal when the conversion factor

η = 1. Therefore, for a given excitation time TRF , the smallest FWHM of a

kinetic energy spectra is given by

∆ν =
0.8

TRF
. (2.42)

A change in the ion kinetic energy during application of an RF-field

with ∆νRF is measured by ejecting the ions from the trap through a hole in
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conversion factor

full conversion for:

2.5. The mass measurement Penning trap

r±(t) = {r±(0) cos(ωBt)∓ (
r±(0)i(ωRF − ωc) + r∓(0)k0e±i∆φ

2ωB
) ·

sin(ωBt)}ei(ωRF−ωc)t/2, (2.31)

where

ωB =
1
2

�
(ωRF − ωc)2 + k2

0, (2.32)

k0 =
Vq

2a2

q

m

1
ω+ − ω−

, (2.33)

∆φ = φRF − φ+ − φ−. (2.34)

When the RF field is applied at the cyclotron frequency, i.e. ωRF = ωc,
equation (2.31) becomes:

r±(t) = {r±(0) cos(k0t/2)∓ r∓(0)e±i∆φ sin(k0t/2)}. (2.35)

If the initial condition is such that the ion is completely in the magnetron
mode with radius r−(0) = r0, then both radii evolve in time as:

r+(t)
r0

= sin(k0t/2), (2.36)

r−(t)
r0

= cos(k0t/2). (2.37)

Figure 2.12 shows that a full conversion of the initial magnetron motion
into reduced cyclotron occurs when the conversion factor η:

η = k0TRF /π (2.38)

is equal to η = η0 = 1, 3, 5... . At the beginning of the excitation (η = 0),
the ion motion is purely magnetron. This means that the energy of the ion
is dominantly potential energy. After a time TRF = η0π/k0, the situation
is inverted and the motion is purely reduced cyclotron motion, leading to
a full transfers of the potential energy into kinetic energy. Therefore, using
equation (2.33) in order to have a full conversion from an initial magnetron
motion into a reduced cyclotron motion, RF amplitude and the excitation
time must satisfy:

VRF ≈
2πBa2η0

TRF
. (2.39)
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but FWHM minimal for
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Figure 2.12: Evolution of the reduced cyclotron motion of radius r+, mag-

netron motion of radius r− and radial kinetic energy as a function of the

conversion factor η = k0TRF /π.

If the applied RF frequency is detuned from the cyclotron frequency by

the amount

∆νRF =
ωRF − ωc

2π
, (2.40)

the kinetic energy of the ion in the radial plane at the end of the conversion

is given by

Er = E0

sin
2
�

π
2

�
(2∆νRF TRF )2 + η2

�

(2∆νRF TRF /η)2 + 1
. (2.41)

Figure 2.13 shows that the ions which are resonantly excited (∆νRF =

0) have maximum kinetic energy after the conversion. This means that the

cyclotron frequency νc of the ion can be determined by taking the kinetic

energy as a measure of achieving resonant conditions, hence when the exci-

tation frequency νRF maximizes the kinetic energy of the ion. Note that the

full width half maximum (FWHM) of the time-of-flight spectra is given by

∆ν ·TRF ≈ 0.8 for η = 1 and ∆ν ·TRF ≈ 1.6 for η = 3. This means that the

resonance width for a full conversion is minimal when the conversion factor

η = 1. Therefore, for a given excitation time TRF , the smallest FWHM of a

kinetic energy spectra is given by

∆ν =
0.8

TRF
. (2.42)

A change in the ion kinetic energy during application of an RF-field

with ∆νRF is measured by ejecting the ions from the trap through a hole in
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in which case,
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conversion factor η = k0TRF /π.

If the applied RF frequency is detuned from the cyclotron frequency by

the amount
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the kinetic energy of the ion in the radial plane at the end of the conversion

is given by
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π
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Figure 2.13 shows that the ions which are resonantly excited (∆νRF =

0) have maximum kinetic energy after the conversion. This means that the

cyclotron frequency νc of the ion can be determined by taking the kinetic

energy as a measure of achieving resonant conditions, hence when the exci-

tation frequency νRF maximizes the kinetic energy of the ion. Note that the

full width half maximum (FWHM) of the time-of-flight spectra is given by

∆ν ·TRF ≈ 0.8 for η = 1 and ∆ν ·TRF ≈ 1.6 for η = 3. This means that the

resonance width for a full conversion is minimal when the conversion factor

η = 1. Therefore, for a given excitation time TRF , the smallest FWHM of a

kinetic energy spectra is given by

∆ν =
0.8

TRF
. (2.42)

A change in the ion kinetic energy during application of an RF-field

with ∆νRF is measured by ejecting the ions from the trap through a hole in
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statistical uncertainty of mass measurement:

2.5. The mass measurement Penning trap
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Figure 2.16: Linear interpolation of the calibration cyclotron frequency at

the moment the cyclotron frequency of the ion of interest was measured.

R. The frequency ratio involves ion masses, while the quantity of interest is

the (neutral) atomic mass. Hence, one has to take into account the electron’s

mass and binding energy. The atomic mass of interest m is then determined

by:

m = R · (mcal −me + Be,cal) + me −Be, (2.49)

where Be,cal and Be are the first ionization energies of the calibrant and the

ion of interest respectively and me is the electron mass.

The resolving power R in Penning trap mass spectrometry is given by

[Bol01]:

R =
νc

δν
= 1.25 · νc · TRF , (2.50)

where we used equation (2.42) to replace δν. The statistical relative uncer-

tainty of a mass measurement is inverse proportional to the resolving power

and to the square root of the number of detected ions Nion [Bol01]:

δm

m
≈ 1

R
1√
Nion

=
1.6 · π · m

q · B · TRF ·
√

Nion
. (2.51)

This relation shows that the precision on the measured mass can be improved

in several ways. By increasing the excitation time TRF , with a magnet

having a higher magnetic field, or by increasing the charge state of the ion.

For stable ions, we can increase TRF to improve the precision. However, the
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where, the resolving power R:

3

∆ωc(C6) �
15C6V0

8d6B
(ρ2

+ − ρ2
−){(ρ2

+ + ρ2
−)− 3z2} (19)

ωc =
qB

γm0
� ωc,ini

�
1− β

2
(20)

νc = νc,ini

�
1− (a · ∆VLS)2 (21)

β � ρ+ · ω+/c = ρ−,ini · k · ω+/c (22)

ρ−,ini = s · ∆VLS (23)

ω+ (24)

Rrel. = Rnon.rel.

����1− β
2
cal

1− β
2 (25)

r−(
8
He) =

ν+(
7
Li)

ν+(8He)
· r−(

7
Li) (26)

t ∝
�

q/m (27)

�F = −�∇U = �∇(�µ · �B) = −Er

B0

∂Bz

∂z
ẑ (28)

1

R
=

∆ν

νc
=

0.8

TRF
· 2πm

qB
(29)
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Depending on the count rate and excitation time, 
TITAN Penning trap can achieve precision in the ppb 
range for A < 10. 

2.5. The mass measurement Penning trap

A frequency ratio R is derived from each frequency (νc,inter, νc) pair:

R = νc,inter/νc. (2.47)

The mean frequency ratio R is calculated by taking the weighted mean of all

R. The frequency ratio involves ion masses, while the quantity of interest is

the (neutral) atomic mass. Hence, one has to take into account the electron’s

mass and binding energy. The atomic mass of interest m is then determined

by:

m = R · (mcal −me + Be,cal) + me −Be, (2.48)

where Be,cal and Be are the first ionization energies of the calibrant and the

ion of interest respectively and me is the electron mass.

The statistical relative uncertainty of a mass measurement is estimated

by the relation [Bol01]:

δm

m
≈ m

q · B · TRF ·
√

Nion
, (2.49)

where TRF is the excitation time and Nion is the number of detected ion.

This relation shows that the precision on the measured mass can be improved

in several ways. By increasing the excitation time TRF , purchasing a magnet

with a higher magnetic field or increasing the charge state of the ion. For

stable ions, we can increase TRF to improve the precision. However, the

half-life of the measured specie limits the excitation time, which limits the

excitation time that can be used.

The precision on the mass measurement can be improved by using a

magnet with higher field strength. However, only an increase in the precision

of a factor of two or three would be possible as higher field magnets have not

yet been developed with the required homogeneity and stability. An other

option is to increase the charge state q of the ion. This allows a precision

gain proportional to the charge state used. This is used at the TITAN

experiment as described in section 2.1.2.

59

But need to determine if the system is also accurate at this level!
3.6. Benchmark high-precision mass measurement at TITAN Penning trap: 6Li

tematic errors such as the error due to the interaction of multiple ion in
the trap, the magnetic field time-fluctuations and the error due to relativis-
tic effects. Table 3.14 summarize the various sources of systematic errors

Error ∆R/R (× 10−10)
Magnetic field inhomogeneities 0.2 · ∆A
Misalignment and harm. distor. 42 · ∆A

Incomplete compensation 5(5) · ∆A
Non-lin. mag. fluct. 1.5 · ∆t

Table 3.14: Sources of systematic errors on the frequency ratio measurement
arising from imperfections of TITAN’s Penning trap. ∆A = Acal.−A is the
mass difference between the calibration and ion of interest. ∆t is the time
span between two calibrations.

discussed and their size. All the estimated errors are for a trap with V0 =
36 V. The largest source of error comes from the conservative estimate of
the misalignment with the Penning trap with the magnetic field. All these
systematic errors depends on the mass number difference ∆A, which means
that when the mass measurement is performed using a calibrant and specie
of the same mass number, the shift on the frequency ratio will be effectively
quenched. The error due to the number of ions in the trap are not shown as
they are species-dependant. For the magnitude of this error for the 6Li, 6He
and 8He measurements, refer to section 3.4.2. The error due to relativistic
effects are not shown as its dependance on several factors such as the beam
energy, the masses involved and their relative steering voltages. For the
calculations of this source of error for the 6Li measurement, refer to section
3.4.3.1 and for the 6He and 8He measurement, refer to section 3.4.3.2.

3.6 Benchmark high-precision mass measurement
at TITAN Penning trap: 6Li

Precise and accurate stable masses are important in nuclear physics because
of their use as calibrants for mass measurements on radioactive species. One
example is 6Li, which is the calibration mass used for the mass measurement
of the radio-active nuclei 8He [Ryj08], 8Li, 9Li and 11Li [Smi08b] by the
TITAN experiment.

A recent Penning trap mass measurement of 6Li by SMILETRAP [Nag06]
shows a disagreement of 5 σ with the AME03 value [Aud03]. The AME03
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To do so, several sources of systematic errors were investigated, including:

misalignment and harmonic distortion 
magnetic field inhomogeneities

non-linear magnetic field fluctuation 
incomplete compensation

(for the 3.6 V trap depth used for the halo mass measurements)

(M. Brodeur Ph.D. thesis, UBC (2010)) 

4.2
0.5

(h)

Recall:

As well as other sources of errors that can be minimized during the measurement:

Relativistic effects

Ion-ion interaction

(adjusting ion radius such they have similar velocity)

(adjust count rate such as to have mainly one ion at the time)
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Trap misalignment with the B-field (a) and harmonic distortion of 
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and tight machining tolerances

leading (estimated):

Minimize harmonic distortion ε by 
having a one-piece ring electrode
gold-plating to reduce surface 
imperfections

having tight machining tolerances

3.2. Trapping potentials of a real Penning trap and trap-related systematic error

In order to estimate the size of the frequency shifts due to the mis-

alignment with the magnetic field and the harmonic distortion, we use the

magnetron frequency for TITAN’s Penning trap (ν− = 6100 Hz) and by ap-

proximating ν+ � νc. This results in a shift of (∆R/R)mis. =
�

9
4θ2 − 1

2�2
�

·
∆A ·1.1×10

−4
. In order to have a conservative estimate on the error, we use

the conservative values for θ = � = 0.01 from [Bol90]. By doing so, we get

a shift in the range of (∆R/R)mis. = 10
−8

when ions with different atomic

masses are used. Such a shift is greater than the precision level at which the

TITAN Penning trap aims. Therefore it is crucial to estimate and measure

θ and � for the TITAN Penning trap and minimize its impact.

3.2.2.1 Harmonic distortion of the electrical potential in the

Penning trap

Here we estimate the size of the asymmetry parameter � based on the ma-

chining tolerances of the electrodes and we measure its size by creating an

artificial harmonic distortion using the correction guard electrode.

To study the effect of the asymmetry parameter � on the electrical po-

tential, we re-write the radial part of (3.5) as

Vharm.dist. =
V0

4d2
0

�
(1 + �)x2

+ (1− �)y2
�

. (3.22)

Depending on the value for � the equipotential lines may form three different

shapes. For � = 0 the lines are circular. This is the case for an ideal trap.

For 0 < � < 1 the radial equipotential lines are in an elliptical shape. For

� > 1 the equipotentials are hyperbolical with a saddle point at the trap

centre. This last case leads to unstable solutions for the ion motion. As �
is typically < 0.1 [Bol90], we are not considering this last case. Please refer

to [Kre08] for a detailed explanation.

A non-zero asymmetry parameter, �, is caused by a number of effects.

We discuss them and show how they can be minimized. Patched oxidation

of the electrodes surfaces cause undesired stray electric fields [Tes97], which

modify the electric potential. Such effects are minimized by gold-plating the

trap electrode surfaces (see figure 3.2). In addition, quadrupole deformation

of the electric potential in the xy-plane is minimized by applying an RF-

field on the correction guard electrode to avoid splitting the ring electrode.

Thirdly, the misalignment of the ring electrode with respect to the trap

axis is minimized by using high-tolerance sapphire spheres (tolerance on the

sphericity of 2.5 µm) on which the trap electrodes sit and by applying tight

electrode machining tolerance (typical tolerance of 10 µm in the dimentions).
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Li belongs to a special category

of halos called Borromean, bound as a three-body family, while the two-body siblings,
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Li and

2n, are unbound as separate entities. Last year, a first mass measurement of the radioisotope
11

Li

using a Penning trap spectrometer was carried out at the TITAN (Triumfs Ion Trap for Atomic and

Nuclear science) facility [2] at TRIUMF-ISAC. Penning traps are proven to be the most precise

device to make mass measurements, yet until now they were unable to reach these nuclei. At
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Li to an unprecedented accuracy of δm/m
= 6 · 10

−8
, which is remarkable for the fact that it has a half-life of only 8.8 ms making it the

shortest-lived nuclide ever to be measured with this technique. Furthermore, new and improved
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He [4], as well has the one neutron halo
11
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have been performed. An overview of the TITAN mass measurement program and its impact in

understanding the most exotic nuclei will be given.
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The corresponding systematic error on 
the frequency ratio R is given by:

(L.S. Brown & G. Gabrielse, PRA 25, 2423 (1982)) 

(G. Gabrielse, PRL 102, 172501 (2009)) 
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2.5. The mass measurement Penning trap
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Figure 2.10: a) Illustration of the TITAN Penning trap electrode configura-

tion formed by the hyperbolic ring (1), end cap electrodes (2), tube (3) and

guard (4) correction electrodes. The RF is applied on (4). b) Application

of a quadrupolar excitation on the correction guard electrode ((4) in a).

the ions will experience an average central force. This method is employed

in the so-called Paul trap. Please refer to [Gos95] for a detailed discussion

about Paul traps. The second method uses a magnetic field along the axial

direction to radially trap the ions. This method is used in a Penning trap.

2.5.2 The TITAN Penning trap electrode structure

This section shortly introduces the various electrodes forming the TITAN

Penning trap. Figure 2.10 (a) is a schematic of the TITAN Penning trap

electrode structure. The trap is composed of two hyperboloids of revolution

forming one ring (label (1) in figure 2.10) and two end cap electrodes (2).

The ions are axially trapped by a harmonic quadrupole electrostatic poten-

tial produced by a potential difference, V0, between the ring and the end cap

electrodes, as shown in figure 2.10. Some anharmonicities in the trapping

potential are introduced by the holes in the end-cap electrodes and by the

finite size of the hyperbolic electrodes. Two sets of correction electrodes

(labeled (3) and (4) in figure 2.10), are used to compensate for higher-order

electric field components (for more detail see section 3.3). The radial con-

finement is provided by a magnetic field B. Figure 2.10 (b) shows how the

quadrupolar excitation necessary for the mass measurement by TOF-ICR

technique is applied on the segmented correction guard electrode (see section

2.4.4 for more details).
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Hole in end caps (ion insertions)
Truncation of hyperbola

Trapping potential of a real PT is not purely harmonic:
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3.3. Compensation of the Penning trap electrical potential

table 3.3. The axial potential Vth has been fitted using

V (z) =
V0

2

�
C0 +

C2

d2
z2 +

C4

d4
z4 +

C6

d6
z6

�
, (3.44)

in order to determine the size of the C4 and C6 coefficients obtained using the
ki shown in table 3.3. The obtained coefficients, presented in table 3.3, are
a factor 10−4 smaller than the values from the literature [Bol90] presented
earlier. This results in a similar decrease in the cyclotron frequency shift
due to the non-harmonic terms in the trapping potential and this shows the
importance of a proper compensation of the trap potential.

Then, we investigated how the C4 and C6 coefficients change with ktube

and kguard. To do so, we varied the scaling coefficients over the ranges -1.0
V < kguard < 1.0 V and 0.8 V < ktube < 2.0 V and calculated the C4 and
C6 coefficients using equation (3.44). Figure 3.9 shows that the C4 and C6
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Figure 3.9: Linear variation in the strength of the C4 and C6 coefficients
with ktube and kguard. Note that the planes crosses at ktube = 1.64V and
kguard = 0.08V.

coefficients vary linearly with both ktube and kguard. This gives rise to planes

78

Goal: minimize non-harmonic coefficient Ci by changing Vtube, Vguard

C4, C6 coefficients depends linearly on Vtube, Vguard
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ω+ (20)

Only one (Vtube, Vguard) potential sets leads to 
an optimal compensation of both C4 & C6.

Thus, needs 2 optimization methods to 
get the correct compensation

Vtube

Vguard

Ci

Dominant terms are C4 & C6:
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1) Compensation using a dipole excitation 
why  
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Exotic nuclei are the unstable brothers of the ‘normal’, stable nuclei with an extremely unbalanced

protons-to-neutrons ratio. The most exotic nuclei ever produced are the halo isotopes of helium

and lithum with up to three time more neutrons than protons (compared to the balanced ratio in

C-12). Teetering on the edge of nuclear stability, the properties of these exotic halo nuclei have long

been recognized as the most stringent tests of our understanding of the strong force. Nuclear halos,

which were first discovered in the 1980s [1], are an exotic form of nuclear matter that continue

to defy the considerable scientific efforts focused upon them.
11

Li belongs to a special category

of halos called Borromean, bound as a three-body family, while the two-body siblings,
10

Li and

2n, are unbound as separate entities. Last year, a first mass measurement of the radioisotope
11

Li

using a Penning trap spectrometer was carried out at the TITAN (Triumfs Ion Trap for Atomic and

Nuclear science) facility [2] at TRIUMF-ISAC. Penning traps are proven to be the most precise

device to make mass measurements, yet until now they were unable to reach these nuclei. At

TRIUMF we managed [3] to measure the mass of
11

Li to an unprecedented accuracy of δm/m
= 6 · 10

−8
, which is remarkable for the fact that it has a half-life of only 8.8 ms making it the

shortest-lived nuclide ever to be measured with this technique. Furthermore, new and improved

masses for the two and four neutrons halo
6,8

He [4], as well has the one neutron halo
11

Be [5]

have been performed. An overview of the TITAN mass measurement program and its impact in

understanding the most exotic nuclei will be given.
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Compensation procedure II
To find the correct setting, need a second compensation procedure. 

2) Compensation using a quadrupole excitation 
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results from frequency ratio measurements of 
39K vs 23Na and 23Na vs H3O in a systematic 
error of:
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between alternative measurements
3) Calculate the difference Δ between interpolation and real measurement
4) Calculate the the spread σ of the corresponding gaussian distribution

5) Repeat for larger separation between calibrations
6) Plot change in spread over time, slope would give error on interpolation.

For TITAN, by measuring the
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of 7Li for 16h, found:

3.4. TITAN Penning trap trap-independent systematic errors

Figure 3.19: Upper plot shows the variation in the cyclotron frequency of

7
Li over a period of 16 hours. The lower plot gives the standard deviation

of differences between measured and interpolated values for increasing time

interval between calibration. The linear regression gives the systematic error

due to the linear frequency interpolation.

The standard deviation of these measurements is derived for different time

intervals between calibration. The results are shown in the bottom half of

figure 3.19. This routine was performed for intervals of up to 4 hours, and

a linear fit of the deviations gave an increase in the standard deviation of

δν/ν = 0.04(11) ppb/h.

Measurement max. time span (h) (∆R/R)inter. (ppb)

6
Li 1.0 0.2

6,8
He 3.4 0.5

Table 3.7: Systematic error due to the magnetic field fluctuations

(∆R/R)inter. depending on the largest time span between calibrations for

the
6
Li and

6,8
He mass measurements.

Table 3.8 gives the systematic error due to the magnetic field fluctua-

tions used for the
6
Li and

6,8
He mass measurements. To be conservative,

we determined the error from the largest time span seen between the
7
Li

calibrations.
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When two ions of different masses are present in the trap, the unexcited ion
will be seen as a positively charged ring.
This charged ring modifies the potential seen by the ions (no longer harmonic), 
which will change the measured cyclotron frequency.
This shift of the cyclotron frequency is determined by breaking the TOF spectra
according to the number of detected ions (1,2,3,...) and fitting these spectra.3.4. TITAN Penning trap trap-independent systematic errors

Figure 3.20: Typical count rate analysis for one
6
Li spectrum. The slope of

the linear regression is 4 ± 18 mHz/ion.

ionize residual gas or sputter material from the electrodes. The contami-

nation formed in the trap during the quadrupolar excitation phase cannot

be removed. Therefore, because the ion can interact with residual gas or

decay products, the effect of that contamination on the measured cyclotron

frequency needs to be investigated.

The possible frequency shifts are investigated by a count rate analysis

[Kel03] on the individual measurements. In such an analysis, the data of

a given measurement is devided into three different classes regarding the

number of detected ions. For each of these classes, the cyclotron frequency

is fitted and a linear regression of the frequencies is performed. Figure 3.20

shows an example of such a linear regression. As it can be seen, the fluc-

tuations in the frequency are well within error, which results in a negligible

slope of 4 ± 18 mHz/ion.

However, in order to have quantitative information about the change in

frequency with the number of ions, such fits were performed for all spectra

taken during the measurements (if there were enough recorded counts to

perform the fit) presented in this thesis. The shift in frequency due to the

number of trapped ions was taken as the weighted mean of all the slopes

from the fits.

The resulting shifts in frequency as a function of the number of trapped

ions are shown in table 3.8. While the measurements for
7
Li display a down-

93

Typical example for 6Li: To find the error, we perform such fit for several
TOF spectra and by taking the weighted mean
of the obtained slopes. Results:

3.4. TITAN Penning trap trap-independent systematic errors

Specie Slope ∆νc (mHz/ion) N
7
Li -1.4(2.9) 115

6
Li 8.4(3.2) 77

Both Li 3.1(2.2) 189

4
He -18.5(14.2) 5

6
He -9.3(51.4) 8

8
He 100.2(150.0) 5

Table 3.8: Cyclotron frequency shift due to the interaction of multiple ions

in the Penning trap for all measurements presented in this thesis. N is the

number of measurements used to calculate the average slope.

wards frequency shifts within error, the measurements for
6
Li are consistent

with a non-zero upward shift. This excludes possible interaction of
6
Li with

ionized background gas, as it would have shifted the frequency downwards.

The frequency shift were taken as the weighted mean of the
6
Li and

7
Li

shifts leading to a shift of 3.1(2.2) mHz/ion. Table 3.8 also shows the fre-

quency shifts for
4
He,

6
He and

8
He. The larger error for

8
He comes from

lower statistics.

Specie N (∆R/R)ion (ppb)

4
He 2 4.3

6
Li 3 0.2

6
He 2 8.1

8
He 1 13.3

Table 3.9: Cyclotron frequency ratio shift (∆R/R)ion due to the interaction

of multiple ions in the Penning trap. N is the number of ions chosen in the

analysis. Ncal. = 3 for
7
Li.

Based on equation (3.3), the shift in the frequency ratios due to the

ion-ion interaction is calculated using

(∆R/R)ion = (Ncal. − ε)∆νc,cal./νc,cal. − (N − ε)∆νc/νc, (3.59)

where ε = 0.6 is the detection efficiency of the MCP and ∆νc, ∆νc,cal. are

the frequency shifts with the number of ions for the ion of interest and

calibration respectively. The maximum number of detected ions chosen in

the analysis for the ion of interest and the calibrant are given by N and

94

Then, calculate the error on R:
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MCP efficiency: ~60%
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Note these are 
conservatives 
upper values
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Two previous 6Li masses disagree by 16 ppb:

TITAN performed a mass measurement of 6Li 
using 7Li as calibrant (both ions produced by 
off-line ion source)

Light ions like 6Li and 7Li are affected by relativistic 
effects, which changes the frequency ratio:

Solution: adjust
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What makes precise mass measurement on T1/2 < 50 ms isotopes possible at TITAN

2) Parallel operation
Parallel loading of the RFQ
Parallel charge breeding in
EBIT (if needed)

�F = q( �E + �v × �B)
net offset in 
ExB direction

R. Ringle et al., IJMS 263 (2007) 38 

3) Fast magnetron motion preparation

In-flight preparation using a 
Lorentz steerer
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B
Save on in-trap preparation

1) Fast data acquisition and controls
Does not limit the measurement 
repetition rate (can reach 100 Hz)
Maximized the measurement 
time/dead time ratio

TRF TRF TRF

vs.

TRF TRF TRF
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Nuclear theories we test: ab-initio methods (from first principle)  
Treat all the nucleons on the same footing 
Calculate properties by solving S.E.
Need a potential and to construct the wave function

2-body interactions 3-body interactions

Ab-initio methods for 6,8He:

GFMC: Green Function Monte Carlo method, uses V2N (AV18) and V3N (ILs).
NCSM: No-core shell model method, uses V2N only (CD-Bonn 2000 or INOY). 
            note: wave function present Gaussian fall-out (halo: exponential)
NCFC: No Core Full Configuration method (=NCSM) uses V2N only (JISP16) 
HH: Hyperspherical Harmonic expansion, uses V2N only (Vlow k) 
CC: Coupled cluster theory, uses V2N only (Vlow k) 

1.2. Nuclear halo and nuclear models

ing the Schrödinger equation

HΨ = EΨ (1.20)

where H is a Hamiltonian that can be of the general form

H = T + V =

�

i

p
2
i

2m
+

�

i<j

V
2N
ij +

�

i<j<k

V
3N
ijk + ... (1.21)

T is the kinetic energy of the individual nucleons and V
2N
ij , V

3N
ijk are two and

three-nucleon potentials. Figure 1.9 shows a schematic of the interactions

between three bodies for the Coulomb and nuclear potential. Figure 1.9

shows (a) for the Coulomb potential, only two-body interactions are present.

However, this is not the case for the nuclear potential. When more than

two nucleons are involved, the different nucleons are also affected by three-

nucleon interactions (shown by the red arrows in figure 1.9 (b)). Higher

order potentials are typically neglected as the potential strength is expected

to decrease with the number of nucleons, N , involved [Mac07].

Several modern models describe the strong interaction in terms of meson

exchange between structureless nucleons. The concept of meson exchange

as mediator of the strong force was first proposed by Yukawa [Yuk34] in the

form of the attractive potential

V (r) ∝ e
−mπr

r
(1.22)

where the pion mass mπ sets the range of the interaction. The interaction

range is approximated using the Heisenberg uncertainty principle:

∆t∆E ≥ � (1.23)

where t is the time over which the meson exist and E is its energy. Using

equation (1.23), the range of interaction for the π exchange is estimated

to be ∆x ≈ 1/mπ = (140 MeV)
−1

= 1.4 fm (using c = � = 1). The

modern version of the Yukawa potential is called the one-pion exchange

potential. This potential still features the radial exponential decrease, but

also includes terms to account for spin and isospin. The isospin is defined

as T = (Z −N)/2 where Z is the number of protons and N the number of

neutrons in the nucleus. Equation (1.21) shows that the nuclear potential

is divided mainly into two and three body potentials. In the following, we

describe these two types of potentials.
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GFMC, AV18 and ILs:

Method that provides the closest values to experiment
Only method that uses V3N
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HH and CC, Vlow k: 

Only methods to vary the cut-off Λ for 6,8He 

separation [fm]

In
te

r-
nu

cl
eo

n 
po

te
nt

ia
l  

[M
eV

]

Λ ∼ 1
r

H(Λ) = T + VNN (Λ) + V3N (Λ) + ...

repulsion

attraction

(The SRG-evolved asymptotic values for different @!
differ by only 10 keV, so the gap between the converged
bare or LS results and the SRG results is dominated by the
induced NNNN rather than incomplete convergence).
Convergence is even faster for lower ! values [19], ensur-
ing a useful range for the analysis of few-body systems.
However, because of the strong density dependence of
four-nucleon forces, it will be important to monitor the
size of the induced four-body contributions for heavier
nuclei and nuclear matter.

The impact of evolving the full three-body force is
neatly illustrated in Fig. 5, where the binding energy of
4He is plotted against the binding energy of 3H. The
experimental values of these quantities, which are known
to a small fraction of a keV, define only a point in this plane
(at the center of the X, see inset). The SRGNN-only results
trace out a trajectory in the plane that is analogous to the
well-known Tjon line (dotted), which is the approximate
locus of points for phenomenological potentials fit to NN
data but not including NNN [23]. In contrast, the short
trajectory of the SRG with the NN þ NNN interaction
(shown for ! " 1:8 fm#1) highlights the small variations
from the omitted four-nucleon force. Note that a trajectory
plotted for NN þ NNN-induced calculations would be a
similarly small line at the N3LO NN-only point.

In summary, we have demonstrated a practical method
to use the SRG to evolve NNN (and higher many-body)
forces in a harmonic oscillator basis. Calculations of
A $ 4 nuclei including NNN show the same favorable

convergence properties observed elsewhere for NN-only,
with a net induced four-body contribution in A ¼ 4 that
is smaller than the truncation errors of the chiral inter-
action. The soft SRG interactions are an alternative to the
use of Lee-Suzuki effective interactions in NCSM and
the HO matrix elements can also be used (after conversion
to a Slater-determinant HO basis as needed) for coupled
cluster and many-body perturbation theory calculations. A
more complete analysis of convergence and dependencies
for the energy and other observables for few-body systems,
as well as results for other interactions and choices of
generator in Eq. (2), will be given in a forthcoming pub-
lication [19].
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FIG. 5 (color online). Binding energy of the alpha particle vs
the binding energy of the triton. The Tjon line from phenome-
nological NN potentials (dotted) is compared with the trajectory
of SRG energies when only the NN interaction is kept (circles).
When the initial and induced NNN interactions are included, the
trajectory lies close to experiment for !> 1:7 fm#1 (see inset).
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Allows us to estimate the effect of missing V3N 
Minimal change in 4He EB when V3N are included  

Cannot accurately predict 
the EB when only V2N are 
used  


