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Properties of neutron halo nuclei
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•very exotic (large n/p ratios)
•very large RMS matter distribution
•difference in matter and charge radii
•very small Sn or S2n

neutron halos occur along the drip line
half lives tend to be short

8He  - 119 ms
11Li  - 8.8 ms
14Be - 4.4 ms

Halo “=“ RMatter - RCharge11Li

11Li is a Borromean system

9Li + n + n

production tends to be low

Use the best tool for the job:  
Penning traps



The mass measurement is made by 
finding the true cyclotron frequency of 

the ion in the trapThree Harmonic Eigen-motions
Linear Magnetic Field + Harmonic 

Electrostatic Potential

Extraction through magnetic field 
converts radial energy to longitudinal 

energy

Measurement of TOF gives cyclotron 
frequency and hence the mass

Application of quadrupolar field 
converts magnetron motion into 

cyclotron motion  

Penning trap mass spectrometry of 
short-lived radioactive nuclidesTITAN

ISAC•TRIUMF
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The TITAN facility at ISAC

ISAC Beam

RFQ
Cooling and Bunching

Penning Trap
Mass Measurement

EBIT
Charge State Breeding

(E ~ 20-60 keV)

Cooler Trap
Cooling HCI

Dilling et. al., IJMS 251 (2006) 198
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(see poster by M. Brodeur)



TITAN - built for speed
TITAN

ISAC•TRIUMF

Fast DAQ/Controls
- MIDAS based data acquisition
- minimal software/hardware 
  interaction during measurement
- free-running frequency modulated RF system
- DAQ/controls not limiting measurement
  repetition rate

Parallel Operation
- parallel loading of RFQ
- parallel sideband cooling in EBIT
  (no charge breeding)
- purified samples delivered to MPET
  on demand

Fast Magnetron Preparation1

post-analyzer
reflector

gate/detector

energy
buncher

TOF
analyzer

beam from 
RFQ

beam to 
MPET

or EBIT

MR-TOF Isobar Separator (coming soon)

W.R. Plaß et al., Nucl. Instr. Meth. B 266 (2008) 4560

Principle:  electrostatic mirror 
system drastically increases 
the ion flight path

1.  extremely short measurement 
     times (100 ns to 10 ms)
2.  broad mass range
3.  large ion capacity
4.  high resolving power 
     (m/Δm ~ 100,000)
5.  compact setup, inexpensive

Advantages: 

resolving power comparable to sideband 
cooling in a significantly shorter time
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!F = q( !E + !v ! !B)
net offset in 
ExB direction

R. Ringle et al., IJMS 263 (2007) 38 
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What role do masses play?
Directly:  determination of neutron 

 separation energies
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Indirectly:  relative charge radius 
determination via isotope 
shifts

mass shift field shift

Experiment
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FIG. 2: Left: Charge radius of lithium [4] and helium isotopes [6]. Note the sharp increase for 6He followed by a decrease for
8He. 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; 6He and 8He. Both comprise a 4He 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: 6He, 11Li, 14Be and the potential di-proton halo 17Ne. 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 8He [? ].

The nuclear charge radius of 8He as been recently determined from isotopic shift measurements [6]. The isotopic
shift is given by the following expression:

!"A,A!
= "A!

! "A = !"A,A!

MS + !"A,A!

FS (1)

Where !"A,A!

MS is the mass shift, which strongly depend on the mass of the two isotopes:

!"A,A!

MS = (KNMS + KSMS)
MA !MA!

MAMA!
. (2)

This quantity also includes the normal mass shift KNMS due to the finite mass of the nucleon and the specific mass
shift KSMS due to electron correlations. The second contribution to the isotopic shift, the field shift !A,A!

FS :

!"A,A!

FS = KFS · ! < 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 6He and
11Li, it shows only a slight increase for 8He compared to 6He. This is a consequence that 8He has a four neutrons
halo structure rather than a 6He core plus two halo neutrons. The charge radius increase 6He and 11Li, consequence
of the strong correlation between the neutrons, but decreases for the more spherical 8He. Finally, as discussed in [6],
the biggest contribution to the error on the 8He charge radius comes from the uncertainty on the nuclear mass of 8He.
Thus, an accurate and precise mass measurement is necessary in order to confirm the nature of 8He. This will be the
main topic of that Ph.D. thesis.

Theory
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Halo nucleus Reference Lab New mass?
6He Wang et. al., PRL 93 (2004) 142501 ANL
8He Mueller et. al., PRL 99 (2007) 252501 GANIL
11Li Sánchez et. al., PRL 96 (2006) 033002 TRIUMF
11Be Nörtershäuser et. al., PRL 102 (2009) 062503 ISOLDE

Mass precision < 1 keV required Drake, Nucl. Phys.  A 737 (2004) 25 

Yan and Drake, PRL 91 (2003) 113004 

Puchalski and Pachucki, PRA 78 (2008) 052511 
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Halo masses and charge radii

6,8He:  Brodeur et. al., in prep.

8He:  Ryjkov et. al., PRL 101 (2008) 012501 

11Li:  Smith et. al., PRL 101 (2008) 202501 

11Be:  Ringle et. al., PLB 675 (2009) 170 6,8He, 12Be shown with statistical 
uncertainty only!
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FIG. 2: Left: Charge radius of lithium [4] and helium isotopes [6]. Note the sharp increase for 6He followed by a decrease for
8He. 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; 6He and 8He. Both comprise a 4He 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: 6He, 11Li, 14Be and the potential di-proton halo 17Ne. 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 8He [? ].

The nuclear charge radius of 8He as been recently determined from isotopic shift measurements [6]. The isotopic
shift is given by the following expression:

!"A,A!
= "A!

! "A = !"A,A!

MS + !"A,A!

FS (1)

Where !"A,A!

MS is the mass shift, which strongly depend on the mass of the two isotopes:

!"A,A!

MS = (KNMS + KSMS)
MA !MA!

MAMA!
. (2)

This quantity also includes the normal mass shift KNMS due to the finite mass of the nucleon and the specific mass
shift KSMS due to electron correlations. The second contribution to the isotopic shift, the field shift !A,A!

FS :

!"A,A!

FS = KFS · ! < 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 6He and
11Li, it shows only a slight increase for 8He compared to 6He. This is a consequence that 8He has a four neutrons
halo structure rather than a 6He core plus two halo neutrons. The charge radius increase 6He and 11Li, consequence
of the strong correlation between the neutrons, but decreases for the more spherical 8He. Finally, as discussed in [6],
the biggest contribution to the error on the 8He charge radius comes from the uncertainty on the nuclear mass of 8He.
Thus, an accurate and precise mass measurement is necessary in order to confirm the nature of 8He. This will be the
main topic of that Ph.D. thesis.

Theory
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AME03 unc. AME03:  Audi et. al., Nucl. Phys. A 729 (2003) 337
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HCIʼs with the TITAN EBIT

EBIT
(charge breeder)

RFQ
(cooler and buncher)

MPET
(precision trap)

CPET
(cooler trap)

ISAC beam: A+

A+

Aq+

@ 4 T, as close as 10 cm 
from the trap center

+ (0o)

- (180o)

Phase splitter /
RF coupler

HV
(~ +2 kV)

-
- -

-
+

++
+

RF
generator

no cleaning

cleaning on

standard dipole excitation used 
to clean contaminants

(see poster by A. Lapierre)

@ 4 T, as close as 10 cm from the 
trap center

LEGe X-ray detector

A+ (~ 2 keV)

Magnet / Trap

Electron gun

Electron collector

A+q

X-ray spectroscopy: 
•segmented trap electrode for direct access to trap center 
•diagnostics tool for charge breeding
• EC-BR measurement (see poster by T. Brunner)



First radioactive HCI’s from TITAN EBIT!
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HCIʼs with the TITAN EBIT
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Summary and Outlook

Halo nuclei
- High precision penning trap mass measurements of 6,8He, 11Li and 11Be have been performed with 
  δm < 1 keV

- Mass values obtained with TITAN do not contribute a significant source of uncertainty to relative   
  charge radius determinations

- Future halo mass measurement proposals include 19C (1n), 14Be (2n) and 17Ne (2p).

Charge Breeding
- Stable HCI’s have been measured in the MPET

- Radioactive HCI’s have been produced

- Purification and identification techniques are being developed

- High-precision mass measurements of radioactive species later this year

Four-neutron halo   

One-proton halo    
Two-proton halo    

Binary system

One-neutron halo    

Two-neutron halo   

TITAN mass
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