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Outline

• Probing the Nuclear Interaction
– Testing and refining our understanding in areas that are only 

accessible with RIBs
– Probing where effects are enhanced, at the extremes of nuclear 

existence
– Halos

• Mass measurement: how and where
– Introduction to ion traps and mass measurements

• Examples of mass measurements
– Halos
– Evolution of magic numbers off the valley of stability

• Conclusions and key message
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Very low binding of neutrons

• In 1985 Tanihata et al. fired light nuclei at 
Beryllium, Carbon and Aluminum targets 

• They found the radius of 11Li to be much 
larger than expected

• Extra neutrons or protons  on classically 
forbidden orbits

3/2 - 0 keV
369 keV

9Li +2n

11Li

Understanding what holds things together:
an ‘ideal study object’: Halo nuclei



bound bound unbound unboundbound

halo

bound

halo

....

Borromean system Most exotic nucleus 
“on earth”

T1/2= 806 ms T1/2= 108 ms

Radioactive short-lived nuclei and they need to be investigated experimentally.
From a comparison of  theoretical predictions with experiment we can test our
knowledge on nuclear forces in a very fundamental approach.

The helium isotope chain



Halo Nuclei = extra large nuclei

7 fm

12 fm

two proton halo

one proton halo

one neutron halo

two neutron halo

four neutron halo

Known halos (more out there)

• Short-lived
• few nucleon system

– test for theory
at extreme conditions

– difficult to produce and measure
– only a few have ever been 

measured directly

8.8 ms11Li

4.4 ms14Be

119 ms8He

T1/2Halo
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Halo Nuclei: A simple model 9Li + 2n



Halo Nuclei – ‘real’ theory

halo nuclei are a challenge to theory

• Is it possible to describe the extended wave function properly?

• They test nuclear forces at the extremes, where some effects
are amplified and can be studied ‘directly’!

Cluster models: 3-body models with phenomenological interactions

n

ncore

6He, 11Li - borromean systems

can do reactions, specialized calculations  

but difficult to add core polarizations

Ab-initio calculations:

r2

r1
rA

...

s2s1

sA

treat the nucleus as an A-body problem

full antisymmetrization of the w.f.

use Hamiltonians to predict halo properties

Methods: GFMC, NCSM, CC, FMD



HALO theory
(but important for other extreme areas, too)

Precision 
experiments needed

to verify and 
refine theory!

EFT



Laser
RF
charged particles
atoms

light
reactions and 
decay products

Long-time storage in well-defined fields ⇒

precision measurements of masses and moments
decay studies, correlations

Confinement and interaction with gas or other 
charged particles (electrons), laser light, … ⇒

ion manipulation

STORAGE

PRECISION

Δt · ΔE >  h / 2π

W. Heisenberg

Ion Traps:
the ‘perfect‘ tool to get answers : controlled storage leads to precision

MASSES

ION MANIPULATION



3D confinement

Penning trap:
Static electric quadrupole + magnetic field

micromotion + macromotion

Manipulation techniques with many ions.

3 harmonic oscillations

Suited for precision experiments.

Paul trap:
Oscillating electric quadrupole field

ION TRAPS
invented for stable particles &

produced inside the trap

H. G. Dehmelt
W. Paul

1989
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Penning Trap

Motion of ions well understood:
Three Eigenmotions can be coupled using RF

Allows us to manipulate motion: 
transfer from one motion into the other!

Cyclotron frequency:

Superposition
strong magnetic field
weak electrostatic
quadrupole field



Trap and
RF excitation

Detect ions
and measure TOF

Open trap
release ions

Mass determination
Time-of-Flight Ion Cyclotron Resonance (TOF-ICR)

TOF ∝ 1/Er

The mass is determined by a scan of 
ωrf around the resonance:
then compare to well known reference!

1
2 3

Repeat 
many times
to generate TOF resonance

4

Ions in the trap are
• rf-excitation ωrf of duration Trf, , conversion of Eigenmotions
• accelerated by the magnetic field gradient:
• TOF is recorded on detector

NBqT
m

RF ⋅⋅⋅
≈

1δ

G. Gräff et al. Z. Phys. A, 297 (1980)



Methode: non-destructive FT-ICR
M.B. Comisarow and A.G. Marshall, 

Chem. Phys. Lett. 25, 282 (1974) @ UBC

• Possible for ‘longer-lived’ isotopes
– Measurements of very rare isotopes

(like super-heavy elements SHEs)
– Needs advanced electronics

x

y

Pickup-Elektrode

Pickup-Elektrode
„FT-ICR“

fourier-transform-ion cyclotron resonance

ion current
signal

f p

mass
spectrum

I I

t f

very small
signal ~fA

J. Ketelaer et al., 
Eur. Phys. J. A 42 (2009) 311

Or non-destructive:
Detection and mass determination via pick-up

••

•

Super-conduction resonator
For broad-bad FT-ICR @
TRIGATRAP, Mainz



Mass measurements
one of the keys to open questions in Nuclear Physics

-7/8



Mass measurement
requirements

• In order to address the pressing questions, the 
mass measurement’s requirements are given by 
the radioactive isotopes/beams
– Fast (half-lives are typically short ;seconds to ~5ms)
– Efficient (miniscule intensities few ions/second)

• To be able to help understand Nature (or theory) 
the measurements have to be:
– Precise (enough to test theory, but fast)
– Accurate (reliability of data)

Penning traps at RIB facilities



Precision and accuracy
PT are a widespread mature application

Since PT were 
developed for ions, 

they behave 
the same way for 
stable or unstable 

particles!
Ideal for systematic 

test and 
optimizations 



Verification of performance
using stable masses (or standard 12C) 

K. Blaum et al., EPJ A 15, 245 (2002)
ISOLTRAP: Carbon Cluster tests
(dm/m)res = 8·10-9

B. Brodeur et al., INJM 310, 20 (2012) 
TITAN: Global compensation method
ΔR/R)total = − 4(6) × 10−12 · Δ(m/q) · V0 

V.-V. Elomaa et al., NIM A 612, 97 (2009)
JYFLTRAP: Carbon Cluster tests
σres,lim(r)/r=7.9×10-9

C. Droese et al., NIM A 632, 157 (2011)
SHIPTRAP: Temperature stability 

σo=1.3(3)×10−9/h

Reached high accuracy
and precision:

Excellent reliabilityOther on-line trap systems do this 
as well…CPT, LEBIT…



Fast and efficient
(but keeping the precision)

• Improve precision using 
different excitation modes: 
Ramsey (gain factor ~2)

• Precision depends on νc, 
hence boosting the 
frequency is the key.
– Can be done with higher 

excitation modes:
• Octupole excitation: JYFLTRAP, 

LEBIT, SHIPTRAP: S. Eliseev et al., 
PRL. 107, 152501 (2011)

– Using highly charged ions: 
developed at SMILETRAP, now also for 
radioactive beams: TITAN : S. Ettenauer et 
al., PRL 107, 272501 (2011)
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76Rb+12

• Developed very fast preparation:
For ex.: Lorentz-steerer developed at LEBIT:
able to reach short half-lives below 100ms:

ISOLTRAP:
32Ar(98 ms) K. Blaum et a;., PRL 91, 260801 (2003)
74Rb(65ms):A. Kellerbauer et al., PRL 93, 072502 (2004) 

TITAN : 11Li(9ms) M. Smith et al., PRL 101, 202501 (2008)



Ready for some mass measurements

• Penning trap systems provide accurate and 
precise data for short-lived radioactive isotopes.

• The measurements are needed to test our 
understanding of the nuclear interaction.

• Some examples (personal selection, there are 
many, many others)
– Examples of precision mass measurements for halos.
– Evolution of magic numbers
– Some neutrino-physics relevant measurements



Production of radioactive species:
ISAC (Isotope Separator and ACcelerator)

ISAC: 2nd generation facility
highest power on target for 
on-line facilities up to 
100μA@500MeV DC proton

Access to very short-lived isotopes.
Testing the extremes of nuclear stability.



ITE laser transport

Collection 
Station

Beam production at ISAC

ITW laser transport

New system under construction:
•Use quick release
•No manual operation required
•Turn-around time from 3 weeks→4 days

•More targets, more developments



•BL4N is planned to 
deliver 500-MeV 
protons to new 
actinide target station 
for beam production 

•Provide independent
production via photo-
fission for ‘new 
isotopes’ and for ~12 
months running 
(during cyclotron shut-
down)

•Develop new front 
end to permit                   
three simultaneous
RIB beams (two
accelerated)

ISOL production @ TRIUMF 
& in the future (and UCN)

Beam lines and facilities



•Funding received: $M63 
•Start of building 2011
•First beam 2014
•Routine operation 2015

Clean
New

ISOTOPES



ISAC
ion beam

RFQ 
cooler & 
buncher

EBIT 
charge
breeder

Cooler
Trap

(soon)

m/q 
Selection
B/N gate

Precision
Penning 

trap

TITAN TITAN 
TriumfTriumf’’ss Ion TrapIon Trap

for Atomic and Nuclear for Atomic and Nuclear 
sciencescience

Mass measurements on isotopes
with short half-life T1/2≈ 10 ms and 
low production yields (≈ 10 ions/s) 
with high precision δm/m ≈ 10-8.

Laser spectroscopy with enhanced resolution
and sensitivity, access to very exotic isotopes

CNRS/Orsay

Yale
SFU

TU Munich
Guelph St Mary’s

TU Dresden

CNRS/Orsay

Yale
SFU

TU Munich
Guelph St Mary’s

TU Dresden

laser
spectroscopy



ISAC Beam

RFQ
Cooling and Bunching

Sq-W driven system with
He or H coolant 

reverse extraction

Penning Trap
Mass Measurement
Optimized for fast 

measurements 

EBIT
Charge State Breeding

ms breeding with high efficiency

TITAN 
Triumf’s Ion Trap for Atomic and Nuclear science

Cooler Penning Trap
p or e-cooling of highly charged ions5 

m

7 m



26

RFQ

RFQ
HV platform

Penning trap
EBIT
HV platform

Radioactive ion beam

EBIT

Test ion source
(stable ions)

TITAN set-up @ ISAC    



• TITAN mass measurements for Li-6, found difference to AME 2003

• solved conflict with AME (SMILETRAP had found different value than JILA-trap)

• TITAN agrees with SMILETRAP value S. Nagy PRL 96, 163004 (2006)

• TITAN now most precise value for AME2011

• M. Brodeur et al, PRC 80 (2009) 044318

Testing the trap system
stable Li as start: to check precision and accuracy



AME2003 δm=19 keV

ΤΙΤΑΝ δm(11Li)=0.650 keV

Fastest measurement due to
rapid ion preparation with TITAN.

Reaching excellent precision!

CERN   TRIUMF

PRL’08        PRL’08 PRL’08

• TITAN mass measurement of 8,9,11Li
• Improved precision, S2n improved by factor 7
• Shortest-lived isotope (T1/2=8.8ms)  for Penning trap  mass 

measurement! 
• Final analysis δm = 650 eV

• Provide new S2n for test of theory
• And allow to reduce new charge radius!

TITAN

Lithium mass measurements



• Isotope shift measurements: ToPLiS (GSI) 
collaboration @ ISAC measured laser 
frequency shifts for the Lithium isotopes

• G. W. Drake (Windsor) PRL. 100, 243002 (2008) 
atomic theory calculations for the mass shifts 
=> extract the charge radius 

• Isotope shift =  modification of electron 
binding energy =Mass Shift (mass effect) 

+ Field shift (finite size of nucleus)

R. Sánchez et al., PRL 96, 033002 (2006)
Nature Physics 2, 145 (2006)
W. Nörtershäuers et al., Phys. Rev. C 84, 024307 (2011)

R. Sánchez et al., PRL 96, 033002 (2006)
Nature Physics 2, 145 (2006)
W. Nörtershäuers et al., Phys. Rev. C 84, 024307 (2011)

Requirements:
• Need precision of δm ≤ 1 keV for charge

radius calculations for atomic physics 
theory

Charge radius determination



Experiment & theory



• First direct measurements of 
the mass of 6,8He

• Final uncertainty δm(8He) = 
690eV.

TOF resonances for 6,8He+

Better and different mass value.
Lead to re-evaluation of charge

radius (P. Muller et al) 

TITAN

TITAN

Helium mass measurements

V. Ryjkov et al. PRL
101, 012501 (2008)

M. Brodeur et al. 

PRL 108, 052504 (2012)



Better and different mass value.
Requires re-evaluation of charge
radius, theory is very interested! 

TITAN

TITAN

6He (Wang)
=1.925±0.012 fm

Revised charge radius 
calculation G. Drake

6He (TITAN)
=1.910±0.011fm

8He (Muller)
=1.808±0.028 fm

8He (TITAN)
=1.835±0.019 fm

Simple 3-body model using

classical picture

6He

AME2003

TITAN

charge radius matter radius

P. Muller et al PRL 
99, 252501 (2007)

radius, fm

Halo measurements: helium

M. Brodeur et al. 
PRL 108, 052504 (2012)



Mass measurements possible due to fast on-line PT.
Measurement of the shortest-lived isotope on-line
Measurements with high precision and accuracy
Limit of sensitivity ~ 5-10 ions / sec
Plans to measure 19C (this year), and then 14Be, 31Ne (target)

TITAN ‘halo’ harvest
N-rich isotopes

6Li: Brodeur et al, PRC 80 (2009) 044318

PRC 81, 024314 (2010)
TITAN measurements

6He: Brodeur et al, PRL 108, 052504 (2012)
9Li :Brodeur et al, PRL 108.212501 (2012)



Mass Measurements at ISOLTRAP/ ISOLDE

ISOLDE
beam (DC)

HV platform

RFQ structure

MCP 5

precision
Penning
trap

cooling
Penning
trap

carbon cluster
ion source

2.8-keV ion
bunches

laser beam

MCP 3

MCP 1

60 keV

stable alkali
ion reference
source

C60 pellet
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precision 
Penning trap

stable alkali ion
reference source

ion beam cooler and buncher

removal of 
contaminant ions

(R = 105)

determination of 
cyclotron frequency

(R = 107)

B = 4.7 T

B = 5.9 T

Nd:YAG 532 nm

1.
2 

m

10 cm

K. Blaum et al., ISOLTRAP collaboration

10 cm



17Ne 
How to probe that 17Ne is a proton halo?

Via the nuclear charge radius! T1/2 = 109 ms
Yield = 1000/s
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Isotope-shift measurements:

Mass uncertainty of  δm /m < 1·10-7

(< 2 keV) required!
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νc - 5338154  /  Hz

17Ne (465 ions / 1h)

δm < 0.5 keV

W. Geithner et al., PRL 101, 252502 (2008)

The Mass of 17Ne, proton halos

Measurements and theory
(T. Neff et al.,) find results

consistent with a description
of a 2-proton halo 



Comparison with theory for helium
using 2 parameters: mass and radius!

M. Brodeur et al. 
PRL 108, 052504 (2012)

KEY MESSAGE:
Need to include

additional interaction, 
like 3-body forces to reach

good prediction of 
theoretical values for both,

mass and radius!



Evolution of magic numbers in NP:
insight into the nuclear interaction

Prediction of new 
magic number for 
Ca depends on 

chosen interaction  

GOAL: Provide experimental 
evidence to test and refine 

theoretical predictions

3-N forces, SO, tensor? 

NEED: 

very sensitive

experiments!

Atomic shell model 
holds true for entire 

periodic table.

Nuclear SM doesn’t 
work for all 
isotopes!

We have clear 
indication for new 
magic numbers.

R. Janssens, Nature 459 (2009)

‘New’ magic number identified in
O-24 (drip line) 

T. Otsuka et al PRL105, 032501 (2010)

M. Goeppert-
Mayer

J.H.D.Jensen



Masses near new Magic Number N=34
a first step

Holt, Schwenk, Otsuka, et al.arXiv:1009.5984v1

• 47-50K1+ and 49,50Ca1+: masses improved by factor of up to 30 

• 48K1+ and 49K1+: deviations of 6 and 10 σ from 
literature (AME2003)

• Masses (or separation energies) sensitive to shell structure

A. Lapierre et al. PRC 85, 024317 (2012)

Providing accurate &

precise data from

PT system 



Evolution to neutron-rich calcium isotopes
is the effect of 3-body forces amplified for extreme N/Z  

A. Gallant et al.,  PRL 
109 32505 (2012)

Extended mass measurements for Ca 
Reached up to Ca-52, K-51 and found ~ 2 MeV deviation
and, new calculations show:
repulsive 3-body contributions key for calcium ground-state energies

Holt, Menendez, Schwenk et al.,

behavior of S2n and Δn agrees with NN+3N calculations

from  AME 2003 extrapolation.

Also with CC-theory with added
3-body forces 
(G. Hagen et al.,PRL 109 32502 (2012)



solar ν spectrum 
(Bahcall-Pinsonneault)

Water-Č

71Ga (νe,e-)71Ge
Q=232 (0.4)keV

Expected rate: ~ 74.6 SNU
SAGE/GALLEX: 66.1 ± 3.1 SNU
2.5 σ deviation: gallium anomaly!

(νe,e-)

pp

8B

hep

Difference due to wrong
Q-value? Check needed!

The nature of neutrinos:
SAGE & GALLEX

Existing data:
Žlimen et al., PRL67, 560 (1991)
QEC=229.0 ± 0.5 keV
End-point measurement with ‘full’ simulation of final state behavior
Reached very good precision (accuracy?)



Ge delivery from ISAC required Laser Ionization
clean 71Ga21 if Laser OFF (Ga surface ionization)
clean 71Ge22 if Laser ON (Ga not bred to q=22+)

Selection of species via laser and electron energy

Special Thanks 
to

Jens Lassen &
the TRILIS 

team

71Ge‐71Ga both from ISAC
Isobaric separation by charge breeding to atomic shell closures

time of flight (μs)

EBIT background (no injection of A=71 beam)
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Separation of isobars by use of threshold
charge breeding: Z of Ge and Ga is different
and e-binding is Z-dependent (both Ne-like)
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(d)

Trf=39ms
TRILIS: active

71Ge21+ 71Ga21+

Q-value confirmed:
Found value of 2 independent
measurements sits outside
‘needed’ range to explain
the gallium anomaly!
Need different explanation
for ν−event disagreement
(like sterile neutrinos!)
Frekers et al., submitted to PRL



Conclusions

• Mass measurements are one of the key measures to 
drive forward new developments in theory, allow 
theory to check and refine approaches.

• Penning trap mass measurement systems, originally 
developed for stable atomic systems, have matured 
and are premier tools for masses at RIBs
– Able to reach required sensitivity and speed
– An excellent example for precision and accuracy, often 

able to improve precision 1-2 orders of magnitude over 
pre-PT mass measurements

– Operational on ‘all frontiers’ of Physics with Radioactive 
Beams: Halos, N-rich limits, Super Heavy Elements, and 
precision frontier & nuclear astrophysics 

– Used at ‘all’ production facilities: ISOL & fragmentation 



Thank You!

|titan.triumf.ca JDilling@triumf.ca
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Island of Inversion: masses


