
Lezione 2

Misure di Massa ad alta precisione con 

- Trappole

- Storage Rings



Books and review articles:

L.S. Brown and G. Gabrielse: Physics of a single electron

or ion in a Penning trap; Rev. Mod. Phys. 58, 233 (1986)

G. Bollen: Traps for Rare Isotopes,

Lecture Notes in Physics, 651, 169-210 (2004)

F.G. Major et al.; Charged Particle Traps, Volume I and II Springer, Vol. 37, Berlin (2005)

K. Blaum: High-accuracy mass spectrometry with stored ions, Phys. Rep. 425, 1-78 

(2006)

Äystö:  Overview of recent highlights at ISOL facilities, Nucl. Phys. A 805, 162c-171c 

(2008)

Blaum et al.: Precision atomic physics techniques for nuclear physics with radioactive 

beams; Physica Scripta T152, 014017 (2013)

Additional Material: https://w.fys.kuleuven.be/wps/euroschool/lecture-notes/

https://w.fys.kuleuven.be/wps/euroschool/lecture-notes/
https://w.fys.kuleuven.be/wps/euroschool/lecture-notes/
https://w.fys.kuleuven.be/wps/euroschool/lecture-notes/
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State-of-the-art mean-field and microscopic models



Need for  Precise 
Mass Measurements !Theoretical Predictions become 

very uncertain close to n-drip line 

Sn



Impact of Mass uncertainty on 
Isotopic Abundances



most recent updates 

in 2016 and 2020



With known 
masses

With known 
masses

With known 
masses



2017)



K. Blaum, Physics Reports 425 (2006)1-78

The ultimate frontier ….



K. Blaum, Physics Reports 425 (2006)1-78



Misure di Massa … del 1950



Theory



Mass Spectrometers

▪ Ion source

atoms are ionized and accelerated

▪ velocity selector

- only particles travelling in a straight line

cross the collimators

- Electric and Magnetic force 

balance each other

▪ magnetic spectrometer

different masses have different radii

▪ Focal Plane detector

for measuring the q charge

A «simple» way of measuring masses (of ions) is by 

passing ion beams through crossed magnetic and electric fields 

Technique introduced by J.J. Thomson in 1912: 

discovery of isotopes of Ne with masses 20 and 22

1

2

N.B. the magnetic fields are generally

different in the two parts of the system

N.B. Absolute Mass 

measurement
do not allow high precision



Prof. Angela Bracco

The best precisions (10-6) 

are achieved by mass ratios

–molecoles are used with same masses

Example:

– the same E and B fields are used in the two cases

– molecules pass through the same regions of

the apparatus

- the mass ratio depends only on radii raggi

- Carbon allows a large number of possible

measurements of masses. 

Very Important Application: 

Measurement of relative abundances
of the various isotopes of an element

same

charge

Masses not appearing are radioactive and are not present in 

natural krypton: 
79Kr, 81Kr, 85Kr, masses below 78Kr and above 86Kr

Average atomic mass of krypton: 

Kr



Masses from Reaction Kinematics

If nuclei are very short-lived (shorter than Time-of-Flight to focal plane), 

It is NOT possible to use mass spectrometers

Mass differences can be determined by measuring the energies of particles in nuclear reactions

nuclear reaction:  a + X → b + Y

a  = projectile

X = target

b and Y = reaction products

By measuring the kinetic energies (T) of the reacting particles (a, X, b, Y), 

we can determine the difference in masses, which is known as the Q value of the reaction

2

equivalent to

Conservation of Total Energy: 

Einitial = Efinal
Example

m/m ∼ 10-7 -10-6



Storage devices confine ions in three dimensions using well-controlled electromagnetic fields

Most precise mass measurements: Traps and Storage Rings

Extreme precision results come from 

• extended time of observation of the ions

limited in principle only by the lifetime of

radioisotopes (i.e. isotopes that decay)

• experiments with single ions are possible

• ions can be stored in ideal conditions

Current measurements:

masses of unstable nuclei: δm/m ∼ 10−8

masses of  stable nuclei δm/m ∼ 10−11 

K. Blaum, Physics Reports 425 (2006)1-78

N.B. for unstable nuclei, Ion Traps are 

factor of 10 better in precision than Storage Rings



Traps for Rare Isotopes

Traps are widely used in fundamental and applied research

- High precision mass measurements: nuclear binding energy far from stability
(nuclear structure, nuclear sysnthesis of elements, test of fundamental interactions)

- nuclear decay in free space
(textbook study…!)

- Storage and cooling of ions
(improvement in beam quality …: accumulation, bunching and beam purification)

G. Bollen, Euroschool Lectures, Volume I
K. Blaum, Physics Reports 425 (2006)1-78

Ability to confine ions in small volume in well controlled field





Challenges in Application of Traps to Rare Isotopes

Ions are delivered from External Source:

- beam energies from 10 keV – GeV
 slowing down of fast beams

- production of minute quantities: few ions/s
 beam cooling and bunching

- short half life : down to ms or less (when close to the driplines)
 fast measurements techniques …

The properties of the beams are determined by production scheme:

ISOL beams are more easy to handle due to low energy (few 10 keV) and good beam quality

ISOLTRAP : pioneering experiment istalled at ISOLDE @ CERN
M. Mukherjee et al., EPJA35, 1-29(2008)



Beam Preparation for precision measurements 
with trapped Ions

IN-Flight

ISOL



Basic Methods for Ion Trapping

- Paul Trap or Radiofrequency quadrupole Trap (RFQ)

inhomogeneus radiofrequency field employed for ion confinement

 application in accumulation and storage, beam cooling and bunching

- Penning Trap
combined magnetic and electric fields

 mass spectrometers

Extremely elegant example

of electromagnetism at work!



3 hyperbolic electrodes
with shape following  equipotential surface

Generation of Trapping Potential

Simplest Confinement in z direction 

In 3D: 

 = distance from z-axis

Static electric quadrupole potential

confines ions only in axial/radial direction (Z) !!!

1 ring

2 end-caps

trap dimension

0

z0



Ion Confinement in Paul or RFQ traps

Oscillating electric field (inhomogeneous):

Quick change of polarity of the potential, forcing the ions to slide back and forth 

Origin of confining Force

uniform electric field

NOT uniform

Slow driving (macro motion) 

towards regions of weaker rf field

(→ confinement)

The resulting force can be

seen as due to a  

STATIC pseudo-potential

of parabolic well form  

Constant E gives 0 net Force

Ion position in Constant E



Ions perform harmonic motions

in the parabolic potential with frequencies

for A = 50

frequencies of 
macro motion

z = 104 kHz
 = 52 kHz

Additional DC potential is often used

to increase the depth of the total potential

N.B. CAREFUL:

beyond a certain 

DC voltage, 

ion confinement 

in all dimension 

is lost !!!



Search for optimum 
parameters for 

Stability of Ion Motion

Confining Force Fn does not work
if  rf ~ z,

[RadioFreq. close to macromotion]

Overlapping regions: stable motion in axial and radial direction

Largest stability for Ion storage is achieved close to the origing

NO simple analytic solution 

Mathieu Equation

No simple 

Solution !!!

s =  or z

Zoomed 

area

Working
point

General 
solution

Sability in
both z and 



Ions guides and ion beam coolers : quadrupole and hexadecapole configurations

Mass dependent: only a range of masses can be stored

Ion confinement: NOT only hyperbolic electrods ! 

Focusing in AXIAL direction only …

Zoomed 

area



Penning Traps
combining a strong magnetic field B and a static potential VDC

Ions Radially Bound: NO binding in direction of B 
 static electric quadrupole field is needed

to obtain axial confinement

Heaviest 

confined 

ion

Mass measurements





Three frequencies !!!



THE KEY EQUATION - Cyclotron frequency: connected to MASS

z





Storage of ions in a Penning trap

Ion q/mion

Charge q

Mass mion

U

The free cyclotron frequency is inverse

proportional to the mass of the ion!
c / (2 )ionqB m =

K. Blaum, Phys. Rep. 425 (2006) 1-78

2 2 2

c z   + −= + +
➢ Non-destructive FT-ICR detection technique

2
0 

cm



Resonant Excitation of Ion Motion

Dipole Excitation (Dipole field rf)

Change the amplitude of the axial or radial oscillation:  

- drive the ions to specific orbits
- remove ions from the trap

Quadrupole Excitation 
(Quadrupole field rf)
Change the amplitude of side-band excitation at  

z + − − ++ −

Important for mass measurements
++ − = c = e/m 

Change of frequency of ion motion → Ion Removal, Mass measurements

Application of radiofrequency fields



Dipole Excitation 

Quadrupole Excitation 

Example of Energy spectra
Radial kinetic energy

• Change of orbit
• Ion removal from trap

• Mass measurements



Resonance Frequency Measurements
In Penning Traps

Short Lived Isotopes investigation by TOF technique

 applicable to a single and/or small number of ions

 ideal for very-short lived isotopes 

which can not be stored and observed in traps for long time

- Precise mass measurement
- Isomeric states
- New isotopes



Injection of Ions In Traps

Buffer gas

allows to dissipate energy 

-> automatic cooling

Continuous capture

Dynamic capture
Short ion bunching

→ Less accuracy for very short lived isotopes





Sequence of
ion excitation
In trap

Release of ions 
TOF detection 
after 1.2 m
(region of low B)

z

Accelerating force
generated by the field gradient

(largest for maximum radial energy)

TOF is reduced due to the presence of the Force
(shortest for largest gain in radial energy)

Radial kinetic energy

TOF

TOF

On resonance

Off resonance

Energy of 
cyclotron motion
(largest at the cyclotron frequency)

SEVERAL TRIAL Freq. are applied



Working at the limit: one/few atoms in the trap !!!

253No



In Super-Heavy Region …

CERN-ISOLTRAP









T1/2= 228(10) ms





The CPT invariance implies that the fundamental properties

of antiparticles and their matter-conjugates are

identical, apart from signs.

precision

10-12

Probes the standard model at an energy scale of 8 atto-electronvolts

Most of stringent test of CPT invariance with baryonic antimatter performed so far.



Storage Rings

- Longed lived isotopes (Schottky method): 

cooling techniques reduce velocity spread

-Short lived isotopes (Isochronous mass spectrometry): 

cooling needs time (few seconds) ! Adjusted ion-optical mode

→ revolution time depends only on m/q

F. Bosch,  Euroschool Lectures, Volume I

Revolution time of an ion, stored in a ring with

fixed magnetic rigidity B

depends on its momentum-to-charge ratio mv/q

A storage ring is a type of circular particle accelerator in which a
continuous or pulsed particle beam may be kept circulating for a long period of time. 

Storage of a particular particle depends upon the mass, energy and usually charge of the 
particle being stored. 

http://en.wikipedia.org/wiki/Particle_accelerator
http://en.wikipedia.org/wiki/Particle_beam
http://en.wikipedia.org/wiki/Elementary_particle
http://en.wikipedia.org/wiki/Mass
http://en.wikipedia.org/wiki/Energy
http://en.wikipedia.org/wiki/Charge_(physics)


ESR is the only Storage Ring 

Fed by exotic nuclei



present

GSI future

FAIR

a magnet of

Super FRS

circumference
of 1100 meters

https://www.gsi.de/en/researchaccelerators/fair





U

Bohr's stripping criterion

ALL electrons with orbital velocities ve smaller than the 

velocity of the projectile-ion, v, will be stripped-off in the target. 

According to the Virial theorem, they correspond to the 

electrons outside a critical radius R





Maximum emittance

Quasi-periodic 

orbits

(resonance oscillations→ beam loss)

emittance 
momentum spread p

beam cooling

Tune Q

 = n a p; (a angular divergence) 



Orbits are solutions 
of Hill’s equation 

(3 body force)

Asteroid Belt

Q-resonance destroyed  Ceres







direct momentum transfer by absorption of
resonant photons and isotropic re-emission

emittance  = n a p



Often used as pre-cooling, before electron-cooling

Time development 

of momentum spread

Since stochastic cooling

is most effective for ‘hot’ beams

(Δp/p ≥ 10−3... 10−2), it may serve

as an ideal tool for pre-cooling,

followed by electron cooling

which is much less suited for this

regime of large momentum

spreads.







cold collinear electrons (kT = 100 meV)

continuous
momentum

exchange
(Coulomb collisions)





time development
of electron cooling





t = transition energy



Longed lived isomers:  > 1 sec Short lived isomers



Every ion induce at each passage a 

signal proportional to q2

→Signal used to determine

revolution frequency



Schottky Spectrum for ESR

Simultaneous detection of 50 ions with high resolving power
Use of known masses for calibration











TOF detector is based on MCP device setup:
Very thin metalized foil (g/cm2) emitting -electrons focused on a detector

The idea is to 

force the ions

to the

transition

energy regime

i.e.

 = t



TOF Spectrum for ESR

Revolution time spectrum taken by TOF detector



in CHINA



…
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