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OutlineOutline

1. What can we learn on nuclear 
ground state properties from 
optical spectroscopy?

2. Laser spectroscopy far from stability
- resonance ionization mass spectroscopy
- collinear spectroscopy
- magneto-optical trap

3. Mass spectrometry for fundamental studies
- mass of the neutrino
- storage ring mass spectrometry
- Penning trap mass spectrometry

4. A brief look into the future
- HITRAP
- FAIR

5. Conclusion

The Playground of Nuclear Physics

The Playground of Atomic Physics
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Nuclear ground state properties 

by atomic-physics techniques

*    MASS nuclear binding energy

*    NUCLEAR HALF-LIFE decay rates

* HYPERFINE STRUCTURE
1. Hyperfine Interaction

J + ΙΙΙΙ = F nuclear spin

2. Magnetic Dipole HFS

A = µµµµΙΙΙΙ <H(0)>/I J nuclear magnetic moment

3. Hyperfine anomaly change of distribution of nuclear
1∆∆∆∆2={(A1/g1)/(A2/g2)}-1 magnetism between two isotopes

4. Electric Quadrupole HFS

B = e0 Qs <ϕϕϕϕzz(0)> spectroscopic quadrupole moment

* ISOTOPE SHIFT
Finite Size Effect

δδδδ <r2>A,A´ change of ms charge radius

Presently, only optical isotope shift measurements
give access to the charge radii of radionuclides.

Presently, only optical isotope shift measurements
give access to the charge radii of radionuclides.

This information is model-independent.This information is model-independent.

This information is the most basic one and 
should be known for each nucleus.

This information is the most basic one and 
should be known for each nucleus.
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On-line laser spectroscopy for determination of 

nuclear spins, moments and charge radii

� Resonance ionization (mass) 

spectroscopy 

� Co-linear spectroscopy

� Spectroscopy in a 

magneto-optical trap
Laser ion source 

at ISOLDE
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11Li

208Pb

What is the charge radius ?

6Li – 7Li:
mass shift ≈ 11 GHz 

volume shift ≈ 1 MHz

What is the charge radius ?

6Li – 7Li:
mass shift ≈ 11 GHz 

volume shift ≈ 1 MHz
6 8 10

2,5

3,0

3,5

11
Li

9
Li

7
Li

8
Li

 

 

N
u
c
le

a
r 

R
a
d
iu

s
 [

fm
]

M ass [am u]

I. Tanihata et al.

Nuclear charge radii of halo nuclei

Yan, Z.-C. and G.W.F. Drake, PRA 66, 042504 (2002)



International School and Conference on Cold Atoms & Ions (ISCCI 10) H.-Jürgen Kluge 6

Excitation Scheme for RIMS of Lithium

2s 2S1/2

3s 2S1/2

2p 2P1/2,3/2

3d 2D3/2,5/2

τ = 30 ns

2 × 735 nm

610 nm

5.3917 eV

Saturation Intensities

bound transitions

2s-3s :  ~  430 W/mm2

2p-3d :  ~   30 µµµµW/mm2

3d-continuum 

610 nm : ~ 39 kW/mm2

735 nm : ~ 16 kW/mm2

2s – 3s transition
→ narrow line

2-photon spectroscopy
→ Doppler cancellation

Spontaneous decay
→ decoupling of precise 

spectroscopy and 
efficient ionization

2p – 3d transition 
→ resonance enhancement

for efficient ionization

“Doubly-Resonant-4-Photon Ionization”

5p 2P1/2,3/2

847 nm
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11Li
Lifetime ≈ 9 ms
30,000 Atoms/s

Novel technique developed at 
GSI by Wilfried Nörtershäuser, 
Andreas Dax et al. 

8,9Li at GSI
11Li at TRIUMF

A relative accuracy of better 
than 10-5 is required for the IS 
measurement and for the 
calculation of the mass shift.

Mass shift calculation by
G. Drake, Z.-C. Yan, K. Pachucki
et al.

11Li
Lifetime ≈ 9 ms
30,000 Atoms/s

Novel technique developed at 
GSI by Wilfried Nörtershäuser, 
Andreas Dax et al. 

8,9Li at GSI
11Li at TRIUMF

A relative accuracy of better 
than 10-5 is required for the IS 
measurement and for the 
calculation of the mass shift.

Mass shift calculation by
G. Drake, Z.-C. Yan, K. Pachucki
et al.

Doppler-free resonance ionization mass spectroscopy 

of lithium isotopes at GSI and TRIUMF
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Line Shape of Two-Photon Resonance 

5000 5500 6000 6500 7000

10
0

10
1

10
2

10
3

10
4

 

 

C
o

u
n
ts

DL/TiSa - Beat Frequency (MHz)

F
=

1
 →

F
=

1

F
=

2
 →

F
=

2 7Li
Linewidth Voigt 

GL= 4.6 (1) MHz (FWHM)
GG= 1.8 (1) MHz (FW 1/e)

Expected Natural Width
GL= 2.7 MHz (FWHM)

Background Gaussian
GG ≈ 1.2 GHz
relative Amplitude 
≈ 3 × 10-3

Amplitude Ratio
F=1 : F=2     2.85 : 5

F=2

F=1

F=2

F=1

2S1/2

3S1/2



International School and Conference on Cold Atoms & Ions (ISCCI 10) H.-Jürgen Kluge 9

R. Sánchez et al., PRL 96, 033002 (2006)
Nature Physics 2, 145 (2006)
M. Puchalski et al., PRL 97, 133001 (2006)

Nuclear charge radii of lithium isotopes
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Co-linear spectroscopy combined with nuclear-

radiation-detected optical pumping of Li-11 at ISOLDE

Ion beam 

from ISOLDE

Photon

counting

Spin & magnetic moment : E. Arnold et al., PL B 197 (1987) 311
Spectroscopic quadrupole moment:    First round: E. Arnold et al., PL B 281 (1992) 16

Second round: R. Neugart et al., PRL 101 (2008) 132502

constant of motion:     δEion source= δ(½mv2) = const = mv·δvconstant of motion:     δEion source= δ(½mv2) = const = mv·δv
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Detection of a single 6He atom at Argonne

Efficiency:  ~ 10-8 → single atom detection necessary!

Single-atom signal: ~ 1.0 kHz

Single-atom S/N:     ~ 10 in 100 ms
6He capture rate:     ~ 150 per hour

Efficiency:  ~ 10-8 → single atom detection necessary!

Single-atom signal: ~ 1.0 kHz

Single-atom S/N:     ~ 10 in 100 ms
6He capture rate:     ~ 150 per hour

Cooling & trappingCooling & trapping

ProbingProbing

Shelving spectroscopy
quantum jumps
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Nuclear charge radius of helium-8 
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Short summary of this part

Atomic physics techniques are

- accurate

- sensitive and

- deliver model-independent information on nuclear 

ground state properties. 

Laser spectroscopy is (still) the only access to charge 

radii of short-lived isotopes.

Now, also the charge radii of very light nuclei are 

accessible. In this case, atomic theory is essential.

Resonance ionization (mass) spectroscopy and co-linear 

spectroscopy are the laser spectroscopic technique most 

often applied at radioactive beam facilities.
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Mass Spectrometry
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A short retrospect: Deflection of ions 

J.J. Thompson   1907 deflection in e.m. fields 1912  isotopy in neon

gas discharge

ion source

electric field

magnetic field

screen

photo plate

The Nobel Prize in Physics 1906: „in recognition of the great merits 
of his theoretical and experimental investigations on the conduction of 
electricity by gases" 
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A short retrospect: First mass spectrograph

J.J. Thompson   1907 deflection in e.m. fields 1912  isotopy in neon
F.W. Aston 1919  mass spectrograph 1927 mass defect

The Nobel Prize in Chemistry 1922: „for his discovery, by means of his mass 
spectrograph, of isotopes, in a large number of non-radioactive elements, and 
for his enunciation of the whole-number rule" 

gas discharge

ion source

magnetic field

screen

photo plate

electric field
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A short retrospect: Further developments

J.J. Thompson   1907 deflection in e.m. fields 1912  isotopy in neon
F.W. Aston 1919  mass spectrograph 1927 mass defect
J. Mattauch 1936  double-focusing mass spectrograph 
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Penning traps

nuclear
reactions

radiofrequency 
spectrometer

mass
spectrograph

single 
ionion

cloud
Dave Pritchard

mass
spectrometer

Masses should be measured with clocks!

Smith                       Dehmelt, Klempt, Gräff, Werth

Nobel prize for Dehmelt, Paul, Ramsey

A.O. Nier 1951  transition to mass spectrometers

ωc = (qe/m)·Bωc = (qe/m)·B
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ISOLTRAP: The pioneering on-line Penning trap mass 

spectrometer installed at ISOLDE
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RFQ Buncher
accumulation, cooling & bunching

Preparation Penning trap
cooling & purification

isobar separation

Precision Penning trap
determination of cyclotron resonance

isomer separation

2m

ISOLTRAP
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The importance of high-accuracy mass spectrometry 

for fundamental physics

The mass of a fundamental particle is a fundamental property in 
itself.

In a composite quantum mechanical system the mass is the sum of 
the masses of all building blocks minus the binding energy. 

Thus, binding energies can be determined via measuring the mass of 
the composite system and those of its building blocks.

For an atom, for example:
MAtom = N•mneutron + Z•mproton + Z•melectron

- (Batom + Bnucleus)/c
2

For an atom, for example:
MAtom = N•mneutron + Z•mproton + Z•melectron

- (Batom + Bnucleus)/c
2

High-accuracy mass spectrometry can therefore be used to test 
all fundamental physical interactions

(electromagnetic, weak, strong interaction) except gravitation.
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Recipe for

highest resolving power
extreme accuracy
ultimate sensitivity

:
• store particles for a period of time as long as possible

(Heisenberg principle)

• cool particles to temperatures as low as possible 
(relativistic effects)

• if possible use only one single cooled & stored ion  
(Coulomb interaction)

highest resolving power
extreme accuracy
ultimate sensitivity

:
• store particles for a period of time as long as possible

(Heisenberg principle)

• cool particles to temperatures as low as possible 
(relativistic effects)

• if possible use only one single cooled & stored ion  
(Coulomb interaction)
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The recipe works out:

Pioneers of cooling and storing

Storage and Cooling of Atoms
Nobel Prize 1997

S. Chu    C. Cohen-Tannoudji W. D. Phillips

Storage and 
Cooling of Ions
Nobel Prize 1989

H. Dehmelt
W. Paul

Storage and 
Cooling 

of Antiprotons
Nobel Prize 1984

J. van der Meer
C. Rubbia

Principle of 
Penning Traps

Frans Michel 
Penning

Bose-Einstein Condensation
Nobel Prize 2001

E. Cornell W. Ketterle C. Wieman
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Application of storage devices and mass spectrometry 

for fundamental physics

Test of symmetries
CPT (charge conjugation, parity, time reversal)
electric dipole moment
non-conservation of parity & anapole moment

Test of fundamental interactions and relations
quantum electrodynamics in extreme fields
relativity: E = mc2

test of the Standard Model: unitarity of the quark mixing matrix

Neutrino physics
double beta decay
mass of the electron antineutrino
neutrino oscillations

Fundamental constants and metrology
fine structure constant
mass of the electron
re-definition of Avogadro constant the kilogram
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Application of storage devices and mass spectrometry 

for fundamental physics

Test of symmetries
CPT (charge conjugation, parity, time reversal)
electric dipole moment
non-conservation of parity & anapole moment

Test of fundamental interactions and relations
quantum electrodynamics in extreme fields
relativity: E = mc2

test of the Standard Model: unitarity of the quark mixing matrix

Neutrino physics
double beta decay
mass of the electron antineutrino
neutrino oscillations

Fundamental constants and metrology
fine structure constant
mass of the electron
re-definition of Avogadro constant the kilogram
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Example for test of symmetries: CPT electron - positron
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Application of storage devices and mass spectrometry 

for fundamental physics

Test of symmetries
CPT (charge conjugation, parity, time reversal)
electric dipole moment
non-conservation of parity & anapole moment

Test of fundamental interactions and relations
quantum electrodynamics in extreme fields
relativity: E = mc2

test of the Standard Model: unitarity of the quark mixing matrix

Neutrino physics
double beta decay
mass of the electron antineutrino
neutrino oscillations

Fundamental constants and metrology
fine structure constant
mass of the electron
re-definition of Avogadro constant the kilogram
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Example for test of fundamental interactions:

Test of the Standard Model
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Application of storage devices and mass spectrometry 

for fundamental physics

Test of symmetries
CPT (charge conjugation, parity, time reversal)
electric dipole moment
non-conservation of parity & anapole moment

Test of fundamental interactions and relations
quantum electrodynamics in extreme fields
relativity: E = mc2

test of the Standard Model: unitarity of the quark mixing matrix

Neutrino physics
double beta decay
mass of the electron antineutrino
neutrino oscillations

Fundamental constants and metrology
fine structure constant
mass of the electron
re-definition of Avogadro constant the kilogram
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Examples for neutrino physics:

Double ß-decay
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Application of storage devices and mass spectrometry 

for fundamental physics

Test of symmetries
CPT (charge conjugation, parity, time reversal)
electric dipole moment
non-conservation of parity & anapole moment

Test of fundamental interactions and relations
quantum electrodynamics in extreme fields
relativity: E = mc2

test of the Standard Model: unitarity of the quark mixing matrix

Neutrino physics
double beta decay
mass of the electron antineutrino
neutrino oscillations

Fundamental constants and metrology
fine structure constant
mass of the electron
Avogadro constant and re-definition of the kilogram
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Examples for fundamental constants:

Mass of the electron & fine structure constant
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Three examples for modern mass spectrometers

First example

- the biggest mass spectrometer for the smallest mass

- a medium-sized mass spectrometer for medium-heavy masses

- the smallest mass spectrometer for heaviest masses

Karlsruhe Tritium Neutrino Experiment KATRIN:
a spectrometer for 

determining the mass of the antineutrino

Karlsruhe Tritium Neutrino Experiment KATRIN:
a spectrometer for 

determining the mass of the antineutrino
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Results of the new neutrino oscillation experiments

three neutrino mass eigenstates: νi = ν1, ν2, ν3 mass eigenstates with finite 
masses mi = m1, m2, m3

three  flavour eigenstates:        να = νe, νµ, ντ produced in a weak reaction

mixed by a 3x3 unitary matrix: να = ∑Uαiνi

known by recent neutrino oscillation experiments: Θ
23

, Θ
12

, ∆m2
23

, ∆m2
12

but the absolute masses have still to be determined !

νe  ν
µ
  ν

τ

ν1 ν2 ν3

?Uαi

i
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How to measure the mass of the electron antineutrino?

Enrico Fermi (1934):

dN/dE = K × F(E,Z) × p × Etot × (E0-Ee) × [ (E0-Ee)2 – mν
2 ]1/2

Theoretical β-spectrum near the end point Eo

E.W. Otten and C. Weinheimer, Rep. Prog. Phys. 71, 086201 (2008)

→ no dependence of the β-decay
of tritium on nuclear structure 

→ no absolute calibration of
intensity required

mν = 0eV

mν = 1eV

-3               -2               -1                0                                           

Ee-E0 [eV]

~ mν

C
o
u
n
ti
n
g
 r

a
te
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Principle of an electrostatic filter 

with magnetic-adiabatic collimation

Magnetic-adiabatic guiding 
of β-particles along the
magnetic-field lines:
Bmax = 6 T
Bmin = 3×10-4 T

Energy determination of
the ß-particles with 
static electric field for 
retardation that is 
varied:
β-particles with Eβ > e0⋅U 
are transmitted and their 
is intensity integrated.

A. Picard et al., Nucl. Instr. Meth. 63 (1992) 345

e0U
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Frog-eye photograph of the Mainz spectrometer: 4 m length, 0.9 m diameter

mν
2 = - 0.7 ± 2.2 ± 2.1 eV2  → mν < 2.2 eV @ 95% C.L.

The antineutrino mass experiment 

at the University of Mainz

20 mCi molecular tritium, frozen at T = 1.86 K 
on a graphite backing of A = 2cm2, d ~ 130 monolayers (~ 45nm)

C. Kraus et al., Eur. Phys. J. C 40 (2005) 447

How to reduce the upper limit for the mass of the electron antineutrino 
by a factor of 10?

How to reduce the upper limit for the mass of the electron antineutrino 
by a factor of 10?



International School and Conference on Cold Atoms & Ions (ISCCI 10) H.-Jürgen Kluge 38

How to reach an upper limit of 0.2 eV?

The Karlsruhe Tritium Neutrino Experiment KATRIN

Goal:
10 times lower energy limit:  2.2 eV    → 0.2 eV

To be reached by:
• higher energy resolving power: 4 eV     → 1  eV
• higher statistics 100 days  → 1000 days
• bigger spectrometer 1 m      → 10 m diameter

Scientific Report FZKA 7090

tritium

retention

system

pre

spectro-

meter

main spectrometer
detector

windowless gaseous

molecular tritium source
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From Deggendorf to Karlsruhe: The 8500 km detour



International School and Conference on Cold Atoms & Ions (ISCCI 10) H.-Jürgen Kluge 40
40

KATRIN in Leopoldshafen – 25 November 2006
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Three examples for modern mass spectrometers

Experimental Storage Ring ESR at 
GSI/Darmstadt:

a high-precision spectrometer 
for highly charged ions

Experimental Storage Ring ESR at 
GSI/Darmstadt:

a high-precision spectrometer 
for highly charged ions

Second example

- the biggest mass spectrometer for the smallest mass

- a medium-sized mass spectrometer for medium-heavy masses

- the smallest mass spectrometer for heaviest masses
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The Experimental Storage Ring ESR at GSI/Darmstadt
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Electron cooling is required.
All ions have identical velocity equal to that of 

the electrons in the electron cooler.
High resolving power & high accuracy.

Longer half-lives: T1/2 ≥ 10 s
Measurement of revolution frequency.

Electron cooling is required.
All ions have identical velocity equal to that of 

the electrons in the electron cooler.
High resolving power & high accuracy.

Longer half-lives: T1/2 ≥ 10 s
Measurement of revolution frequency.

Electron cooling is not required.
All ions with identical q/m

have equal time of revolution in the ring.
Complex ion-optical operation parameters of ring. 

Short nuclear half-lives: T1/2 ≥ 100 µs
Measurement of time of flight.

Electron cooling is not required.
All ions with identical q/m

have equal time of revolution in the ring.
Complex ion-optical operation parameters of ring. 

Short nuclear half-lives: T1/2 ≥ 100 µs
Measurement of time of flight.

Principle of  mass determination in a storage ring

Schottky
mass spectrometry

Isochronous
mass spectrometry
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Schottky mass spectrometry in the storage ring ESR
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Isochronous mass spectrometry using the ESR

PERFORMANCE: 

δm/m ≈ 10-5 – 10-6

very short half-lives
up to ~ 104 turns in the storage ring

1000 km flight path

PERFORMANCE: 

δm/m ≈ 10-5 – 10-6

very short half-lives
up to ~ 104 turns in the storage ring

1000 km flight path
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Up to now determined masses at the ESR

H. Geissel et al., AIP Conf. Proc. Vol. 831 (2006) 108

The masses of over von 1100 nuclides 
could be determined 

with an accuracy of ≥ 10-7

The masses of over von 1100 nuclides 
could be determined 

with an accuracy of ≥ 10-7

high redundancy:
bare 
hydrogen-like
helium-like
lithium-like

high sensitivity:
detection of highly charged ions

ions

mass determinations 
with isochronous

mass spectrometry

mass determinations 
with Schottky mass 

spectrometry
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Three examples for modern mass spectrometers

SHIPTRAP:
a Penning trap at GSI/Darmstadt 

for mass spectrometry of isotopes 
of superheavy elements

SHIPTRAP:
a Penning trap at GSI/Darmstadt 

for mass spectrometry of isotopes 
of superheavy elements

Third example

- the biggest mass spectrometer for the smallest mass

- a medium-sized mass spectrometer for medium-heavy masses

- the smallest mass spectrometer for heaviest masses
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100

120

114

162

184

108

152
N

Z

252No 253No 254No

255Lr
103

• What makes the super-heavy elements existing?

• What are the magic proton and neutron numbers?

• Where exactly is the island of stability?

• What makes the super-heavy elements existing?

• What are the magic proton and neutron numbers?

• Where exactly is the island of stability?

Calculations of R. Smolanczuk and A. Sobiczewski, published in: S. Hofmann, G. Münzenberg, Rev. Mod. Phys. 72, 733 (2000)

Chart of nuclei in the region of super-heavy elements
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Production and separation of super-heavy elements

The velocity filter SHIP
at GSI

Fusions reaction at the Coulomb threshold

Roentgenium

Copernicium ?
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4.5 MeV/u

~ 1013 particles/s

200 keV/u

~ 1 particle/s

48Ca             208Pb                     256No                     254No  

+ � �

cold fusion: 208Pb(48Ca,2n)254No

Production of nobelium (Z = 102)
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Preparation
trap

Extraction

RFQ

Gas cell Fusion products 

from SHIP

Buncher

1 2

3

4

5
6

M. Block, K. Blaum, F. Herfurth, 

L. Schweikhard et al. 

Laser spectroscopy
Mass spectrometry
Nuclear spectroscopy
Chemistry

of isotopes of the
elements heavier
than uranium

Detector

Measurement
trap

SHIPTRAP at GSI

1
2

3

4

6

5
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Example:

B = 6 T,         q = 1,  m = 100 u →→→→ ννννc = 1 MHz

Tobs = 1 s →→→→ ∆ν∆ν∆ν∆ν
c
= 1 Hz  

→→→→ R = 106 and δm/m = 10-8

Example:

B = 6 T,         q = 1,  m = 100 u →→→→ ννννc = 1 MHz

Tobs = 1 s →→→→ ∆ν∆ν∆ν∆ν
c
= 1 Hz  

→→→→ R = 106 and δm/m = 10-8

Ion source:
stable isotopes
radionuclides

highly charged ions 
electrons

antiprotons

Ion storage in a strong and 
homogenous magnetic field 

of strength B

Mass determination by 
measurement of the 
cyclotron frequency

v
c

= (q·e/m)⋅⋅⋅⋅(B/2π)

Principle of mass measurements in Penning traps
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Measurement of the cyclotron frequency 

in the precision trap

C. Rauth et al., PRL 100, 012501 (2008)

A. Sobiczewski et al.
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Very recently:

First direct mass measurements of trans-uranium elements

Bridging the gap to the superheavy island of nuclear stability

M. Block, D. Ackermann, K. Blaum, S. Eliseev, T. Fleckenstein, 

E. Haettner, F. Herfurth, F. P. Hessberger, S. Hofmann, J. Ketelaer, 

J. Ketter, H.-J. Kluge, G. Marx, M. Mazzocco, Yu. N. Novikov, 

W. R. Plass, A. Popeko S. Rahaman, D. Rodríguez, C. Scheidenberger, 
L. Schweikhard, P. G. Thirolf, G. K. Vorobyev, and C. Weber

Very recently:

First direct mass measurements of trans-uranium elements

Bridging the gap to the superheavy island of nuclear stability

M. Block, D. Ackermann, K. Blaum, S. Eliseev, T. Fleckenstein, 

E. Haettner, F. Herfurth, F. P. Hessberger, S. Hofmann, J. Ketelaer, 

J. Ketter, H.-J. Kluge, G. Marx, M. Mazzocco, Yu. N. Novikov, 

W. R. Plass, A. Popeko S. Rahaman, D. Rodríguez, C. Scheidenberger, 
L. Schweikhard, P. G. Thirolf, G. K. Vorobyev, and C. Weber

in print at NATURE
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Accuracy of mass determinations of radionuclides 

(published since 2003)

G. Audi et al., Nucl. Phys. A 729, 337 (2003)

D. Lunney et al., Rev. Mod. Phys. 75, 1021 (2003)

K. Blaum, Phys. Rep. 425 (2006) 1 
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GANIL: time-of-flight spectrometer CSS2
GANIL: time-of-flight spectrometer SPEG

ISOLDE: RF spectrometer MISTRAL

GSI: Schottky mass spectrometry ESR

GSI: isochronous  mass spectrometry ESR

Penning traps:
- ISOLTRAP
- CPT
- JVL Trap
- SHIPTRAP
- LEBIT
- TITAN

LEBIT

10-11 is reached for stable isotopes
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� Open questions of fundamental physics can be addressed 
by mass spectrometry

� Extreme accuracy, resolving power and sensitivity are required 
and can be realized

� Three very different examples of state-of-the-art
mass spectrometers

- the retardation spectrometer KATRIN for determination 
of the neutrino mass

- the storage ring mass spectrometer for Schottky and 
time-of-flight mass spectrometry of radionuclides 

- the Penning trap mass spectrometer SHIPTRAP for 
determining the masses of the superheavy elements

Short summary of this part
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A brief look

into the 
mid-term 
and long-term
future
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Nuclear Charge, Z

Highest

laser fields
1022 W/cm2

Highest

laser fields
1022 W/cm2

Hydrogen
<E> = 1×1010 V/cm

Ek = -13.6 eV

∆∆∆∆ELamb ≈≈≈≈ 10-5 eV

Z·αααα ≈≈≈≈ 10-2

Hydrogen
<E> = 1×1010 V/cm

Ek = -13.6 eV

∆∆∆∆ELamb ≈≈≈≈ 10-5 eV

Z·αααα ≈≈≈≈ 10-2

H-like Uranium
<E> = 1.8×1016 V/cm 

EK = -132×103 eV

∆∆∆∆ELamb ≈≈≈≈ 500 eV

Z·αααα ≈≈≈≈ 1

H-like Uranium
<E> = 1.8×1016 V/cm 

EK = -132×103 eV

∆∆∆∆ELamb ≈≈≈≈ 500 eV

Z·αααα ≈≈≈≈ 1

Uranium

Hydrogen

Test of Quantum Electrodynamics in Extreme Electromagnetic Fields 

and Spectroscopy of Simple Systems
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A ^brief look into the future: 

The mid-term project HITRAP at GSI

High-accuracy 

experiments with

HCI at rest in space

stripper

target

Experimental

Storage

Ring

ESR

electron cooling 

and deceleration

from 400 to 4 MeV/u

U73+

U91+

4
0
0
 M

e
V

/u

UNILAC

Cooler

Penning

trap

U91+

Inverse

accelerator

Heavy Ion 

Synchrotron

SIS18

4
 M

e
V

/u
6 keV/u2 keV/q

H1: reaction microscope, collisions at extremely low energies

H2: surface physics and hollow-atom spectroscopy

H3: x-ray spectroscopy of highly charged ions

H4: g-factor of bound electron in few-electron ions 
(QED, α, me)

H5: mass measurements of highly charged ions (HCI)

H6: laser spectroscopy and polarization of radioactive HCI

H1: reaction microscope, collisions at extremely low energies

H2: surface physics and hollow-atom spectroscopy

H3: x-ray spectroscopy of highly charged ions

H4: g-factor of bound electron in few-electron ions 
(QED, α, me)

H5: mass measurements of highly charged ions (HCI)

H6: laser spectroscopy and polarization of radioactive HCI



International School and Conference on Cold Atoms & Ions (ISCCI 10) H.-Jürgen Kluge 60
60

A brief look into the long-term future: FAIR at Darmstadt

- antiprotons and highly charged ions -
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Conclusion

Atomic physics techniques have 

contributed in the past very vitally to 

the present understanding of nuclear 

systems and to tests of symmetries and 

interactions. Their model independence, 

accuracy and sensitivity as well as new

techniques for the study and 

manipulation of radioactive ion beams 

will also be essential in the future at 

radioactive-beam facilities.


