
http://www.kernchemie.uni-mainz.de/laser/

Laser Spectroscopy of 
Exotic Few-Electron Systems

Investigations at the Boundary of Atomic and Nuclear Physics

http://www.kernchemie.uni-mainz.de/laser/

W. Nörtershäuser

Universität Mainz &
GSI Helmholtzzentrum für 

Schwerionenforschung



The Atom: A Versatile Laboratory 

Nuclear
Physics

Quantum 
Mechanics

Quantum 
Electrodynamics

Particle
Physics

e-

e-

Many-Body
Physics

Strong-Field
Physics

Fundamental
Symmetries

2r2r M

m(r): Bohr-Weisskopf-
Effect



Part I: Laser Spectroscopy of
Exotic Light Isotopes
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Halo ―=― RMatter - RCharge

Tanihata et. al. PRL 55, 2676 (1985)

Halo Nuclei

Interaction Cross Section 

Dobrovolsky et al., Nucl. Phys. A 766, 1 (2006)

S. Ilieva, PhD Thesis,
University Mainz (2009)

12Be

Elastic Proton Scattering in Inverse Kinematics

Laser spectroscopic determination

S2n(11Li) ~ 370 keV
Sn(11Be) ~ 500 keV



Motivation

(a) Exotic Structure of Halo Nuclei
Model-Independent Approach 
to the Core Size in Halo Nuclei

(b) Validating ab-initio Nuclear Structure Calculations
Benchmarks for Nuclear Structure Calculations based on 
Nucleon-Nucleon and Three-Nucleon Potentials

(Greens-Function Monte Carlo, No-Core Shell Modell, 
Fermionic Molecular Dynamics)
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Isotope Shift

V
(r

)

r

= Frequency difference in an electronic 
transition between two isotopes

Isotop 1

Isotop 2

DnIS = DnMS +

D|(0)|2 d r22Z
3

DnFS

Mass Effect, 
nuclear motion Field Shift

finite size of the nucleus
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Charge Radii from Isotope Shifts
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Experimentally required:
Accuracy of ~ 100 kHz

High sensitivity : e > 10-4

Fast technique: T1/2 ~ s - ms

dnIS = dnFS

  2δ r

dnMS +

D|(0)|2
2

3

THEORYEXPERIMENT

C(Li) ≈ 1.6 MHz/fm2

6Li-11Li : ≈36 GHz

Theoretically required:
Accuracy of ~ 100 kHz

Field Shift Factor

Charge Radius :
',

2
AA

rδ

',AA
measuredνd

',AA
Theory MS,νd-

=
C
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Expansion of Isotope Shift Terms
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Relativistic mass, spin-orbit, spin-spin, 
spin-other orbit, relativistic nuclear recoil, …

Expand in terms of m/M, with m = meM /(M+me)
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mm Mass polarization, 1st and 2nd order

Anomalous magnetic moment, vacuum
polarization, self energy, …



Results of Mass Shift Calculations

Isotope Yan & Drake Puchalski & Pachucki

7Be 49225.779 (38) - 49 225.744 (35)(9)

9Be 0 0

10Be 17 310.442 (12) 17 310.459 (13)(11)

11Be 31560.198(32) 31 560.245 (31)(12)

12Be 43 390.168(39) 43 390.18(3)(18)

Isotope
M(Be)
amu

Ref

7Be 7.016 929 83 (21) AME2003

9Be 9.012 182 20 (40) TITAN

10Be 10.013 534 74 (13) TITAN

11Be 11.021 661 55 (62) TITAN

12Be 12.026 920 7 (23) TITAN

14Be 14,042 89 (14) AME2003

Nuclear Polarizability

Significant correction to the
isotope shift of 11Be

R. Palit et al., PRC 68, 034318 (2003)

Puchalski & Pachucki, 
PRA 78, 052511 (2008)

npol = 208 kHz



Production Rates and Transition

ncg

Be-7

Be-9

Be-10

Be-11

Be-12

Be-14

t1/2=53 d
I=3/2

stable
I=3/2

1.5 Ma
I=0

13.6 s
I=1/2

23 ms
I=0

4 ms
I=0

1.4 1010 s-1

6.0  109 s-1

7.0  106 s-1

1000 s-1

4   s-1

Properties Yields at 
ISOLDE

!

! !



The ISOLDE Facility

~ 1000 12Be+/s 
T1/2 = 23 ms

Developent and Test:
Mainz (2005-2008)

Experiment at
ISOLDE (CERN)
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electrostatic
deflection

photo multiplier

+

+
+

o

ion beam
Ekin<60 keV

laser beam
fixed frequency

electrostatic lenses 
for retardation

charge exchange cell (Na)

excitation & observation region

o

Collinear Laser Spectroscopy
The Principle
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Acceler. 
by E=eU



Collinear Laser Spectroscopy
Limitations for Light Elements

Photomultiplier

ion beam
Ekin~60 keV

collinear 
laser beam

fixed frequency

+

anticollinear 
laser beam

fixed frequency

Doppler-tuning

 nn  10c

 nn  10a

„CONVENTIONAL SETUP―

Acceleration /
Deceleration   2

0
222

0ca 1 nnnn 

= (U,m),  = (U,m),

DU/U  10-4

 dnIS (9Be,11Be) = 14 MHz

 nn  10c

Impossible for Light Elements (Z<10) !! 

OUR APPROACH

Requirements:

Measure absolute frequencies

Accuracy:  Dn/n < 10-9

Dedicated Laser System for absolute 
Frequency Measurements

Completely 
independent 

of U !

The Solution
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Experimental Setup

2s1/2

2p1/2

2p3/2

F=2

F=2

F=1

F=1

F=0,1,2,3

9Be+

l  313 nm

Collinear

Anticollinear
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Reference Point: 9Be
Electron Scattering: rc(9Be) = 2.519(12) fm, [J.A. Jansen et al., Nucl.Phys.A 188, 337 (1972)]

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

Experiment

Interaction cross section (Tanihata)

Greens-Funct. Monte-

Fermonic Molecular Dynamics

No-Core Shell Model

+
D

Charge Radii of Be Isotopes 



Reference Point: 9Be
Electron Scattering: rc(9Be) = 2.519(12) fm, [J.A. Jansen et al., Nucl.Phys.A 188, 337 (1972)]

Experiment

Greens-Funct. 
Monte-Carlo 
Calcul.

Fermonic
Molecular
Dynamics

No-Core 
Shell Model

Stochastic
Variational
Multicluster
Model

+

D

Charge Radii of Be Isotopes 

W. Nörtershäuser et al., PRL 102, 062503 (2009)
M. Zakova et al., Europ. Phys. J. G 37, 055107 (2010) 



Experimental Setup for 12Be

GPS



Results

Remeasured absolute transition frequencies for 10,11Be+   and  12 Be+

A factors 2s1/2 and 2p1/2 states & magnetic moment for 11Be 

Isotope shift 
relative to 10Be 

Nuclear charge radii

Measuring Time/ Plot:

10Be: 150 sec.
11Be:     2000 sec.
12Be: 7200 sec.



Krieger A, Geppert Ch, 
Frömmgen  N, Hammen M,
Krämer J, Neugart R. 

Bissell M L

Kowalska M

Blaum K, Kreim K, Yordanov D

Nörtershäuser W, Sánchez R 

Carl Zeiss Stiftung
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Part II: Laser Spectroscopy of
Hydrogen- and
Lithiumlike Heavy Ions
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Highly Charged Heavy Ions

1 10 20 30 40 50 60 70 80 90
10

9

10
10

10
11

10
12

10
13

10
14

10
15

10
16

1s
<

E
>

  
[V

/c
m

]

Nuclear Charge, Z

Uranium

Hydrogen

DE  10-6 eV

Z∙  10-2

DE  500 eV

Z∙  1

Extreme Static Electromagnetic Fields



2s – 2p
Lamb Shift

1s Lamb 
Shift DE

 
 

 

 
 

  

 

n ~ Z3

t ~ (DE)-3 ~ Z-9

Hyperfine (M1) 
Transitions:

l = 21 cm

t  1.1  107 a

l = 243.9 nm

t  400 ms

209Bi82+H

F =I + 1/2
F =I - 1/2

Hydrogen-like systems: Hyperfine Transitions



Why Hyperfine Structure Transitions ?

Magnetic Field Strength

T. Beier, Phys. Rep. 339 (2000) 79

maximum field of current
superconducting magnets

Nuclear Surface:
B  109 – 1010 T

Hyperfine Structure probes 
extremely strong magnetic 
fields very close to the nuclear 
surface.



Hyperfine Structure of Highly Charged Ions


Non-Relativistic Result

Relativistic
Correction

Including Nuclear Structure and QED Contributions:

Nuclear Mass
Effect

Relativistic
Effects

Breit-Rosen-
thal Effect

Bohr-Weiss-
kopf Effect

QED 
Contribution



M1-Spectroscopy on Hydrogen-like Ions 

Direct Observation of M1 Fluorescence Difference between X-Ray Transitions Laser Spectroscopy



Disentangling QED and nuclear structure

Shabaev et al., PRL 86 3959 (2001)

It can be shown that the ratios 

and

can be calculated to rather high accuracy and is almost independent of 
the nuclear structure  Bohr-Weisskopf effect cancels !

Knowing the hyperfine splitting in the H-like ion, the HFS 
in the Li-like ion can be predicted with high accuracy!

H-like:

Li-like:



Candidates for Spectroscopy

E083:
Relativistic Ions at the 
ESR

SPECTRAP @ HITRAP:
Laser Spectroscopy on 
Trapped Ions inside a 
Penning Trap



RF Cavity

for Beam Bunching

Detection 

Region

(PM, APD)

Electron 

Cooler

Excitation

Region

ESR: Doppler-Assisted Laser Spectroscopy 

Principle:

Examples:

207Pb80+: l0 = 1020 nm
 = 0.57 (211 MeV/u)
lLab = 532 nm

Doppler Shift:

209Bi82+: l0 = 250 nm
 = 0.59 (218 MeV/u ) 
lLab = 489 nm



Fluorescence Detection at Relativistic Velocities

Detector (PM)

Ion Beam

Mirror

Beam Tube



New Detection Device for ESR Spectroscopy

Background Signal t3s 

Old 1000 s-1 11 s-1 74 s

new 160 s-1 45 s-1 0,7 s

Simulation Results

Cu-Mirror

Improvements
• Detection Region
• New Laser System
• Photon Tagging



The E083 Collaboration (LIBELLE)

M. Lochmann1,3, D. Anielski4, C. Brandau3, D. Church5, A. Dax9, 
Ch. Geppert1,3, V. Hannen4, G. Huber2, Th. Kühl3, Ch. Novotny2, 
R. Sánchez1,3, D. Schneider6, V. Shabaev7, Th. Stöhlker3,10, R. 
C. Thompson8, A. Volotka11,7, Ch. Weinheimer4, D.F.A. 
Winters10, W. Nörtershäuser1,3

1Institut für Kernchemie, Johannes Gutenberg-Universität Mainz — 2Institut für Physik, 
Johannes Gutenberg-Universität Mainz — 3GSI Helmholtzzentrum für 
Schwerionenforschung GmbH — 4Institut für Kernphysik, Westfälische Wilhelms-
Universität Münster — 5Department of Physics, Texas A&M University — 6Ernest 
Orlando Lawrence Berkeley National Laboratory (LBNL) — 7Department of Physics, St. 
Petersburg State University — 8Department of Physics, Imperial College London —
9Department of Physics, University of Tokyo — 10Physikalisches Institut, Ruprecht-
Karls-Universität Heidelberg — 11Institut für Theoretische Physik, TU Dresden

LIBELLE (Dragonfly)
Lithium-like Bismuth Excitation 

with Laser Light at the ESRcomic

http://www.kernchemie.uni-mainz.de/
http://www.kernchemie.uni-mainz.de/
http://www.kernchemie.uni-mainz.de/
http://www.iph.uni-mainz.de/
http://www.iph.uni-mainz.de/
http://www.iph.uni-mainz.de/
http://www.iph.uni-mainz.de/
http://www.gsi.de/
http://www.gsi.de/
http://www.uni-muenster.de/Physik.KP/AGWeinheimer/
http://www.uni-muenster.de/Physik.KP/AGWeinheimer/
http://www.uni-muenster.de/Physik.KP/AGWeinheimer/
http://www.physics.tamu.edu/people/showpeople.php?name=Dave Church&userid=church
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http://www.lbl.gov/
http://fock.phys.spbu.ru/english/index_en.htm
http://fock.phys.spbu.ru/english/index_en.htm
http://www.lsr.ph.imperial.ac.uk/iontrap/index.html
http://www.phys.s.u-tokyo.ac.jp/en/
http://www.physi.uni-heidelberg.de/
http://www.physi.uni-heidelberg.de/
http://www.physi.uni-heidelberg.de/
http://www.physi.uni-heidelberg.de/
http://www.physi.uni-heidelberg.de/
http://tu-dresden.de/die_tu_dresden/fakultaeten/fakultaet_mathematik_und_naturwissenschaften/fachrichtung_physik/itp/tp/index_html/document_view?cl=en
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Cu Stripper
50 mg/cm2

400 MeV/u

10-3 eV

Complementary: Cold Trapped Ions

× 10-14

HITRAP



The SPECTRAP Collaboration

W. Nörtershäuser1,2, C. Geppert1,2, R. Cazan1, Z.
Andjelkovic1,2, W. Quint2, G. Birkl3, S. Albrecht3, C. 
Weinheimer4, V. Hannen4, R. Jöhren4, R. L. Coto4, R. 
Thompson5, D. Segal5, S. Bharadia5, M. Vogel5, D. 
Church6

1Institut für Kernchemie, Johannes Gutenberg-Universität Mainz, Fritz-
Straßmann-Weg 2, D-55128 Mainz, Germany — 2GSI Helmholtzzentrum für 
Schwerionenforschung GmbH, Planckstraße 1, D-64291 Darmstadt, Germany 
— 3Fachbereich Physik, Technische Universität Darmstadt, Hochschulstraße 
12, D-64289 Darmstadt, Germany — 4Institut für Kernphysik, Westfälische 
Wilhelms-Universität Münster, Wilhelm-Klemm-Str. 9, D-48149 Münster, 
Germany — 5Department of Physics, Imperial College London, South 
Kensington Campus, London SW7 2AZ, UK — 6Department of Physics, Texas 
A&M University, College Station, TX 77843-4242, USA 
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Conclusion
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• Atoms are versatile laboratories for a manifold of 
investigations.

• Many subtle effects leave their trace in the electronic 
energies.

• Nuclear structure of exotic isotopes can be studied by 
laser spectroscopy and provide important information for 
nuclear structure models.

• Studying highly charged ions allows to study QED in the 
strong-field regime.

• Once understood, these investigations can again be used to 
study the structure of nuclei in more detail.



LaserSpHERe

http://www.uni-mainz.de/FB/Chemie/AK-Noertershaeuser/
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