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TopicsTopics

Laser spectroscopy at storage rings, FAIR

- lithium-like systems

- towards XUV laser spectroscopy

- infrastructure HESR
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Laser spectroscopy: PublicationsLaser spectroscopy: Publications

An improved value for the hyperfine splitting of hydrogen-like 209Bi82+

Ullmann J et al 2015 J. Phys. B 48 144022
Test of Time Dilation Using Stored Li+ Ions as Clocks at Relativistic Speed
Botermann B et al 2014 Phys. Rev. Lett. 113 120405; Erratum 114 239902

Observation of the hyperfine transition in lithium-like bismuth 209Bi80+:
Towards a test of QED in strong magnetic fields
Lochmann M et al 2014 Phys. Rev. A 90 030501(R)
Detection system for forward emitted photons at the Experimental Storage Ring at GSI
Hannen V et al 2013 J. Instr. 8 P09018
APDs as single-photon detectors for visible and near-infrared wavelengths down to Hz rates
Jöhren R et al 2012 J. Instrum. 7 P02015

Submitted
Laser spectroscopy measurement of the 2s-hyperfine splitting in lithium-like bismuth
Sánchez R et al 2016 New J. Phys.

In preparation
Specific difference in bismuth troubles QED tests in strong B-fields
Ullmann J et al 2016

Lifetime of the upper hyperfine splitting state in 209Bi80+

Vollbrecht J et al 2016

GSI Helmholtzzentrum für Schwerionenforschung GmbH R. Sánchez



Laser spectroscopy: PhDs @ ESRLaser spectroscopy: PhDs @ ESR
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Activities, 2016Activities, 2016

Mini workshop: XUV-Lasers at FAIR
Germany: Uni-Jena, GSI, Uni-Giessen, TU-Darmstadt. Romania: INFLPR
Beamtime: Laser cooling at ESR
Germany: GSI, TU-Darmstadt, HI-Dresden, Uni-Münster. China: IMP-Lanzhou
Installation of a HV-divider at ESR HV-Cage
TU-Darmstadt (J. Ullmann, W. Nörtershäuser), PTB Braunschweig
Planning of CRYRING laser laboratory - construction starts Fall 2016
GSI (Z. Andjelkovic, M. Lestinsky, W. Geithner, R. Sánchez)
Installation of the new detection system for XUV forward emitted photons at ESR
Uni-Münster (V. Hannen, D. Winzen, C. Egel, A. Buß), GSI (D. Winters, R. Sánchez)
Preliminary studies for the CRYRING optical detection region
Uni-Münster (V. Hannen, D. Thomas), GSI (Z. Andjelkovic, M. Lestinsky, R. Sánchez)
High-voltage diagnostics for the CRYRING electron-cooler
Uni-Münster (V. Hannen, D. Winzen)
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HESRHESR

Laser spectroscopy at FAIR

GSI Helmholtzzentrum für Schwerionenforschung GmbH R. Sánchez



Ion energy spectrum @ FAIRIon energy spectrum @ FAIR

10-6

10-5

10-1

10-2

100

101

102

103

104

H
IT
R
A
P

C
R
Y
R
IN

G

E
S
R

H
E
S
R

B
e
a
m

e
n
e
rg
y
(M

e
V
/u
)

S
IS

1
0
0

SPECTRAP: 

A Penning Trap for Laser Spectroscopy on HCI

Laser Beam(s)

Camera

lq. Helium
Dewar

lq. Nitrogen
Dewar

Superconducting
Magnet

4 K Shield

77 K Shield

Trap

Drift-Tubes

Trap
Electronics

Ions

Circumference

Circumference 54 m

Circumference 108 m

Circumference 575 m

Quelle: Y. Litvinov

GSI Helmholtzzentrum für Schwerionenforschung GmbH R. Sánchez



Ion energy spectrum @ FAIRIon energy spectrum @ FAIR

10-6

10-5

10-1

10-2

100

101

102

103

104

H
IT
R
A
P

C
R
Y
R
IN

G

E
S
R

H
E
S
R

B
e
a
m

e
n
e
rg
y
(M

e
V
/u
)

S
IS

1
0
0

SPECTRAP: 

A Penning Trap for Laser Spectroscopy on HCI

Laser Beam(s)

Camera

lq. Helium
Dewar

lq. Nitrogen
Dewar

Superconducting
Magnet

4 K Shield

77 K Shield

Trap

Drift-Tubes

Trap
Electronics

Ions

Circumference

Circumference 54 m

Circumference 108 m

Circumference 575 m

L
a

se
r

sp
ec

tr
o

sc
o

p
y

Quelle: Y. Litvinov

GSI Helmholtzzentrum für Schwerionenforschung GmbH R. Sánchez



Electron Transitions in HCIElectron Transitions in HCI
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GSI Helmholtzzentrum für Schwerionenforschung GmbH R. Sánchez



Electron Transitions in HCIElectron Transitions in HCI

XUV W XRay

Principal

n = 1

n = 2

E1

Z2

J = 1/2

J = 3/2

F = 1

F = 2

Fine
Structure

Hyperfine
Structure

M1

M1

OPTICAL
for medium Z

OPTICAL
for Z > 70

mF = W1

mF = +1

mF = W2

mF = +2Z4

Z3

MW

Zeeman
ZW12τ

ZW9τ

Under investigation @
ESR & SPECTRAP (HITRAP)

CRYRING

Under investigation @
ARTEMIS (HITRAP)

under investigation @ ESR (Th. Stöhlker’s group)
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D1 and D2 transitions in Li-like ionsD1 and D2 transitions in Li-like ions
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Gedankenexperiment: LS with 5.5 eV laserGedankenexperiment: LS with 5.5 eV laser
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Gedankenexperiment: LS with 26.6 eV laserGedankenexperiment: LS with 26.6 eV laser
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D1 and D2 transitions in Li-like ionsD1 and D2 transitions in Li-like ions
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Laser spectroscopyLaser spectroscopy

Absolute transition energy determination
- Requirement: relative accuracy better than 10−5

Hyperfine spectroscopy on radioactive isotopes
- Required accuracy ≈ 10−4

- Isotope shifts → difference in nuclear charge radii
- Hyperfine spectra → nuclear magnetic moment and quadrupole moment
Application: Preparation of polarized Li-like ion beams
- This leads to nuclear polarization
- First evidence: Laser spectroscopy on Li+ at the ESR
- Proporsal: Polarization studies at CRYRING using single charged ions
Appication: Laser cooling studies
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HESRHESR

Infrastructure
for laser experiments @ HESR
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High Energy Storage RingHigh Energy Storage Ring
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SPARC @ HESRSPARC @ HESR
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SPARC @ HESRSPARC @ HESR
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Abstract
Heavy few-electron ions, such as He-, Li- and Be-like ions, are ideal atomic systems to study
the effects of correlation, relativity and quantum electrodynamics. Very recently, theoretical
and experimental studies of these species achieved a considerable improvement in accuracy.
Be-like ions are interesting because their first excited state, i.e. (1s22s2p)3P0, has an almost
infinite lifetime (τ0) in the absence of nuclear spin (I ), as it can only decay by a two-photon
E1M1 transition to the (1s22s2)1S0 ground state. In addition, the energy difference between
the 3P0 and the next higher-lying 3P1 state is expected to remain almost completely unaffected
by QED effects, and should thus be dominated by the effects of correlation and relativity.
Therefore, we want to determine the (1s22s2p) 3P0–3P1 level splitting in Be-like krypton
(84Kr32+), which has I = 0, by means of laser spectroscopy at the experimental storage ring at
GSI. In such an experiment, the energy splitting can be obtained with very good accuracy and
can be compared with recent calculations.

PACS numbers: 31.10.+z, 31.15.−p, 31.30.−i, 32.70.−n, 32.80.Aa

(Some figures in this article are in colour only in the electronic version.)

1. Introduction

About a decade ago, a new generation of relativistic
many-body calculations arose, whose results became the
benchmarks for the non-QED part of the electron–electron
interaction, (partially) including radiative corrections [1, 2].
During that time, various high-precision measurements of
the heaviest ions (thorium and uranium) were also carried
out, in particular for the Li-like species [3, 4]. These studies
aimed at a precise test of the radiative corrections in heavy
few-electron ions, but also included QED and correlation
effects. All these investigations had to apply high-precision
x-ray spectroscopy due to the lack of metastable levels in
the medium- and high-Z regime, as is required for laser
spectroscopy. The (1s22s2p)3P0 state in Be-like ions is known

to be one of the very rare cases where excited atomic states
have a practically infinite lifetime [5]. This is because the only
possible transition from this state to (1s22s2)1S0 ground state
is an exotic E1M1 two-photon decay mode (see figure 1),
which is strongly forbidden due to the very small energy
separation. This holds true for the whole Be-like sequence
up to the heaviest systems. For instance, the lifetime of
the 3P0 state in Be-like Pb is estimated to be of the order
of 107 s [5]. In the medium-Z range the energy difference
between the metastable 3P0 and the (1s22s2p)3P1 state is
typically only a few eV [5]. The corresponding wavelength
range (UV) can be readily accessed by laser systems, and
so an M1 laser excitation from the 3P0 state to the 3P1

state can be accomplished. The 3P1 state will then decay
to the 1S0 ground state by a fast E1 transition. The lowest
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Figure 1. Level scheme of the first few excited states in Be-like
krypton (not to scale). The energy difference between the 3P1 and
the 3P0 states is about 10.5 eV (M1 transition) and that between the
3P1 and the 1S0 ground state is about 73 eV (E1 transition).

Table 1. Calculated ‘sizeable’ contributions to the energy difference
between the 3P1 and the 3P0 state in Be-like krypton (in eV) [8].
Note that the QED effects almost do not contribute at this level.

Contribution eV

Coulomb energy 11.0712
Magnetic energy −0.5392
Retardation −0.0004
Coulomb correlation −0.1160
Breit correlation 0.0112
Retardation (1ωn , n > 2) 0.0120
One-electron self-energy (one loop) −0.0055

Total energy difference 10.4341

excited states in Be-like medium-Z ions are therefore the
most attractive for atomic structure investigations with laser
spectroscopy [7]. With this technique, the 3P0–3P1 energy
difference can be measured with a precision of the order of
10−5. This energy difference is almost completely unaffected
by radiative QED corrections [5]. Cheng et al [6] obtained
10.364 eV, which is in reasonable agreement with [5]. From
an energy measurement of the level splitting the higher-order
many-body non-QED corrections can be disentangled from
those introduced by QED. The result will provide a unique
test of our understanding of electron correlation effects in
medium-Z Be-like ions. A good system to start with is Be-like
krypton (84Kr32+), because it has a convenient 3P0–3P1 energy
splitting of about 10.5 eV [5]. Table 1 gives an overview of
the most important contributions to the energy difference,
as obtained from a complete recent calculation (up to n = 4
excitations were considered)9. The 3P1–1S0 splitting is about
73 eV (see figure 1). This Kr isotope has a natural abundance
of 57% and no nuclear spin (I = 0). At a later stage, i.e.
after successful first measurements, systematic studies of the
electron correlation effects in the presence of strong electric
fields could then be carried out as a function of the atomic
number Z .

Be-like krypton ions can already be produced by the
stripper sections in the UNILAC of the GSI accelerator

9 Indelicato, using the 2010 version of the mdfgme MCDF code [8] taken
from www.webelements.com.

Figure 2. Schematic diagram of the laser spectroscopy experiment
at the ESR. The laser excites the 3P0–3P1 transition in anti-collinear
geometry. Also listed are the experimental parameters.

facility, which usually results in a high intensity (∼108

ions per experimental storage ring (ESR) injection). From
statistical arguments, it can be assumed that the stripping
process leaves about 10% of the ions in the desired 3P0 state.
The practically infinite lifetime and relatively high excitation
energy should guarantee that this fraction indeed reaches the
ESR. The cooling and bunching of the beam to a relative
momentum spread 1p/p < 10−4 requires a cooling time of
about 10 s after injection. The ESR was designed for the
storage of practically any ion species (H+ up to U92+) with
a large range of storage energies (4–400 MeV u−1). The ion
velocity can thus be chosen freely to meet the conditions
for laser spectroscopy and fluorescence detection, where the
Doppler shift resulting from the high velocity of the ions plays
a key role. The energy difference between the 3P0–3P1 levels
could therefore, in principle, be studied for a whole range of
Be-like ions. However, because this energy difference scales
with Z , only a small selection (ions up to Z = 46) is finally
accessible by laser spectroscopy at the ESR.

A sketch of the experimental setup is shown in figure 2,
along with the required settings of the ESR, the properties of
the laser system and those of the transition in 84Kr32+. The
ESR is operated in a bunched mode, where the bunch length is
typically about 15 m. The laser light can therefore be pulsed to
reduce the background noise. Control over the bunch timing
and the laser pulse timing are thus important aspects of this
experiment. But the spatial overlap between the laser beam
and the ion beam also needs to be optimized. This is usually
done by the scrapers inside the ESR, which ‘fix’ the ion beam
so that the laser beam can be well aligned (with mirrors).
The actual laser system will be installed in the ESR laser
laboratory, which is accessible when the ESR is running. The
laser light is guided by optical fibers or mirrors to the straight
sections of the ESR, where the light is coupled in through
quartz viewports. For this experiment, the straight section at
the gas target must be used, where the light detection has also
to occur. The 73 eV photons from the 3P1–1S0 transition are
Doppler boosted to an energy of about 120 eV (under a 45◦

detection angle), for which a dedicated detection system will
be set up.

2

(4.5 eV)

• 84Kr32+ can be produced at UNILAC

• 108 ions (10% in 3P0)

• 3P0 has long lifetime (Be-like Pb, 116 d)
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stripper sections in the UNILAC of the GSI accelerator

9 Indelicato, using the 2010 version of the mdfgme MCDF code [8] taken
from www.webelements.com.

Figure 2. Schematic diagram of the laser spectroscopy experiment
at the ESR. The laser excites the 3P0–3P1 transition in anti-collinear
geometry. Also listed are the experimental parameters.

facility, which usually results in a high intensity (∼108

ions per experimental storage ring (ESR) injection). From
statistical arguments, it can be assumed that the stripping
process leaves about 10% of the ions in the desired 3P0 state.
The practically infinite lifetime and relatively high excitation
energy should guarantee that this fraction indeed reaches the
ESR. The cooling and bunching of the beam to a relative
momentum spread 1p/p < 10−4 requires a cooling time of
about 10 s after injection. The ESR was designed for the
storage of practically any ion species (H+ up to U92+) with
a large range of storage energies (4–400 MeV u−1). The ion
velocity can thus be chosen freely to meet the conditions
for laser spectroscopy and fluorescence detection, where the
Doppler shift resulting from the high velocity of the ions plays
a key role. The energy difference between the 3P0–3P1 levels
could therefore, in principle, be studied for a whole range of
Be-like ions. However, because this energy difference scales
with Z , only a small selection (ions up to Z = 46) is finally
accessible by laser spectroscopy at the ESR.

A sketch of the experimental setup is shown in figure 2,
along with the required settings of the ESR, the properties of
the laser system and those of the transition in 84Kr32+. The
ESR is operated in a bunched mode, where the bunch length is
typically about 15 m. The laser light can therefore be pulsed to
reduce the background noise. Control over the bunch timing
and the laser pulse timing are thus important aspects of this
experiment. But the spatial overlap between the laser beam
and the ion beam also needs to be optimized. This is usually
done by the scrapers inside the ESR, which ‘fix’ the ion beam
so that the laser beam can be well aligned (with mirrors).
The actual laser system will be installed in the ESR laser
laboratory, which is accessible when the ESR is running. The
laser light is guided by optical fibers or mirrors to the straight
sections of the ESR, where the light is coupled in through
quartz viewports. For this experiment, the straight section at
the gas target must be used, where the light detection has also
to occur. The 73 eV photons from the 3P1–1S0 transition are
Doppler boosted to an energy of about 120 eV (under a 45◦

detection angle), for which a dedicated detection system will
be set up.

2

3P0 − 3P1

 unaffected by QED corrections

test of electron correlation effects
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Fluorescence in laboratory frameFluorescence in laboratory frame
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XUV Detector
IKP, WW-Universität Münster
Volker Hannen
Jonas Vollbrecht
Daniel Winzen
Christian Weinheimer

supported by BMBF under contract number 05P12PMFAE 

 In the LIBELLE experiment, a movable parabolic mirror with  

a central slit has been successfully used to detect forward  

emitted fluorescence photons at optical wavelength from an  

ion beam 
  

 Based on this concept, a new detection system has been  

developed and constructed at the university of Münster  

for very short wavelength XUV photons 
  

 Forward emitted XUV photons will be collected on a stainless  

steel cathode producing low energetic secondary electrons 
  

 These electrons are guided by a combination of electrostatic optical  

elements and a magnetic guiding field to an in-vaccum MCP detector  
  

 The system will first be used for  

a fine structure study in 84Kr32+ 

cathode plate 

electrodes 

external magnet coils 

linear feedthrough 

pressured air motor 

MCP detector 

Courtesy of V. Hannen 

Detection of forward emitted XUV photons 

Institute of Nuclear Physics, University of Münster 

Expected count rate in resonance: 10 events (for 10−5 detection efficiency)
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Ion rest frame transition frequencyIon rest frame transition frequency
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Ion beam parameters

Ion Bi82+ or Bi80+

Energy 400 MeV/u
Ion speed β 0.71

Ion current 2 - 3 mA (108 ions)
Revolution 2 MHz
Period 500 ns
E-cooler voltage -214 kV

GSI Helmholtzzentrum für Schwerionenforschung GmbH R. Sánchez



New Trial - 2011New Trial - 2011

Multi~hit TDC
VUPROM in VME

start

stop

Fluorescence
detection region

PMTs

Electron
cooler

Gun
~:8/ kV

Collector

500 V

f / 200 = 20 kHz f / 2 = 2 MHz

Delay

Frequency divider

RF generator
f = 4 MHz

Delay

30 Hz

Laser
syncB

RF~bunching
cavity

Scrapers

Laser

Wavemeter

Flip
mirror

He~Ne

Amp

~

Flip mirror

Collinear path
�laser = 640 nm

Anticollinear path
�laser = 590 nmPDPD

Bunch 8

Bunch :

Ions from SIS88

Ion beam parameters
Energy: /ff MeV I u
Speed: fB58 c
Revolution: : MHz
Period: 7ff ns

PMT

Scrapers Scrapers

N

Direction of motion

25°

25°

0°

0°

10°

20°

25°

630

670

710

750

790

>800

λ (nm)Angleλ0= 1500 nm

β = 0.71

GSI Helmholtzzentrum für Schwerionenforschung GmbH R. Sánchez


