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Atomic Physics with Highly Charged lons
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Research Focus: Matter under Extreme Conditions

¢Iig hest Charge States Extreme Static Fields h
Relativistic Energies Extreme Dynamical Fields and Ultrashort Pulses
High Intensities Very High Energy Densities and Pressures

¢|igh Charge at Low Velocity Large Energy Deposition Y

Contributions to
A,/

fusion energy research cancer therapy aerospace engineering

... behaviour of compound ... response of cells to irradiation by ... active and passive radiation

materials heavy ions shielding of cosmic radiation
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Stor'ed and Cooled

From Rest to Relativistic Energies:
Highly-Charged Ions and Exotic Nuclei

Intense Beams of Radioactive Isotopes

Intense Source of Virtual X Rays

XUV Energies via Lorentz Boost of Optical

E/u for U%**
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* bound state quantum electrodynamics (QED)
* nuclear effects on the atomic structure
« effects of relativity on the atomic structure

Structure N
Studies - electron correlation in strong fields
’ « supercritical fields

a
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Nuclear Charge, Z

dynamically induced strong field effects

correlated many body dynamics
elementary atomic processes at high Z
photon matter interaction, e.g. photon

polarization correlation

Dynamics
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| Negative Energy Continuum |

o drive pulse ge"’e’p‘”ge ion cooling techniques
Applications -0 N " electron storage and trapping techniques
‘ laser and spectrometer development

photon, electron, ion detection techniques




I]q,

Atomic Physics in Extremely Strong“ﬁﬂds‘ =
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Atomic Structure at High-Z

* Bound state quantum electrodynamics
(QED) in extreme fields

- Effects of relativity on the atomic
structure

« Electron correlation in the presence of
strong fields

Atomic Collision at High-Z

* Correlated many-body dynamics

* Photon matter interaction:
e.g., photon polarization effects

« Dynamically induced strong field effects

SPare -



Atomic Physics: Quantum Electrodynamics in the
Extreme Field Limit
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Self energy Vacuum polarization
o1+ VP NS

355. O eV -38.6 eV  198.7 eV

r

Low Z-Regime: oZ << 1

F(oZ): series expansion in oZ

_ 4
AE=0/nt (0Z)* F(0Z) mc* High Z-Regime: oZ ~ 1

F(aZ): series expansion in aZ
Goal: +1 eV . not appropriate




Quantum Electrodynami

The theory of quantum
electrodynamics is, I would say,
the jewel of physics - our proudest
possession.

R. Feynman, 1983

Richard Feynman
1918-1988
... having to resort to such hocus-pocus

[renormalization] has prevented us from proving
that the theory of QED is mathematically self-
consistent.

... [renormalization] is what I would call a dippy
process.

R. Feynman, 1985



Sources of strong EM fields

Novel intense laser sources (e.g. Free electron lasers (e.g. Advanced particle acceleration
Vulcan facility in UK, POLARIS at XFEL) facilities (e.g. GSI and FAIR, DESY)
FSU, DRACO at FZD)
1 J
I

| "... Thus the technologies are complementary [intense
i 1 light sources and ion beams] and both are likely to lead
’ to new insights in high-intensity science."

National Research Council, US on AMO Physics, 2008
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Physics of strong EM fields

During the last decades significant interest has been growing in the physics of
(extremely) strong electromagnetic fields. These fields provide a unique tool
for studying a large number of fundamental problems in modern physics:

uy

» Structure of matter under extreme conditions i
» Non-linear phenomena in light-matter interaction

» Search for a new physics beyond the standard model

Picture from: www.extreme-light-infrastructure.eu

Is there anything beyond the Standard Model?
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Complementarity: Extreme Light and Extreme Parﬂ% B@
Collisions 4

The fastest pulses
Tons: Sub Attosecond
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Equivalent (virtual) photons

The electric field produced by a moving
charge (y>>1) is almost transverse and
is accompanied by transverse magnetic
field (of almost equal strength).

\

/Parameters of the “pulse”:

Enrico Fermi: let us consider
transverse (E and B) fields
produced by fast particle as
fields produced by a pulse of
linearly polarized radiation!

E

Time duration: At = b /vy

Maximal energy: A = hyc/ b

@ FAIR facility:

At =1zs
hao = 800 MelV
Sub-attosecond, - J

B half-cycle pulses p
‘ % ﬁ HELMHOLTZ
E 5 ][ ’ASSOCIATION




(Ultra) Relativistic Ion- Atom Coll
L
» Dynamically induced strong fields result in a [0

large number of atomic processes Positive Energy Continuum ]
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) Collider » Bound-free pair pr'oduc’non limits
A the performance of the LHC at
CERNI CERN Courier 47 (2007) 7
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Pair production in ion collisions

HELMHOLTZ

Dynamically induced strong fields may lead to
electron-positron pair production.

» This process, again can be “understood” in*
equivalent photon picture.

NN AN~

'
Z ViV
NV

» Accurate cription of this pr
challenge for the QED-theory

Calculations by A. Belkacem and D. lonescu, LBNL

» non-perturbative regime !

» Multiple Pair-Production?




SPARC Module 1: Relativistic Collisions @SIS100

"Heisenbergs dream” ==

shot out the nucleus,
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let electrons explode

Explore correlated electron dynamics
- on sub-attosecond time-scale
= - not accessible by other means

t<0.1 asJ
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SPARC Module 1: Relativistic Collisions @SIS100

What makes the difference?

N/ -//45 % 10 GeV/u

"Heisenbergs dream"”

field

pulse

v=10
I

::U;‘ Post-Collision Int.
" .
2 o 3.6 MeV/u
£ W) = 1.003
E N

First results of S PC]

two electron 2 OEES

momenta ) 1 1 2

230 MeV/u U2+ - Ar long. momentum 1* electron (a.u.)

D. Fischer, S. Hagmann, J. Ullrich et al.
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Laser Cooling and Precision
Outlook: Precision Laser X-Ray Spec?rosi‘)j

SIS300 Schemahc —
Li-like 238y87+

Experimental Y= 30
Setup

Laser (same as @ ESR)

Moser = 257.34 nm ho,. = 280.59 eV

hogsey = 4.818 eV

Measure

absolute transition wavelength

2 —_— .
M %est = Wigser O)X-rqy
Moy 1y = 19.6 keV

Crystal

X-Ray Monochromator

Detector

SPARCO7 M. Bussmann, U. Schramm, D. Habs et al. www.ha.physik.uni-muenchen.de/uschramm
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Laser cooling of C3* beams ="

momentum dependent (Doppler tuned) Demonstration of laser cooling of
laser deceleration + bunching C3* Ions at 122 MeV/u in the
(restoring force) -->  cooling ESR for application at SIS
—F 100/300 (2004)
/—’ E3_0“"”' tooror T
£
AN~ L £ Combined Laser- &
NATAAVS 4 . .
g 7 ; o . Electron Cooling
I oo d
’ . ]
(vic~0.5) 5 BPPEE R S
fl 2 _==7" 0.4 corresponds to 4 10 7 mmmra d
diagnostic . «——" £,
UV-laser _ ) o o
beam ==p —ab : 10° 10’ 10”

ion current [uA]

bunch length reduced by a factor 2
beam diameter reduced by a factor 4
momentum spread reduced by a factor 10

y [um]

U. Schramm et al.,

o 20 40 60 80 100 120 140 160
. =51
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Resonant Coherent Exci

A New Scheme for High Resolution Spectroscopy
within the SPARC collaboration at FAIR

spokes person: Y. Yamazaki (RIKEN)

E ~ vhn(k cos@+1sin )
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Characteristics of Resonant Coherent Excitatl
R |

v" very high efficiency
— ideal for low beam intensities: Radioactive Beams

v" very high energy resolution not limited by detectors

Takes full advantage of cold ion beams
= Major part of the SPARC activities at FAIR with

* heavy, highly charged ions

* beam energies up to 10GeV/u

A first test experiment with Li-like uranium at GSI is currently

In preparation
FAIR SIS100: excitation of 1s-

2p in U™ possible for firsttime o

SPare -



The high-precision goniometer has been shipped fro
I |




SPARC

Li-like U8%* 2s-2p excit. for
Lamb shift, Hyperfine (SIS18
September 2009)

E ~ vhn(k cos@+1sin6)
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The Experiment Storage Ring E

Electron Cooling
U91 + electron collector

electron gun

| it | 2SN

omo

"
high voltage platform

Y l B

electron beam

ion beam

Circumference: 108 m
Injection energy: 400 MeV/u
Revolution frequency: 1 Mhz

Storing and Cooling Detector and Spectrometers



Cooling = narrowing the velocity, the size,

and the divergence of the stored 1on beam

Nustar Meeting, GSI, 3-Mar-2010 Christophor Kozhuharov, Photorecombination of Li-like heavy ions




Photorecombination/Dielectronic Recombination =
= Inverse Auger Spectroscopy

g e !.gj!\

] I

A% +e S A" 5 AY"4nhy J

/

Dielectronic Capture (D(:3)> Radiative Stabilization
<Au£j;er emission (time-reverse) (competition to the Auger emission)

Nuclear excitation by EC (NE@ Atomic and/or Nuclear
< Decay Modes

Internal Conversion (competition to the IC)

Positive energy continuum




Photorecombination in Cosmic Plasmas

Courtesy D.W. Savin, Columbia Astrophysics Lab (CAL), New York, N.Y.

electron ionized photoionized (radiation field)
(stars, supernovae, gaIaX|es ~ (PNebulae, x-ray binaries, AGM, ...

% - -

(o ngh T, DR ;g‘;:‘}; o Low T, DR °

YSMSE] 14:49 UT, June 7, 2000

Christophor Kozhuharov et al.




Why Investigate L-shell Ions (Li-like, Be-like,...)?
I B

e.g. Li-like ions (3 €7) Ksimplest atomic systems with \

.low-energy” intra-shell transitions

2P3); (an=0)
2 * large contributions from QED and
2S5 —* P172 nuclear size

= high sensitivity

*simple to describe theoretically,
e.g. Li-like
= 1 ,valance” electron with small
contributions from e-e-interaction

\_ %




Few-Electron lons

Il B
Dielectronic Recombination: The Technique

cathode
voltage U_,

electron

n n I r
recombination electron coole

detector

merged-beams rate coefficient: o = (ov)




Dielectronic Recombmation of Li-like Gold

Spectroscopy with no Photons 1n Sight
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Christophor Kozhuharov et al.
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/DR experiments for Li-Iike\
heavy ions at the ESR:
The already achieved
accuracy is comparable
with the most precise x-ray

experiments
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-
DR, a novel technique Yo measure charge radii
of stable and exotic heavy nuclei

\
142Nd57+ 150Nd57+ “ .
SO 77— L B R 3rd gener'a'l'lon electron
— ——A=142 1 1 . . .
2 preliminary ; target (dedicated and optimized
2 T | | N s o 18) ] with respect to experiments)
= Z- Adiabatic expansion / adiabatic
g %00r —_Z 18 . acceleration of electrons
+= p1/2
g T T I
%M Electron Photocathode
100 gun setup
"’f& j=3/2 | j=5/2 [>5/2 "3 | u l
. , s Acceleration w,
08 10 12 14 16 15 20 22 24 26 28 ac dpole .

section
Interaction “._

Electron-lon Collision Energy (c.m.) [eV]
vertical correction——"

dipoles

C. Brandau, C. Kozhuharov et al., Toroid section
olf, F. Sprenger i : n beam
PRLI 2008 II\AH\II.\LSI:mFskipM gch,nell, D. A. Orlov,

U. Weigel, D. Schwalm, MPI-K HD
=1L
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Explore the Nucleus (/@ ==
|

Dielectronic Recombination S

SPare

Thomas'Stohlker DPG DarniStaar, nve



Li-like Y**Nd°>7* vs. PN’
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|
The "Cloud Chamber” of Atomic Physics

N
Supersomc Jet|® Reaction-Microscope

r

A COLTRIMS

Electron Spectroscopy

S €.~ Thomas Stdhlker DPG Dal
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10-7 mbar 1500 I/s.
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X-Ray Spectroscopy at the ESR

e-cooler

X-ray de’rec’ror X-ray detector

Injection Energy ﬁ : Jt‘E'jL‘/ —t

400 MeV/u

L
laser P

particle

/ detector

acceleration
deceleration >

sleration

detector
Experiment

detector

@ 10 MeV/u . \ gos jet
Lya, @ [Oser
Schoﬁky
— / byy ol Up i \ bolometer
X-ray detectors
M1
13?2 _"



Els _ mcz\/l B (ZO()2 (total energ

First excited states of one-electron ions

Dirac

/

+mc?

Positive Energy Continuum \

28y, 2Py
181

2ps;

Negative Energy Continuum j

& wewnoure

........

What about supercritical fields ?




Critical- and Supercritical Fields

Frovy,  ESN
E 4
ﬁ positive
continuum
=
§ bound
A states
L
V _____________________________________________
: : @ negative
: : continuum

—71tr 1 1rr1rrrrrrrr+7T1
20 40 60 80 100 120 140 160
Nuclear Charge, Z
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Supercritical fields

é HELMHOLTZ
ASEOTIATIEN

Merge{ Formation of a Quasi-Molecule

//"“\\
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91+ \ / 92+
U R(H[fm] ~_ PRd U

1000 500 27 18 27 500 1000

oe o gccemseesmmsnene;  [psneentes

b=0fm 5 -electrons

To overcome the Coulomb
barrier, low energies of about
5 MeV/u are required !!!




The Ring Branch

NESR
electron cooling
experiments

Alternative to the eA:
lon target at the NESR




Phxsics of strong fields: Lasers and lons

€ nesunour =5
ASCOTWTIEN

We shall briefly recall four case studies in strong-field physics:

» Pair production in strong electromagnetic fields
» Search for parity non-conservation in atomic systems
» Non-linear phenomena in quantum vacuum

» Multi-photon processes with highly-charged ions

.
i




Unified electro-weak interaction

e
ﬁ HELMHOLTZ

SOCIATION

Standard Model of

FUNDAMENTAL PARTICLES AND INTERACTIONS

The Standard Model summarizes the current knowledge in Particle Physics. It is the quantum theory that includes the theory of strong interactions (quantum chromodynamics or QCD) and the uni
theory of weak and electromagnetic interactions (electroweak). Gravity is included on this chart because it is one of the fundamental interactions even though not part of the “Standard Model.

§ :
BOSONS in-0 1.2

Unified Electroweak spin = 1 Strong (color) spin =1
Mass  Electric

Note: electromagnetic interaction preserves S S m*ﬁ
parity while weak interaction — not! [

Color Charge

w+ Each quark carries one of three types of
“strong charge,” also called “color charge.
These charges have nothing to do with the
colors of visible light. There are eight possible
types of color charge for gluons. Just as electri

cally-charged particles interact by exchanging photons, in strong interactions color-charged par

ticles interact by exchanging gluons. Leptons, photons, and W and Z bosons have no strong

interactions and hence no color charge.

photon

Quarks Confined in Mesons and Baryons
I One cannot i
hadrons. Th
color-charge

0D < gy in the col
R :) tional quark.

First time observed in famous Wu experiment
on the beta-decay of cobalt nuclei.

produce va

An electron and positron 0
A neutron decays to a proton, an electron, (antielectron) colliding at high energy can B particles
and an antineutrino via  virtual (mediating) annihilate to produce 8 and 8° mesons one are rare but

W boson. This is neutron § decay. via a virtual Z boson or a virtual photon structure of mat

hadrons; theq

Weinberg angle is the

fons colliding at high energy can
s hadrons plus very high ma
ch as Z bosons. Events su s
n yield vital clues to the

nature: mesq

e key parameter of electro-

strong intera
trical interac

weak theory

(04

luons
—

s | Mesons

Not applicable
to quarks

weak

20

e

The Particle Adventure
Visit the award-winning web feature The Particle Adventure at
http://ParticleAdventure.org

This chart has been made possible by the generous support of:
U.S. Department of Energy

Lawrence Berkeley National Laboratory
Accele
al Society, Division of Particles and Fields

BURLE INDUSTRIES, INC

©2000 Contemporary Physics Education Project. CPEP is a non-profit organiza

tion of teachers, physicists, and educators. Send mail to: CPEP, MS 50-308, Lawrence

Berkeley National Laboratory, Berkeley, CA, 94720. For information on charts, text
erials, hands-on classroom activities, and workshops, see:

http://CPEPweb.org




Atomic Structure of He-like lons

Nt 1s2p 'P
Aarlty Violation ? — 1225 3P;
55 1 [/ T
1s2s3S, v Ts2p 3P,

Ko,
Ko,

/

o exotic decay modes:
M2, 2E1, E1M1

e electron correlation and
QED in the relativistic domain

& newoure GSN
e / q
e q

Electron-electron Two electron
interaction QED

= 0Of
B |




Atomic parity violation studies

R s
SWTIEN

» Exchange of neutral Z boson

between nucleus and electrons
leads to the mixing of atomic
levels with different parities.

}J“{N

e N

:}WZW{N

N

» Mixing coefficient for the states
with opposite parities:

Energy splitting should be small!




PNC transitions in He-like ions

l Freoer,  ESN
08~ Energy levels of He-like uranium
ms: wnss 1, | »Many-body relativistic calculations show that
| 2E1 (PNC) —us,% | for the case of Uranium ion:

)
/

o | T, =1%(g -&,)x0.26-107 ns™

I N
£ oﬂ 3
& %2l 003315 ,3
: | o
|
w0l 25— < gi
&
i ) i 20 22 2
. ; g I=10"—-10"W /cm
4 3 :
L |
i 1
o= ' 90+ — 'S

» To “compete” with spontaneous decay
channels we have to induce two-photon PNC
transition by polarized light with intensity:

Theory: F. Fratini, A. Surzhykov (Uni-HD, GSI)
S. Fritzsche (Uni Oulu, GSI)

———————————————————————————




PNC experiments with He-like ions: Proposal

3 € nesunour =5
—= ASSOTWTIEN

» We may think of three steps to study PNC phenomena in He-like ions

Production of 2'S, state by

means of inner-shell Stimulation of two-photon Measurement stabilization of

. . - . iti 1 3 3
ionization (of Li-like ions) transition from 215,10 2°P,  23P, metastable state
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population of states (induced) PNC detection
(high selectivity for s-states (atomic structure, (decay properties)
required) photon intensity)

» Important question: which intensity of incident light do we need to make 2E1
PNC transition “visible™? Some theory predictions are required!




Parity Violation: Selective Production of 2s-States
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[ Isolation of s-states in He-like heavy ions ]
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Measurement of the decay of the metastable °P,

Radiative stabilization of
2°P, metastable state via
the 3S, decay
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We need FAIR ! and a high-power laser
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» Helium-like ions provide a unique
tool for studying parity-violation
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First observation of the An=0 3P, — 3S, in He-like uranium
ESR 2
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at FAIR these experiments icansbe performed
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Photon Angular DistributioanoIar'jé!gyzoﬁ.";

Measurement of the photan angular
distribution/polarization:

Aligment of excited statej
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Polarization Spectroscopy| 'A‘ﬂ‘?

Crab nebula

Direct insight into

celestial
plasmas

NGC 7009

-OPTICAL

Spectra provide knowledge of
temperature, density, element
abundance, etc.
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Radiative processes: Main photon matter
interaction processes exhibit distinct photon
polarization features (Synchrotron Radiation,
Bremsstrahlung, Recombination, Inverse Compton

Scattering)
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Dynamics in Strong Fields: Radiative Pr t;ﬁ@es 8

R
e.g. Radiative Recombination/Electron Capture

é((w—ﬂ continuum / Electron capture into a bound ionic state by\
electron emission of a photon

bound him=E_, + E

states B IV

» Time-reversed photionization
VWWN \_ )
ho
A

e.g. Electron-Nucleus Bremsstrahlung

continuum

E
Bron
T

bound
states

Exn= Ef + Ey

Radiation is emitted in every collision in which the
electron changes velocity.




Excited States oty ree
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Formation of excited states: The fam;fer’
\ ion or electron beam introduces a _6(22)
= symmetry axis and directionality. In (31)

general, the radiation is anisotropic and )
polarized.

e cross sections for collisional
excitation of magnetic sublevels

become uneven.
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[ angular distribution or polarization ]




Polarimetry Techniques
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UNIVERSITAT
HEIDELBERG

HGS-HIRe for FAIR
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Bragg Reflection Compton Scattering

Liquid Crystals Photoionization

Thomson Scattering

Crystal Optics Pair Production
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Micropattern

Gas Counters

x-ray Optics Segmented Solid
State Detectors

HGS-Hire Graduate Days 28.10.2010 Im




Linearly polarized radiation
Klein-Nishina equation

d_O':erz(ha))z(ha)+ha)_2
dQ 2 ho ho (o
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ho=hw + AE

AFE : electron recoil energy
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Detection of Compton Scattered Pk w i

photon/photon

sum

coincidence

energy

energy deposition in two

independent 7
parts of the detector i

compton scattered

recoil electron photon

reconstruction of compton
events
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Si(Li) and Ge(i)
based Compton
polarimeter

crystall size: 4" x 4"

energy resolutlon timing - 2D/3D position sensitivity — multihit
. . 128x48 strips




Position sensitive Si(Li) detector as a Compton Polarimeter
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Simple position reconstruction in planar strip detectors

Photoabsorption 4+
X1
Compton Event —~+
X1 X2
E(X() = (V) —>

E—

Y1

Y2

—

(X1,Y1)

(X2.Y2)
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(X1,Y1)
(X1,Y1)
(X1,Y2)
(X2,Y1) 7?7
(X2,Y2)




Exploiding Position and Energy Re§gl@'i6pﬂg¢:
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Polarization Measurement via Compton scat
— Angle / Energy
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Polarization Spectroscopy of Photon-Matter Interaction

2D #STRIP

germanium detector

Similar projects based on planar position sensitive
Germanium and Si(Li) detectors:

Compton imager and polarimeter
at Naval Research Lab.
(space missions,
Kroeger et al.)

Compton imager at LLNL

(y-ray imaging,
K. Vetter et al.)

Compton imager
(medical imaging,
Valenta et al.)




Planar structured semiconductor detectors

2D Si‘ Li z-striE-detector

ﬁ HELMHOLTZ
| ASSOCIATION
i Crystal: p-type silicon
hickness: 7 mm
\ Size: 74 x 74 mm?2

Depletion voltage: 800V

Position sensitive structure

SEGCUTIGI S

7T nnm

Stripes per contact : 32 s

Stripe length: 64 mm

Stripe width: 2 mm

=> 1024 stripsel total Li-diffused contact

Isolation gap: ~50 HM (32 strips) D. Protic, T. Krings;
Active area: 4100 mm?2 IKP, JZ-Jiilich (now Semikon GmbH)
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Electron is ejected
along the electric field

Nonrelativistic dipole
approximation

Photoionization
non-relativistic dipole approximation: 100 % polarization for all emission angles




Exeer'lmen'rs at the J et-Ti

K-REC

Stored lons (Z=Q)

Particle Counter Electron transfer
(MWPC) from the target atom
into the HCI
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REC photon energy photon energy (keV)

hi®gee =Eg + meC2 (7 — 1)"' V(Vipz — ET)
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Angular Distributions and Polarisation

Particle Counter
(MWPC)
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COMPTON SCATTERED PHOTONS

| SCATTERING ANGLE: 30
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Recombination: spin polarization of par' éIeSr. 4

lon._or electron beam

Spin Polarized

Jon Beams

for spin polarized ions, the
polarization plane and
scattering plane are not
equal for spin aligned ion
beams

predictions by A.Surzhykov et al.,
PRL 94, 203202 (2005)

control over the spin-
polarization of stored
ions:

required for EDM and
PNC experiments
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The HITRAP Project

11.4 MeV/u

UNILAC

U73+

experiments for slow particles I&
post-

experiments
with particles at K=

| cooling
 trap

rest

decelerator

U92+

stripper =

target

400 MeV/y

U73+

W. Quint, O. Kester et al.
===

DPG Darmstadt, March 2008

SPARC
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Quantum Electrodynamical Effects in EXﬁ'ﬂ%@_"gL |

Electromagnetic Fields

4 hydrogen )

Z=1
Eb = 136 eV
Zo«1

uranium ion
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HITRAP — Trap facility for heavy highly charged ions

11.4 MeViu
UNILAC
5 keV*q 6 keViu S’
experiments cooler T ST s
with particles K= Penning [ i S
at rest trap e REQY v
U73+

stripper

» Collisions of highly charged ions
with atoms, molecules and surfaces

» Trap based experiments
g-factor measurements

laser spectroscopy
mass measurements

electron cooling and
deceleration to 4 MeV/u




HITRAP - Trap facnll’ry for heavy hlghly gﬁ

g-Factor of the bound electron in a hydrogen-hke ion
(hydrogenlike uranium at rest)

gboundlgfree i 1 N (Z(X.)zl?) + 05(20‘)2147[ + ... ]

UNITAC H [ Dirac theory bound-state QED

5 keV*q 6 keViu 10} M
s | i
experiments cooler o o ’ |
with particles K= Penning <: linac + 2107 / allorders in e L ow % %
at rest trap = \ o B ]
o 10 a _— "Grotchetal.:
= e 1970
2 10°%F . 3
E i 3 . . E
r ~\ g 10 " ) \
-7k i 4
Bound-state QED and fundamental constants | 107f| .+ ™S
g-Factor measurements 10 0 T
in a series of elements up to U%1* 0 10 20 30 40 50 60 70 80 90
(L A nuclear charge Z
* low-Z — electron mass m, Theory eier, U . Jentschura,
* medium-Z — fine-structure constant o %h
. high-Z — test of bound-state QED ) dece 6""?3}8)?};, eu

SDaf_f, - Thomas Stohlker DPG Darmstadt, March 2008 SPARC



g-factor of the bound electron in a HCI

bound state elc-ctor for C°*

theoretical value: 2.001 041 589 9(9)
experimental value: 2.001 041 596 4(10) {44}

assume QED is correct
m, = 0.000548 579 909 2(4) u

van Dyck (1995) m_ = 0.000548 579 911 1(12) u
CODATA (1998) m_ = 0.000548 579 911 0(12) u

improvement by a factor of 4*




lon-surface interaction

ﬁ HELMHOLTZ
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questions to be addressed: feg
sp™-£

Hollow-Atom Dynamics

* hollow atom spectroscopy

70

A sputtered atoms/ions
.3

* high-spin states via 35
electron capture from
magnetised surfaces

* electron dynamics at
surfaces and thin films

 trampoline effect existent
above a critical charge state?

« surface lithography by means
of HCI impact?

self image

? e



HITRAP @ GS
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Experiments ———=——m

Penning Trap Decelerator
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GeV/u




HITRAP — Linear Decelerator

- ﬁ HE;MHOLTZ

Beam that will be available to users:

type Alg < 3 (U%* ..)
ions/pulse 10°

energy keV/q ... meV/q
energy spread =0.3 meV




ESR — From 400 to 4 MeV/u
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ESR — Experimental Storage Ring at GSI with stochastic and electron cooling

ESR cycle during - signal:
recent experiment |

time (s)

5..20 injection, stoch. cooling
3..10 deceleration 400 — 30 MeV/u
2.6 e cooling, rebunching |
2.5 deceleration 30 — 4 MeV/ul
2..5 e cooling, ejection |

3 reset magnets

40 s

A
!
" [V - Ao



HITRAP — IH Structure
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HITRAP overview in the re-injection chann lq-IPESQ

Cooler trap
available:

* magnet

- electrodes
- HV-cage

vertical
beam line

-l =i A
2 ,\ it 'L “!‘.‘-

B successful tests of
" - beamline

e ..
.....
TR

| - detectors

* bunchers

- emittance meter
with beams from
the ESR in August
2007

Experiments

!I ]l IH-structure+ l
Double-drift-buncher MEET RFQ

'&‘QSF_ =7 'f = Thomas Stohlker DPG Darmstadt, March 2008 SPARC 86
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Construction and Infrastructure
NESR, SIS100/300, HCAVE A, FLAIR-Building

R&D Activities Towards FAIR Required at
CAVE A, ESR, UNILAC

R&D Towards FAIR at
External Labs

Belfast (EB'T) Electron-,
Cracow Recoil lons
ESRF, Grenoble (Synchrotron) Spectr.
Groningen (ECR)
HASYLAB, Hamburg (Synchrotron)
Heidelberg (EBIT)

Cold

Electron
Stockholm (EB'T) Target

X-Ray Optics GANIL

Catania
Lanzhou (ECR)

spare-



