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Prof. Thomas Stohlker Prof. Horst Stocker
JAP Boss* ,GSI| Boss”
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Due to the project ,FAIR@GSI, many AP people now belong to ,stored beams®.
Others are affiliated with EMMI, HI-Jena, or the surrounding universities of
Frankfurt, Darmstadt, Mainz, Heidelberg, Jena,Giessen (or have left).
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Thomas Stohlker, GSI



« atomic physics at GSI

e the hydrogen atom

« storing and cooling of ions (ESR)

« ESR experiments (recent and future)
* the HITRAP facility

« SPARC @ the future facility FAIR



Atomic Physics at GSI

Atomic Structure at High-Z

* bound state quantum electrodynamics (QED)

» effects of relativity on the atomic structure

= iPositive Continuum E
= = L.  electron correlation in the
presence of strong fields

+mc? S

TSI esitation loMeAton | * borderline of atomic & nuclear physics

| Atomic Collision at High-Z

Free Pair Production |

-m02
)
* time reversal of elementary
et .
atomic processes

Negative Energy Continuum

* photon-matter interaction

» dynamically induced strong field effects



the interest in highly-charged ions

Simple (few electron) systems: ©
from hydrogen to H-like uranium.

Eg~105 eV
Zo~1

Tests of QED in extreme

electromagnetic fields.

New access to fundamental

constants and to nuclear

ground state properties.

<E> [V/cm]

Eg~10 eV
Zo~102

= L L L L ! ! 1 | |
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Nuclear Charge, Z
Extremely short and extremely
Intensive electromagnetic pulses
at relativistic energies of

highly-charged ions. t<0.1as

| = 1021 W/cm?




The best place to start off with is...

hydrogen




The best place to start off with is...

Quantization of angular momentum:

mur = nh
Energy balance:
9 2
mu Ze
Etot — Ekm + Epot — -
2 dmeqr
Rewrite eq. (1) as:
7 e 5
= Mmuv

dmeogr

Use (4) in (3) and obtain for the total energy of the system:

muv? 9 mu?

Bound states!



Multiply both right- and left-hand side of (1) by 72, and insert (2):

7 /2
mv’r = v(mur) = vnh = ‘ (6)
4reg
For the velocity v we thus obtain:
7 e? Zoce
— v =" 7
¢ Admegnh n (7)

Combining (5) and (7) gives the quantised energies:

mu? m 7 e? .
En — = — Ty 8
2 2 (47regnh) (8)

Using the fine structure coefficient a = 4;;2;_1 ~ 1/137, we finally obtain
Qrnc

1 (Za)?
E, = ——mc* 5 (9)

n

Using m = 9.11 x 1073 kg, c =3 x 10° m/s, e = 1.6 x 107 C, and Z = 1

and n = 1, the groundstate energy is £



These are
important
lines for

highly-charged

lons!

the simple Bohr model

From Bohr model:
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the real structure of hydrogen
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the scale of things:

To remove the 15t electron in hydrogen,
an energy of the order of ~10 eV is needed.
(Z=1)

To remove the 92"d electron in uranium,
requires an energy of the order of ~100 keV.
(Z=92 > ~Z?)

- One needs a lot of energy for
complete ionisation of heavy elements!

- Experimentally, photons can't really do the trick,
but fast electrons & ions can!

@ GSI we use the “stripper-foil” method and produce:
bare, hydrogen-, helium-, lithium-, or beryllium-like ions
Oe le 2 e 3e 4 e




the current GSI facility

lon sources

11.4 MeV/u
U3+t
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N\

».

~200 m circumference

~100 m circumference \@

4-400 MeV/u
U92+

up to

1000 MeV/u
92+

30 1n



pioneers of storing and cooling

Principle of
Penning Traps

Frans Michel
Penning

s %

Storage and Storage and Cooling of Atoms

Cooling Nobel Prize 1997
of Antiprotons S.Chu C. Cohen-Tannoudji W. D. Phillips

Nobel Prize 1984

J. van der Meer
C. Rubbia

Storage and
Cooling of lons

Nobel Prize 1989

H. Dehmelt - e ;
W. Paul Bose-Einstein Condensation

Nobel Prize 2001
E. Cornell W. Ketterle C. Wieman

0 & 20y |der PAPRE 1y Co




UHV ~101 mbar \
bakeout ~300 °C




From the FRS
To the SIS
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photograph of the electron cooler




the electron cooler at the ESR

I: 5-500 mA
U: 10-200 kV

Gun (cathode) Collector

Electron beam
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Ion_tzgam,; N LT YY)/ —————— L P ) 1

] = 0
& momentum spread: Ap/p=10-4-10-

lon beam diameter: 2 mm
1.94 m

Cooling section
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cooling: narrowing velocity, size and divergence

Power [dB/Hz]

Primary uranium beam
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To the SIS
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new liquid targets with high densities

Robert Grisenti (superfluid targets),
micro-droplet targets (H,, He), Design goal for HESR:
jet-diameter below 1 mm,;

densities 101! - 1016 1/cm3
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Spectroscopy at the ESR

Injection Energy

400 MeV/u ot e-cooler
X-rda erecClior 3
[ ¥ iy wdefec’ror v
laser i
4 particle
RF acceleration . 4 detector
deceleration >/
Vo
Experiment
4-400 MeV/u
- RF acceleration
% deceleration
particle ‘ = D .
particle
detector ‘~ - 4 efector
’ N\ gas jet
@ |0ser
SChoﬁkyT %\\
ol 4 \\ bolometer

X-ray detectors



Beamtime @ GSI (,,Strahlzeit)“

Block 2/ 2011 August 2011 Schedule as of 17-Aug-2011
Week 31 Week 32 Week 33 Week 34 Week 35
1 2‘3‘4‘5‘6‘7 8‘9‘10‘11‘12‘13‘14 15 | 16 | 17
UMAT, Severin/Trautmann, Au (PIG), 50 Hz, 4.8 MeV/u, 3 ms, M

e, | UMAT U224, 0. U266, O.
- AT Au, 4,8 Rosmej, 50Ti, Rosmej, 50Ti,

UMAT, Severin/Trautmann, Au (PIG), 11,4 MeV/u, 50 Hz, 3 ms, X0 |!‘ll'lf.-\a‘ﬁu, 5 MeViu. 5 4.7 MeViu, 1-5 4.7 MeViu,

z, 3 ms, .

Hz, M3 umA, 5Hz, Z6 maximal, Z6

a)
SMAT
Bi, 200

MeV/u, HTA

c)

$371, 12C,
HTC

S$371, Cuttone/Pleskac, 12C (EZR), 200, 400 and 1000
MeV/u, 1E4-1E5/spill, slow extr., 1-10 s spill, flat spill,

S402, Bozyk/Spiller, Bi
(MEVVA), 50 MeV - 900
MeV, 1E9/spill, fast
extr., HHT

)]

$407, Au, 1E6/spill,

HAD

e)

$323, Bi, FRS

b)

$407, Au, 1E7/spill,
HAD

$390, Liu/ Gerl,
600 MeV/u,

1e8/spill,
nights only,
HTC

Allocated beam time blocks include the accelerator tuning time - each Tuesday 8:00 to 16:00 is reserved for accelerator service

a ) SMAT, Schuster/Trautmann, Bi, 200 MeV/u, 1E9/spill, 1s extr., HTA

b ) S407, Salabura/Pietraszko, Au(PIG), 1,25GeV/u, 1E7/spill, fast ramping, HAD

¢ ) S371, Cuttone/Pleskac, 12C (EZR), 200, 400 and 1000 MeV/u, 1E4-1E5/spill, slow extr., 1-10 s spill, flat spill, HTC

d ) S407, Salabura/Pietraszko, Au(PIG), 1,25GeV/u, 1E6/spill, fast ramping, HAD

e ) S$323, Montes/Nociforo, Bi (MEVVA), 1GeV/u, 1E9/spill, FRS



Topics:

Electron spectroscopy

Dielectronic recombination

Mass spectrometry
X-ray spectroscopy

Laser spectroscopy and laser cooling
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Motivation

* Fundamental process of electron-nucleus bremsstrahlung (,breaking
radiation®)

Ef 3 ﬁf
E, % Ey=FE;—E;
— —-> @ .
e b
Y
Eﬂrj 1.9-'],-
photon emission perpendicular to electron acceleration
Ty e
'Et-.:n 4&
low energy high energy

. ..
~ gin ., forward emission




(Radiative) electron capture to continuum

* electron capture processes in ion-atom collisions

8000 —
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B L-REC Eran NRC ; . Ly-a
K-REC fh NRC gooo | | Standard-Detektor unter 20 2 _
AP
B oo B ) O
_] M v M H
L L € aooo | L-REC Lyo, |
B B Ly-a o
~~P w Bremsstrahlung
K K 2000 -
Radiative electron capture Nonradiative electron capture
Target Target 0 " J‘Ll_.
70 B0 90 100
RECC Phot ie [ keV
Ekin Ein ECC otjnenenergie | ke ]X-ray spectrum
by G. Weber et a
co ©o
Y Y
Radiative electron capture
— s Electron into continuum
K K ~» Photon
Radiative electron Nonradiative electron

capture into continuum capture into continuum




Experimental setup at the ESR

ESR circumference:
108 m

gser

injection

Uss* + N2 @ 90 MeV/u

jonization
detector electron-
spectrometer

\,E e

! +90°

Ve, +35° °
EA ' +150

[
[

capture

detector

B ¥345:
-90°

gas target with

X-ray detectors
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Summary & Outlook
I

X-ray spectra electron spectra

photon energy in projectile system E. TkeV] electron energy in projectile system E,' [keV]
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Topics:

Electron spectroscopy

Dielectronic recombination

Mass spectrometry

X-ray spectroscopy

Laser spectroscopy and laser cooling



Electron target = Dielectronic Recombination

The heavy highly-charged ions capture
electrons from the electron cooler.

e+Nd>7*(1s?2s,,,) 2 Nd°6*(1s?2s,,

n=22

B al D
o o o
T T

w
o
T

Recomb. Rate Coefficient [arb. units]

n=25
n=oo

| 5= = E(2s>2p,)

40

DR experiments of Li-like heavy ions at

60 80 100 120
Electron-lon Collision Energy (c.m.) [eV]

140

the ESR: the achieved accuracy is

comparable with that of x-ray experiments

@
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T °T
oo 0
e+Aq+ A(q'l)+



Isotopic shift of Li-like 142Nd>’* vs. 150Nd>7+

DR -

500

400

300

200

Rate Coefficient [Arb. Units]

100

measure charge radii (stable and exotic ions)
142Nd57+ 150Nd57+
A i B Y B I I
— A=142

preliminary

Nd™" (15" 2p 181)

.

n=18

ALY

=3/2 | j=5/2 j>5/

..... " 1 " " 1 " 1 "

0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0

Electron-lon Collision Energy (c.m.) [eV]

C. Brandau, C. Kozhuharov, et al. PRL 2008



Topics:

Electron spectroscopy

Dielectronic recombination

Mass spectrometry

X-ray spectroscopy

Laser spectroscopy and laser cooling
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Intensity / arb.Units

(single particle) mass measurements

8 | mass known |
] 754 keV
0.654
] ] 62+
, 060 @’. \ m 62+
7- £]  (1particle)] |~ (1particle)
6 %0.45-
3
7 £ 0.40 4
5 0.35-
. [m/Am=700000 |
| 33800 33900 34000 34100 34200 34300 34400 34500
4 — & Frequency / Hz
E +
- l— :
3 |
- |
3 . 3 +
. 5 & £ & 10
& Lﬁ = \ B / O % 5 @
7 — I , : > T8 / w2 E|
£ - samarium g [ 2 3 T = !
Ll ' ™\ |‘ - \ ‘_\ B £+ % | 8
- o ," , + + é | % ;-, \ ; > 3 8 ‘I" - I$
s s % (R) & o%s I | &e8! M
N o & N =T | -
i & .".’\/E gmj N : / \w \
0 [ ! [ ! | ! [ ! I ! | ! [ | ! |
10000 20000 30000 40000 50000 60000 70000 80000 90000 100000

Frequency / Hz



Topics:

Electron spectroscopy
Dielectronic recombination
Mass spectrometry

X-ray spectroscopy

Laser spectroscopy and laser cooling



The 1s-Lamb Shift in heavy H-like 1ons

H. Beyer, T. Gassner, R. Hel3,

A. Gumberidze, U. Spillmann, Th. Stohlker
et al.
Helmholtz Institut Jena
GSI Darmstadt, Atomic Physics




Motivation: QED Test in Strong Fields

Term scheme of a hydrogen like system according to Dirac

Di 23,
Irac LyOL1 (El)

2sLS 125y 2P1/5
Lyo, (E1)

M1

v / QED corrections \
1sLS {151/2 AE ~ Z4In3

Z: nuclear charge
n: principal quantum
number

(Etheory . Eexperiment) . EDirac _ AELS

2p32 Ly-o1 181/ \important for s-states /




Motivation: QED Test in Strong Fields

10 , U9+ K-shell binding energy:
| E, = 132 keV

< c@ self-

GEJ _— energy
= 10" (355 eV)
N
LU
< 7
= 10° finite
% //’@ nuclear size
Q vacuum- (198.7 eV)
iu% polarisation
o 10 (-88.6 eV)

0O 20 40 60 80 100 _ -
Nuclear charge, Z Higher order contribution:
Eo<leV



0° x-ray spectroscopy at the electron cooler

counts
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140

120 -

100 -

counts

the 1s-Lamb shift in He-like U = a test of QED

Lya,

Lya,

e

K-RR

| AJ '

80 100 120 140 160 180 200

photon energy [kev]

Lamb Shift [eV]

Research Highlights
Nature 435, 858-859
(16 June 2005)
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1s-Lamb Shift

Experiment: 459.8 eV £ 4.6 eV

\

Theory: 463.95 eV
. y,
459.8%2.3+3.5 eV
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@ S g 3
O © 5 5/

Decelerated

—-0—
lons: Jet '

Year
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2Pz
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2Py,
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Theory

A. Gumberidze
PhD thesis 2003,
PRL 94, 223001
(2005)



Tests in 2003 and 2006
FOCAL experiment in April / May 2012

gasjet target
supersonic Argon-jet
density: ~1012 atoms/cm?
width: ~5 mm

Ar

ion-beam
Au’®* ion beam
energy:125 MeV/u

\
’ Au 79+
~

particle- ~ ~

—y
detector AU 78+

Au79+

dipole magnet

~-—

coincidence between
particle- and x-ray detector

3 -5 counts/h



Laue-Crystal-Spectrometer

fcrystal—spectrometer )
Bragg-Laue Relation measurement of the reflection angle
= determination of the wave-length
x — 2. d . Siﬂ@ resolution: ~ 75 eV @ 60 keV

\ Ay DAE: 1mm=750eV  /

Bent crystal

the ,,trick“: energy = angle = position




Ge(l) detector vs. FOCAL

Spectrum of a 1%9Yb Source recorded Same spectrum obtained with the
with a single strip of the Ge-detector = combination crystal spectrometer —

Ge-detector

resolution=100eV /100 keV =103 AE/E=1eV /100 keV = 10>
efficiency = 104

Counts

c= 108

300

2501

200¢

150¢

100¢

50¢

NI

55 60 65
Energy (keV)



Experiment Impressions

FOCAL 1 FOCAL 2




Raw 2D
spectrum

2D spectrum
with energy and
time condition
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Beamtime :
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2D Si(Li)-detector for Compton polarimetry

\

O-EEitJ
=

Si(Li) and Ge(i)
based Compton
polarimeter

preamplifiers

crystall size: 4" x 4"

preamplifiers

energy resolution — timing - 2D position sensitiviy

+48 strips
Oum and 1167um




exploiding position and energy resolution

polarisation measurement via Compton scattering

2D i#STRIP

germanium detector

O‘EE][

energy 205 188
[keV]

scattering

angle [deg] 30 45

X-ray images for Compton scattering as a function of the scattering angle



a)

Y (mm)

Counts

PRL 105, 243002 (2010)

PHYSICAL REVIEW LETTERS

week ending
10 DECEMBER 2010

40 |
30|

20} °

Direct Determination of the Magnetic Quadrupole Contribution
to the Lyman-a Transition in a Hydrogenlike Ion

G. Weber,l‘2‘3 H. Br'ziuning,1 A. Surzhykov,l’2 C. Brandau,l’4 S. Fritzsche,l’5’6 S. Geyer,7 S. Hagmann,l’8 S. Hess,l

C. Kozhuharov,' R. Mirtin,'? N. Petridis,® R. Reuschl,'™ U. Spillmann,' S. Trotsenko,'"
D.F.A. Winters,"” and Th. Stéhlker"*”
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FIG. 3. Measured linear polarization of the Ly-a, line follow-
ing the REC into initially bare uranium projectiles with energy
96.6 MeV/u in comparison to theory with (solid curve)
and without (dashed curve) taking into account the E1-M2
interference.



Topics:

Electron spectroscopy
Dielectronic recombination
Mass spectrometry

X-ray spectroscopy

Laser spectroscopy and laser cooling



lasers

at the ESR

Electron
Cooler

path lenght
collinear 80 m
anticollinear 50 m

Detectors

scrapers

Laser
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available
view ports

Concrete
shielding
blocks
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Laser spectroscopy and laser cooling:

Recent results

(@ GSI)



Lasep

August 2011 JSpHERe

Hyperfine Splitting
in Lithium-like Bismuth

Rodolfo Sanchez

GSI| Helmholtzzentrum fiir Schwerionenforschung GmbH

Matthias Zoran ) Benjamin Michael Andreas Nadja
Lochmann - Andjelkovic Betermann Bussmann® 'Dax Frommgen

Christopher Michael Volkqﬁf Raphael Tl?!onl:_as‘ o Yi_uri ! Jonas Wilfried
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Hyperfine Splitting - Hydrogen

%
AEHFs = —%anliﬁl' Blan)
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@ 1 420.405 751 766 7(1) MHz



Lasep

So far ... SoHERe

Theory ﬁ\

AE®) = AE + £ AE(S)

I-like Bismu -like Bismu
Li-like B th H-like B th
1098 400; Ao = 243.87(4) nm
Ao ~ 1555 nm 2001 20e6 Ao = 243.87(4) nm
AE = 797.16(14) meV 2004 gaof | LU | AE = 5.0840(8) eV
5000 A
100 T = 351(16) us
4000 2011 i ( )
" o+————— Klaft | et al 1994
2 3000- 4177 4778 4779
o wavelength [nm} Phys. Rev. Lett. 73 2425
20004 e
10001F_|_J H.I'|-n
ol | _if
20 30 40 50

7L|_ab * At [bin]



Gasjet
Target

laser spectroscopy of the HFS in 20°Bj

Concept: with the same laser
lons ~615 nm @ 428 MeV/u reach:

Laser 20982+ (H-like)

Excitation
o - 209Bij80* (Li-like)
Li-like | @gMN\ H-like

J=1/2 and 1=9/2 give F=4,5

Fluorescence

Detection N
F=4 - F=5 transition

Especially the Li-like transition
IS of great interest, since there is
guite some debate about its value.

In the 3 previous attempts the
1550 nm line was not found...

P. Beiersdorfer et al. Phys. Rev. Lett. 80 (1998) 3022
V.M. Shabaev et al., Phys. Rev. Lett. 86 (2001) 3959



Laser Spectroscopic Technique

Reference bunch

tO — 1/2frot

Signal bunch

Reference

Signal

Sig-Ref

11 Scans

Lasep

JSPHERe

Wavelength channel



laser ‘

\
Results SHERe

Raw data

Wﬁﬂ'@% Map = 641.112(24) nm
Sl e B = M T — — — —

s S e
" SIRLY

l R&{— 44 GHz

o 1 s o o o 6410 6411 6412 6413 6414

51 peaks MaaE. - el

II|I\I\I\I|III|II\|\I\
o

| I | I
iz E4 6 ECE]

Signal [cps / mA]

Ufe e per bin Sccumuiated []

SETTTT T T[T I0TT

g :é: lWavemeter [nm] y
Foam e o ﬁ
e LLjﬂ 1 H FMW Total number of accumulated scans: 100
.. 1 fluorescence photon
Total efficiency: _
Scan469—471—|—4?3-475, Mo. 88, 13:03 30 000 revolu“ons

Summing up ca. 2 hours of scanning
__ Hardware gated
__ Software gated



Test of Special Relativity with “Li*

(a modern lves & Stilwell experiment)

C. Novotny, S. Reinhardt, G. Saathoff, S. Karpuk...
B. Botermann, W. Nortershauser, C. Geppert...
Th. Kdhl, Th. Stéhlker...
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Testing Lorentz transformation via optical frequency measurements

— B
moving clock

Laser P N ’ M Laser A

Vpi=Vory-(L+B) Vo= vory-(L-p)
I PMT

Testing Time Dilation via three optical frequencies
(Doppler-free laser saturation spectroscopy)

*
)
T

Tl )i — Y1260
0

:

B V-
Vo
* L4
O..-‘Q



experiments at the TSR

TLi*
Ap =314 nm B=0.064 ) =585nm
A - oy
R R —_—
o A, = 532 Nm B=0.030 ), =565nm

Ao = 548 nm
(1s2p) 3P, - (1s2s) 3S;

the error in the rest frequency dominates
= 546 466 918 790 * 400 kHz

\; =582490603430+ 3kHz =» measurement at two different velocities
Qa =512 671 028 075 + 73 kHz

VariVy: VepiiVyi 14280 B2
142 50 ﬁw 2~ 1280 (37 1)
Vo 'valw : 14+2-000 - 3]

cancels out the uncertainty of the rest frequency

[G. Saathoff, et al.
PRL 91 (2003) 190403 ]

best upper bound for da. : da < 8.4 x 108 [S. Reinhardt, et al.

Nature Physics 3 (2007) 861 ]



Wavelength [nm]

1200

1000

=]
=1
o

=11
=
=1

400

200

Why go to the ESR?

ESR @ 34%c
A, =780nm \e\
A, = 386 Nm (e

Parallg|
Ag =548 nm
(1s2p) 3P, - (1s2s) 3S;
0% 1{JI% | 20"% | SDI% 4('.;% 5{;% 60%

lon velocity 3 [c]



Spectroscopy signals

Frequency Frequency Ffequency —  Frequency
tuned / x constant tuned | {1 constant
EHD{)- /\ _ :;_‘.315-313_‘ _

.ﬂé N FWHM = 106 MHz _E o] ]
- // \_ | - FWMTEMHZF\/\

2400 L o P L 100 150 200 250 moaim:f;[h:i] 500 550 600 650 TOO

Detuning [MHz]
Doppler-free signal Doppler-free signal

(A-spectroscopy) (saturation spectroscopy)



Laser Cooling of C3*

M. Bussmann, U. Schramm...
W. Wen, X. Ma...
G. Birkl, Th. Walther...
D. Winters, Th. Stohlker...
M. Steck, F. Nolden, C. Dimopoulou...
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Motivation

 only cooling method available at SIS100/300
(also spectroscopy of high-Z Li-like ions)

 applicable to many stable and unstable (Li-like) ions
» study laser cooling without pre-electron cooling

 use broadband (pulsed) laser cooling for fast
cooling of many ions

* set up fluorescence detection to determine the
lower limit for longitudinal cooling Ap/p<10-*



The principle: laser cooling of
stored relativistic ions

C3*ion energy = 122 MeV/iu , _ Be

A
Ao = v
I f}f(l - ﬁ)
transition| <C—————————
A,=93 nm Ao=155 nm Ay=257 nm

In our case, the cooling laser force is counteracted by the
restoring force of the "bucket” when the ion beam is bunched.




Experiment improvements

lon Species: 12C3*

Eicam = 122 MeV/u

=1.47 GeV
(p=0.47,y=1.13)
fey =1.295 MHz
Theam ~ 490 S, 270 s
(no cooling)

Maser = 257 Nm

251 = 2Py
Aot = 155 nm
Trest = 3.8 NS

Scanning laser
Pulsed laser

at GSI

new PMTs
(mmm + Channeltron




Very preliminary experimental results:

360

350

340

330

Time -

320

310

300

290

244 464 244 4645 244 465 244 4655 244.466 244.4665 244.467 244 4675 244.468 244.4685

with scanning laser
bunched ion beam

Il

Frequency [MHz] >
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102

1073

104

107

10°®

107

Schottky Power [normalized]



Laser spectroscopy and laser cooling:
What comes next?

(@ GSI and FAIR)



Laser spectroscopy of the
(1s22s2p) 3P, - 3P, level splitting
In Be-like krypton

Danyal Winters

Thomas Kiihl, Dieter Schneider, Paul Indelicato, Regina Reuschl,
Reinhold Schuch, Eva Lindroth and Thomas Stohlker
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Level scheme of Be-like krypton

energy difference between the 3P, and the
3P, states is expected to be

, and
Is therefore dominated by the effects of
correlation and relativity A
E1l
M2 > 1s? 2s2p states
J
E1l e : e
E1M1, lifetime is practically infinite
3P, 2 1S, 3P, =2 3Py
152 252 'Sy AE=T73eV AE = 10.5 eV
A= 17 nm Ao =118 nm

photon emission laser excitation



X-ray laser spectroscopy
of relativistic heavy ilons

Th. Kahl, Th. Stéhlker, Y. Litvinov, B. Aurand, V. Bagnoud, B. Ecker, D. Winters, B. Zielbauer — GSI
D. Hochhaus, P. Neumayer — EMMI
J. Seres, E. Seres, B. Landgraf, M. Schnell, C. Spielmann — HIl Jena
H.Y. Zhao - IMP CAS Lanzhou
S. Namba - Hiroshima University
D. Ros, K. Cassou, B. Cros, S. Daboussi, O. Guilbaud, S. Kazamias — Laserix, Paris-Sud
Ph. Zeitoun, T. Le, E. Oliva, L. Li — LOA Paris
R. Maier, D. Prasuhn — FZ Jilich

CENTRE LASER
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Scientific infrastructure at GSI: PHELIX, ESR

PHELIX
;ﬁu_hf,_z
s

RINNE

EETON-WEG

ja

" | fluorescence
] éf detection

1L



Experimental data: different x-ray wavelengths

4
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Wavelength [nm]

i Gratin
g Bandwidth: AA/A =4 x 10°

XRL-spectrometer



Method: laser spectroscopy at a storage ring

Mo XRL (66 eV) supports the transition up to Li-like 4;Ho ( 165 eV)
@ESR: Doppler “boost” of 100 eV!

1 T T T T T T T T T
08 ..o" ..::0":.'....:.::;;:::::7
.S>20_6—' iiee -
II ™ . _' .t Xe10nm
B Lot R - Ag: 13.9nm | |
.04 . - Pd: 14.7 nm ) )
R + Mo: 18.9 nm A ASXTH;_'AT
02L. *Y: 240 nm |- B( ): )\2 —I—)\2
Limit ESR SXRL T
. —Limit EC
OI L * | T T

50 55 60 65 _ Tb 75 8b 85 90
Atomic number Z



HITRAP @ GSI

UNILAC

ion
sources

ESR-SIS

re-injection’
/
channell

HITRAP, -’

decelerator

- - HITRAP
platform

A

SIS

e st — e P

Nz — stripper foll

o2+t

Experiments with slow, cold, highly-charged ions:

", || H1: reaction microscope — ion gas collisions
| H2: HClI-surface interaction

H3: x-ray spectroscopy of HCI (An=0)

H4: g-factor measurements of the bound electron
H5: mass measurements of extreme accuracy
H6: laser spectroscopy of HFS




overview of the HITRAP facility

lon-surface HFS g-factor EBIT

™

vertical

beam line
Dou/ble-drift-buncher IH-structure+ g LEBT+ |
. MEBT Cooler trap M
':.:"“;'
i u ‘ = | — E_‘i 3
T—F— 11 | |
T . 4 MeV/u > 0.5MeV/u =2 6 keV/u N

0 1 2 3 4 5 6 7 8 9 10m
| B A




Facility for Antiproton an lon Research

(FAIR)



the SPARC collaboration:
- heavy HCI

- relativistic heavy ions

- radioactive nuclei

- extreme static EM fields
- extreme dynamic fields

the FLAIR building

E/u for U2+

100GeV

1Ge¥ \I\

e — ] —— ] —— i — 1-1:(“,'-1)mC2/EBK=
10MeV - \
“ i

1keV A

10eV +

100meV

! ]
SIS300 HESR NESR ISR USR HITRAP

—

CN DE RO RU SE

-I— 1 I—I—-_I - JH—




Properties of the High Energy Storage Ring
(HESR)

Electron cooler

Umax = 2 MeV
L=27m

Stochastic cooling system
800 MeV/u- 8 GeViu

HESR

C=575m

max. Bp =50 Tm

Yy =6.2,Q,=Q,=7.62

PANDA detector

Injection from CR
antiprotons @ 3 GeV,

neavy ions @ 740 eV PANDA: antiprotons
SPARC: heavy HCI

X-ray laser spectroscopy (HESR up to y=6): 2s,,, = 2p5;,

“OPERATION OF THE HESR STORAGE RING OF THE FAIR PROJECT WITH IONS AND RARE ISOTOPES”,
M. Steck, C.Dimopoulou, A. Dolinskii, T. Katayama, Y. Litvinov, Th. Stohlker, R. Maier, D. Prasuhn, H. Stockhorst
Proceedings of IPAC2012, New Orleans, Louisiana, USA
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