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Gesellschaft für Schwerionenforschung GSI
in der Helmholtz-Gemeinschaft
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GSI  OverviewGSI  Overview

Budget: 70 Mio €
90% Federal, 10% State 

Hessen
External Users: 1000

600 Germany, 400 abroad

Employees: 750
(300 Scientists and 

Engineers)

Large scale facilitiy:
Accelerator 

25 Expts. sites        
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Worldwide GSI Cooperations
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Rc 1505; 2f18
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Existing Accelerator Facility

Linear accelerator
UNILAC

Max. 20% 
Speed of light

(20 MeV/Nukleon)

SIS

FRS

ESR

Experiments hall Ion source

Heavy ion
synchrotron
Max. 90%

Speed of light
(2 GeV/Nukleon)

Experiments hall
N
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Chart of Nuclei
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An international accelerator facility
For ion and anti-proton research

at Darmstadt

Future Project of GSI
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UNILAC

SIS

FRS

ESR

100 m

SIS 100/200

HESR

Super
FRS

NESR

CR

Novel beams

Exotic nuclei

Anti protons

Novel beam quality

Beam intensity

beaml-Precision
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Costs
Building and infrastructure: 225 Mio. €

Accelerator:    265 Mio. €

Experiments / Detektors: 185 Mio. €

Total: 675 Mio. €

Time table

Komponenten Entwicklung

Komponenten Design

Konstruktion und Bau

Inbetriebnahme

Zeit [Jahre]
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An international accelerator facility for research 
with ion- und antiproton beams
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Set-up of the new facility
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Present and Future Facilities at GSI
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New Plasma Physics experimental 
area at SIS 100

Ion beam intensity: 1012 U 28+ / ~ 50 ns
concentrated in  ~10-2 cm3 -> ~300 
kJ/g
supplemented by physics of beam-matter 
interaction, making possible the 
homogeneous volumetric isochoric 
heating regime 

2.  Combination of powerful PW laser + 
heavy ion beam

3.  Advanced diagnostic methods 
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Expected Beam Parameters

SIS 100 (GSI)

N = 2·1012 Uran τ = 50 ns

E0 = 1 GeV/u   Etot = 80 kJ

Range (Pb) ≈ 1.55 cm beam radius ≈ 0.05 cm

Es = 600 kJ/g  Ps =  12 TW/g
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Heavy Ion Beams at GSIHeavy Ion Beams at GSI

SIS18 200-1000 MeV/u    SIS100 400-2700 MeV/u
4x109 - 1010 1012

~300 ns <100 ns
~1-3 kJ/g 300 kJ/g

2x1011

<100 ns
20-30 kJ/g

uniform volume heating



07/11/2003 IAEA CRP NOV 2003 26

Specific Energy Deposition 
ES 
 

( ) ]/[106.1 2
19 gJ

r

Ndx
dE

Es
⋅

⋅
⋅⋅= −

π
 

 
Effective Heating Time tH 

3
1

2

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
∝

P
LtH  

 

Specific Power Deposition PS

 

H
ss t

EP =



07/11/2003 IAEA CRP NOV 2003 27

Heavy ion beam Heavy ion beam & target& target

beam

target

volume heatinggasdynamic motion
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Heating Matter with Heavy Ion Beams
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DiagnosticsDiagnostics

intense beam

Pb

transparent wall 
SiO2, sapphire, LiF

pyrometer T(t)pyrometer T(t)

UUfree surfacefree surface(t) (t) -- P(t)P(t)

VolumeVolume
EEdepdep(t)(t)

N. Tahir

H, H2O
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Future experimentsFuture experiments

Parameter: Diagnostics:
temperature ⇐ fast 6-channel radiation pyrometer

density/volume ⇐ shadowgraphy, γ & p radiography
(with PHELIX backlighting)

mass velocity/pressure ⇐ interferometry/VISAR

conductivity ⇐ multi-probe & non-contact methods
deposited energy ⇐ precision beam diagnostics & alignment
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Tamper thickness can be optimized to yield:
• smallest density variation during beam heating
• initial target density at the bunch end

Dynamic Confinement: 
• uses a x-ray transparent tamper 

(50 µm carbon)
• x-ray scattering provides 

information on density and 
temperature of electrons, degree of 
ionization, and ion-ion correlations

Dynamic Target Confinement for EOS Measurements 
using X-Ray Scattering

PHELIX backlighter 
(Kα radiation)

SIS-18 

beam

scattered x-rays

low-Z target material
(solid H2) 

nearly static tamper / target interface even 
for long (100 ns) 
heating time

tamper
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Heavy ion beam as generator Heavy ion beam as generator 
of highof high--S statesS states in in PbPb
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Heavy ion beam as generator Heavy ion beam as generator 
of highof high--S statesS states in metalsin metals
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Time Resolved Energy Loss Spectrometry

Transmitted beam ions carry the  information on the state of matter inside the target volume 

D. Varentsov
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High Energy Density Physics  EOS D. Varentsov
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target
(wire)

Target dimensions: ø0.25 x 10 mm

measurement
leads

beam
envelope

Beam focal spot: 0.5 - 1 mm (FWHM)

S. Udrea, Laser and Part. Beams 20 (2002) 399

First measurements of electrical
conductivity of metallic targets

Transport Properties of Beam Heated Matter
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Low entropy compression
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Plasma Linse                                     (U. Neuner et al)
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Nd:Glass Laser Double-pass and 
Booster Geometry, 31.5cm Beam 
diameter: 
4-6 kJ Pulse Energy @ 10 ns
500 J Pulse Energy @ 0.5 ps

Petawatt High Energy Laser for Heavy Ion Experiments
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Status of the PHELIX Laser Project

First successfull x-ray laser experiments 
(Ni-like Zirconium) using the frontend
beam (5J in 350 fs)

The 31.5 cm double-pass amplifier, using 
Nova and PHEBUS disk amplifiers,  is in 
commissioning (1kJ in 0.5 – 10 ns) 

PHELIX Physics Program:

• diagnostics for WDM studies
• spectroscopy and interaction with radioactive

isotopes from the accelerator
• ion stopping in laser plasmas
• x-ray laser experiments
• ion acceleration experiments / fast ignitor
• laser induced nuclear physics
• ...

PHELIX Timeline:

2003/4:  experiments with UNILAC 
beam (1 kJ in 0.5 - 10 ns)

2004:      experiments with SIS-18 
beam (1 kJ in 0.5 - 10 ns)

2004/5:  PW compressor installation  
(500J in 500 fs)

2005:      Booster amplifier installation
(4 kJ 10 ns)

 

  

 

4d-4p
22.02 nm
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nhelix laser system at GSI
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Experimental Scheme
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High Energy Ions in Laser Plasma
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High Energy Ions in Laser Plasma
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Energy loss of 64Ni9+ -ions at 5.9 MEV/u

Beam Plasma Interaction
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Energy loss of heavy ions in plasma

Projectile charge

Bound electron contribution

Free electron contribution
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Review of Thomson Scatter-1
The free electron

Thomson scatter is essentially the scattering of a photon from 
an electron. An electron “absorbs” the photon and re-radiates 
it in some new direction

〈P〉 = ω4 p0
2

12πε0c3     W

For a classical oscillating dipole the power radiated is given by;

where p0 is the magnitude of the dipole 
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Review of Thomson Scatter-2 cross-
section

By dividing the time averaged scatter power by the averaged 
incident power we can get the total scatter cross-section which we 
note is independent of wavelength and small- so we need lots of 
photons.

σ T =  〈P〉
〈I 〉

= e4

6πε0
2me

2c4  ~ 6.66x10-29  m2

For unpolarised radiation the angular scatter depends on the angle between 
the laser direction and the scatter direction

dσ
dΩ

= 1
2

e2

4πε0mec
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t = 0.5 ns t = 1.0 ns t = 1.5 ns

Be CH coated            
Au shield (50 µm)

15 beams: 
7 kJ; 1 < t < 2 ns

30 heater beams: 
15 kJ; 0 < t < 1 ns

ResultsResults
Experiments on solid density Be plasmas provided the first 
spectrally resolved x-ray Thomson scattering data

Gated HOPG spectrometer

Compton downshifted 
and Doppler broadened 
Thomson spectrum 
observed as expected

X-ray 
Scattering

He-α Ly-α

Ehν (keV)

Heated 
Be

Cold 
Be

Ti disk 
(g=10-4)

4.5 4.7 4.9

This slide supplied from SG Glenzer et. 
al. (PRL 90(17) art. 175002, 2003) kindly 
sent by O. Landen.
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Proposals for XRTS-1 PHELIX 
is a promising test-bed
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• Long pulse (1 ns):
EL ~ 1 kJ, Ø ~ 100 µm, IL ~ 1016 W/cm2

Ti : thermal ionization, Heα: EX = 4.75 keV

• Short pulse (1 ps):
EL ~ 100 J, Ø ~ 100 µm, IL ~ 1018 W/cm2 

Mo: inner shell ionization by hot electrons, Kα: EX ≅ 20 keV

Backlighter options:

Diagnostics possibilities:
Spectrally resolved (nearly backscattering geometry)
• density
• temperature
• ionization degree

Spectrally unresolved (scanning the scattering angle)
• ion – ion correlations

Target Diagnostics by X-ray Scattering
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Laser beam generates dense plasma for
ion interaction experiments

ion beam

1 ns PHELIX beams

hohlraum
X-ray heated
foil: 100 eV

• Radiation transport
• Hohlraum experiments related 

to Heavy Ion Fusion targets
• Ion stopping in hot

dense plasma

Plate from the
studied material

Laser
beam

Laser
beam

Ion
beam

J. Meyer-ter-Vehn (MPQ),A. Pukhov (HHUD)
G. Logan (LBL), H. Ruhl (GA), D. Habs (LMU)

(V.Vatulin, VNIIEF)
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Physics with PHELIX Petawatt Pulse

Example: Laser generated ion beams

Beam densities close to what is needed for HIF
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np = few 1015 ions /cm3 (A=200)

laser generated proton beam: HIF driver beam:

np = 1016 - 1017 /cm3

Ep = 1 - 50 MeV

P = 10 TW/cm2

I  = few kA
Ep =  50 MeV/amu

P = 400 TW/cm2

I  = 40 kA

50 µm
18 eV

100 TW
100 fs
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Proposals for XRTS-3 Consider some 
numbers

• We may get ~1kJ in 1ω on target, thus we get ~1015

photons in ~1ns compared to ~100ns plasma lifetime.
• Using pinhole collimation from 1cm away onto a 400µm 

spot gives a solid angle of 1.25x10-3 Sr,  resulting in ~1011

photons on target.
• The cross-section is ~4x10-26cm2 and the target has 

~3x1021 electrons/cm2 and so ~107 photons/Sr are 
scattered.

• 2-D focusing crystal geometry can give collection 
efficiency of 10-2Sr and so ~105 photons per shot are 
collected, enough to make a decent spectrum.

• Having source closer (3mm) means 106 photons and α
varies by ±15% only
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Proposals for XRTS-4 Consider some  
more numbers

spectrometerLaser

Ti foil

X-ray
beam

We can use spatial resolution on crystal set-up to image scatter from a 
volume in the centre, thus avoiding problem with scatter from the resin 
shell of the tamped target.

• In this case collection may only be ~10-4 Sr and so only ~104

photons are collected per spectrum. Still enough for some useful
data.

• For H at ~0.5eV and ~0.05g/cc the strong coupling factor is 
Γ~14Z*2 thus we are in the moderate coupling regime for which 
theory has begun ( e.g. Gregori et. al. J. Phys. A 36 5971 2003)
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R. Lee: Laser and Part Beams
Vol. 20 Nr 3

Atomic Physics in Warm Dense Matter
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Atomic Physics in Warm Dense Mateer



07/11/2003 IAEA CRP NOV 2003 59

Atomic physics in Warm Dense Matter 
(WDM): background and justification

• WDM = strong coupling between atoms and plasmas : 
– Photons are radiated in WDM by a compound system 

“ATOM + PLASMA” 
– The coupling parameter Γ is the ratio of interparticle

potential energy to the thermal energy

Γ=Z2e2/r0kT, r0=(3Z/4πNe)1/3 or Ne ρD
3

Z is the ion charge , r0 in the interparticle spacing in terms of 
the electron density Ne, ρD is the Debye radius

Weakly coupled (Γ<<1) and strongly coupled (Γ>1) plasmas
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Atomic physics in Warm Dense Matter 
(WDM): background and justification

• WDM = strong coupling between atoms and plasmas : 
– WDM production by means of heavy ions beams at 
GSI
from SIS 18 to SIS 100 from weakly to strongly coupled plasmas

• Uniform energy 
deposition

• Change in atomic 
physics 
due to stongly
coupled 
plasma environment
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• Collision time τc ~ρeff/v
• Kinetic time τk ~[Nvπρeff
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• Dipole allowed collision transition
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Conception of Plasma Microfield

1F
r

2F
r

3F
r

4F
r

A
∑=

i
iFF
rr

t

F(t)

Plasma microfield dynamics and its 
approximation by Markoff process

^^
^

)( atV
dt
dai = Stochastic Schrodinger equation

• Long range dipole atom-plasma particles interaction
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Atomic Physics in dense, strongly 
compressed matter

Effect of 
plasma 
coupling 
parameter Γ 
on microfield
distribution

• strong inter-particle 
interaction 

• experiment  + theory
• self emission 

spectroscopy
• X-ray scattering


