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At Least Three Problems:
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correlated initial  
state wave function

structure of n-particle 
Coulomb continuum

dynamic mechanisms
matrix-elements

• no analytic solution 
• good for scattering ?
• can we map the w.f. ?

• which ones are important ?
• are they of physical reality ?
• observable in experiment ?

• n = 3: solution for
• n = 3: no solution  
• n > 3: no solution
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• n = 3: solution for
• n = 3: no solution  
• n > 3: no solution
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Moshammer et al., PRL 2002
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Three Fundamental Experiments

1. From First to Second Born: 
Double Ionization by Protons and Antiprotons

3. Electron Impact Ionization of Ions:
Differential Experiments in Inverse Kinematics

2. Exawatt/cm2, Zeptosecond Fields:
The Heisenberg (Attosecond) Microscope?

Poster: S. HagmannKollmus et al., PRL 2002



• position sensitive
• multi-hit

Beam:

Target: • supersonic atomic jet
• molecules
• clusters
• MOT. . . BEC

Detectors:

recoiling
ionsE-field

• charged particles
• antiparticles
• single photons
• intense lasers
• SASE-FEL

∆Ε (∆t;∆x,y,z) ~ µeV

COLTRIMS
Frankfurt, KSU, CIRIL

Dörner et al Phys. Rep. 330 (2000) 96
Ullrich et al., JPB 30 (1997) 2917

Experiment: Reaction Microscope



• position sensitive
• multi-hit

B-field

Beam:

Target:
Detectors:

recoiling
ionsE-field

∆Ε ~ meV
10 electrons

GSI,Freiburg,
Heidelberg

• charged particles
• antiparticles
• single photons
• intense lasers
• SASE-FEL

Moshammer  et al., 
NIM B 108 (1996) 425

∆Ε (∆t;∆x,y,z) ~ µeV

COLTRIMS
Frankfurt, KSU, CIRIL

Dörner et al Phys. Rep. 330 (2000) 96
Ullrich et al., JPB 30 (1997) 2917

• supersonic atomic jet
• molecules
• clusters
• MOT. . . BEC

Experiment: Reaction Microscope



ESR - Reaction Microscope

reaction-
microscope

supersonic
jet

zero degree
spectrometer

ESR-
beam

Helmholtz-
coils



ESR - Reaction Microscope

Spectrometer: inside

MCP detector

Supported by BMBF: indispensable for realization!



inverse perturbation: v2/q2
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R    q2/v2

11 Two - Step !

R = const.22 One - Step

~~~~~~~~

Ullrich et al. PRL (1994); NIM B (1994)

q: charge
v: velocity

22

R ~ q2/v2

1. From 1st to 2nd Born: p     p

Interference 1st and 2nd order:

σ ~ q2 + q3 + q4 +�
Antiproton data from

LEAR at CERN
L. Andersen, H. Knudsen, E. Uggerhoj et al.,
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eb

ecHe2+

fully differential cross sections:

qr

Dorn et al., PRL 2000
PRL 2002
PRL submitted
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x
y

projection onto z-direction:

�no� force !?

electron 1

Pe1 z / a.u.
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Au53+ at γ = 1.1
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2. The Heisenberg Microscope
U92+ at γ = 30
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electron 1

P e2
 z 

/ a
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.

He2+

2. The Heisenberg Microscope

Keller, Lüdde, Dreizler

Theory: 2 GeV/u U92+Experiment: 5.9 MeV/u Au53+

Pe1 z / a.u. Pe1 y / a.u.

P e2
 y 

/ a
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correlated momenta: degenerate Fermi gas

momentum distribution: degenerate Bose crystal

Pe1 z / a.u.

P e
2 z

 / a
.u

.
• projectiles not fast enough
• only in one dimension
• true n-particle systems

2. The Heisenberg Microscope
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2. The Heisenberg Microscope
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1. From 1st to 2nd Born: p     p



∼ ∼ ∼ ∼ ∼ ∼
∼ ∼ ∼ ∼

∼ ∼ ∼
∼∼ ∼ ∼ ∼

-90 -45 0 45 90 135 180 225 270
-90

-45

0

45

90

135

180

225

270

 

θc

θb

2. Born  

-90 -45 0 45 90 135 180 225 270
-90

-45

0

45

90

135

180

225

270
 

q
q

∼ ∼ ∼ ∼ ∼ ∼
∼ ∼ ∼ ∼

∼ ∼ ∼
∼∼

-90 -45 0 45 90 135 180 225 270
-90

-45

0

45

90

135

180

225

270

 

θc

θb

1. Born

CCC
A. Kheifets

Dorn, Kheifets et al., 
PRL (2002) submitted

1. From 1st to 2nd Born: p     p
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Doppel- und Mehrfachionisation

• MBPT: �beliebig� viele
Photonen :      3  (1. Ord.)
Multi-Photon:  6  (1. Ord.)

• Welche sind wichtig?
abhängig von Eichung?
abhängig vom Prozeß?

• Keine direkte Messung
isolierbar, phys. Realität ?

• �Zu kompliziert� (...1000 Par.)
Li, Ne, Xe,...Cluster, Moleküle

• Kleine Anteile entscheidend?:
Photoionis. bei hohen Eγ
Transfer-Ionisation (Ffm)
katalyt. chemische Reaktion

• Keine direkte Messung
Einfacher Mechanismus ?

• Schrödinger- Gln. nicht lösba
(e,2e) bei kleinen Energien 
(p,pe) bei kleinen Energien

• Güte: Klassik, Semiklassik
• Dichtefunktionaltheorie
• keine direkte Messung: n > 3

Zentralfeld  <--> Korrelation
Symmetrien --> neue Symm
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Impulskorrelation 
im Anfangszustand
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Dynamische Mechanismen:
Matrixelemente

Struktur des 
Vielteilchenkontinuums
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