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Experiments 1977-1981

Unique GSI/Unilac facility:
  (super-) strong em-fields 

  Zunited = Z1 + Z2 ~  170..180, i.e. for  Z > 1

  collision times 10-19 .. 10-21 s
  extremly short-lived superheavy „quasimolecules“
  closest approach < 150 fm as typical for K-shell
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Creation of `positrons'
  spontaneous
  dynamical pairs (em field)
  induced by nuclear processes
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Outline of this talk:
i)    Origin of quasi-molecular radiation

ii)   Formation of super-heavy quasimolecules

iii)  Adiabatic two-center description

iv)  Challenges and future chances

Thanks to: D. Liesen, F. Bosch & B. Fricke



  

Supercritical „static“ fields for atoms (I)
                                          -- Relativistic motion and atomic notations

Z~ 173

strong spin-orbit splitting;
swapped `level order'

Fricke & Soff (1977)



  

Supercritical „static“ fields for atoms (I)
                                          -- Relativistic motion and atomic notations

2p3/2

2p1/2

2s1/2

1s1/2

Lyα1 (E1)

Lyα2 (E1)M1

Main QED contributions:
  Electron self-energy (SE)

  Vacuum polarization (VP)

  Finite-size effects (FS)

  Higher-order contributions

U

Fricke & Soff (1977)



  

Relativistic and correlation contributions to

the ground-state energy of Be-like ions W. R. Johnson (1994)

Supercritical „static“ fields for atoms (II)
                                          -- Relativistic motion and atomic notations

„Dirac see“ is visible in different properties
  energies
  transition probabilities (M1, ...)
  x-ray emission (angles & polarization)
  ...



  

3s    Uranium91+

|P| 2

Relativistic contraction 
of the wave functions

relativistic

nonrelativistic
Relativistic and correlation contributions to

the ground-state energy of Be-like ions W. R. Johnson (1994)

Supercritical „static“ fields for atoms (II)
                                          -- Relativistic motion and atomic notations

„Dirac see“ visible in different properties
  energies
  transition probabilities (M1, ...)
  x-ray emission (angles & polarization)
  ...



  

3s    Uranium91+

|P| 2

Relativistic contraction 
of the wave functions

relativistic

nonrelativistic

Supercritical „static“ fields for atoms (II)
                                          -- Relativistic motion and atomic notations
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Very strong 
contraction for 
the K-shell

Shrinkage of the electron density due 
to the Dirac operator.

Fricke (1972)



  

Origin of quasi-molecular radiation (I)
                                           -- Elementary processes and notations

Processes during the collision:
  excitation into higher shells

  ionization (-electrons)
  MO radiation
  characteristic x-rays

multiple 
charged ion

neutral target

Mokler & Liesen (1982)



  

Origin of quasi-molecular radiation (I)
                                           -- Elementary processes and notations

Processes during the collision:
  excitation into higher shells

  ionization (-electrons)
  MO radiation
  characteristic x-rays

multiple 
charged ion

neutral target

v/u ~ v/c ~ 0.1

Mokler & Liesen (1982)



  

Origin of quasi-molecular radiation (II)
                                                        -- Quasistationary approach

Two further relativistic effects:
  Deepest bound levels (1s, 2p1/2, ...) are

        not „flat“ at small R.
  Further levels crossings at small R that

      modify the inner-shell excitation.

Correlation diagrams 

Mokler & Liesen (1982)

Fricke et al. (1981)



  

Formation of super-heavy quasimolecules
                                                       -- Previous ion-atom collisions

MO x-rays as function of x-ray energy 
in Pb+Pb collisions at 4.2 MeV/u

Pb + Pb               (subcritical, Z = 164)

Pb + Cm            (supercritical, Z = 178)

Stoller et al. (1981)

Calculated spectrum for 
the 1sMO radiation

(Kirsch & Greiner, 1978)

nucleus-nucleus 
bremsstrahlung



  

Formation of super-heavy quasimolecules
                                                       -- Previous ion-atom collisions

Pb + Pb              (sub-critical, Z = 164)

Pb + Cm            (supercritical, Z = 178)

Difficulties and requests (~1980):
  Creation of K-shell (1s) holes
  Theoretical prediction confirmed: 

       increased K-shell ionization probability
  Proper subtraction of background
  Selected coincidence experiments
  Detailed studies on the P(b) dependence
  However, no „clean“ collision system !

Experimental vs. theoretical 1s excitation probability
in Pb+Cm collisions at 5.9 MeV/u
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Perturbative description of ion-atom collisions
                                      -- for instance, by means of the density matrix

 f= S i S

S   - scattering operator

 

  Initial state    Final state

t−∞
i

t∞
 f

Using the density matrix, a quantum system can be conveniently accompanied through

several individual steps of the interaction but not for (quasi-) adiabatic processes !
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Using the density matrix, a quantum system can be conveniently accompanied through

several individual steps of the interaction but not for (quasi-) adiabatic processes !



  

Adiabatic two-center description of ion-atom collisions

                                    -- dynamics „along the diatomic correlation diagram“

One-electron treatment in 
quasimolecular basis:

(Müller ~ 1975: discrete
 Rumrich, Soff ~ 80er: continuum)

Fricke et al. (1981)



  

Adiabatic two-center description of ion-atom collisions

                                    -- dynamics „along the diatomic correlation diagram“

One-electron treatment in 
quasimolecular basis:

(Müller ~ 1975: discrete
 Rumrich, Soff ~ 80er: continuum)

Coupled-channel equations

time-dependent 
molecular orbitals

fast oscillating translation factors



  

Adiabatic two-center description of ion-atom collisions

                                               -- strongly dependent on the numerical basis

ih Sa'(t) = Ha(t)

Two- vs. three-center description

Projectile Target



  

Adiabatic two-center description of ion-atom collisions

                                               -- strongly dependent on the numerical basis

Two- vs. three-center description

Projectile TargetCenter-of
   -mass

Radial and rotational coupling
of matrix elements.

ih Sa'(t) = Ha(t)



  

Adiabatic two-center description of ion-atom collisions

                                               -- strongly dependent on the numerical basis

Two- vs. three-center description
Projectile TargetCenter-of

   -mass

  Ansatz for the molecular orbitals at a given time
               --> optimized basis (due to the 
                         molecular, i.e. diatomic treatment).

  Problem-adapted basis due to the explicit use 
       of the electronic translation factors.

  For fast collisions (vorbit << vnuc), the Fock matrix 
       is diagonal in atomic basis.

  Center-of-mass basis help describe `saddle-point'
       electrons.

ih Sa'(t) = Ha(t)



  

Adiabatic two-center description of ion-atom collisions

                                               -- strongly dependent on the numerical basis

Initially filled K and L-shell of Pb and U.

ih Sa'(t) = Ha(t)

Schulze, Anton & Fricke (1990ies)



  

Adiabatic two-center description of ion-atom collisions

                                               -- strongly dependent on the numerical basis

Two- vs. three-center description
Projectile TargetCenter-of

   -mass

  Ansatz for the molecular orbitals at a given time
               --> optimized basis (due to the 
                         molecular, i.e. diatomic treatment).

  Problem-adapted basis due to the explicit use 
       of the electronic translation factors.

  For fast collisions (vorbit << vnuc), the Fock matrix 
       is diagonal in atomic basis.

  Center-of-mass basis help describe `saddle-point'
       electrons.

Previous successes 
(AG Fricke, Kassel, until 1990ies)

  Solution of the time-dependent Dirac (HFS) equation for ion-atom 

        collisions in sub- and supercritical fields.

  Unified description of excitation, transfer and ionization, including 

        combined processes; incorporates the AO and MO picture as limit

        (sizeable programs; available ?)

  No correlation, so far, but expected to be small for inner-shell processes.

  Method of inclusive probabilities to find the proper orbital occupation 

       after the collisions.

  Can be done but sophisticated and very time-consuming.

ih Sa'(t) = Ha(t)



  

Formation and observation of super-heavy quasimolecules
                                                                        -- Future studies

Suggestions for the future:
  Naked projectiles (U92+)
  No creation of K-shell holes required

        --> 10..100 x larger cross sections at small b
  Gas-jet target to ensure „clean system“

  Storage ring or „off-line“ at the Unilac ??
  Coincidence experiments with charge state ??
  Impact-parameter dependence ??

bare ion neutral target



  

Formation and observation of super-heavy quasimolecules
                                                                        -- Future studies

Suggestions for the future:
  Naked projectiles (U92+)
  No creation of K-shell holes required

        --> 10..100 x larger cross sections at small b
  Gas-jet target to ensure „clean system“

  Storage ring or „off-line“ at the Unilac ??
  Coincidence experiments with charge state ??
  Impact-parameter dependence ??

  Co-linear collisions with just a single 
      electron involved !

bare ion neutral target

20152015??



  



  



  

Radiative potential for QED

Φ radr =ΦU r Φg  r Φ f  r Φl r 
2
3
ΦWC
simple r 

ΦU r 
2
3
ΦWC
simple  r =Φg r Φ f  r Φ l r =

Φg(r)   – magnetic formfactor
Φf(r)    – electric formfactor
Φl(r)    – low energy electric formfactor
ΦU(r)   – Uehling potential
ΦWC(r) – Wichmann-Kroll potential 

Φf(r) and Φf(r)  have free parameters which are chosen to fit QED 
corrections to the energies (Mohr, et al) and weak matrix elements
(Kuchiev,Flambaum; Milstein,Sushkov,Terekhov; Sapirstein et al)



  



  

Systematic „routes“ to atomic structure

Multiconfiguration expansions

Many-body perturbation theory

Construct a basis in the 
N-electron Hilbert space

Shell-model     all CSF including virtual single-, double-, ... excitations     
from occupied into the unoccupied(sub-) shells n, n+1, ...

H = Ho + V          Rest interaction to Ho with known solutions

  order-by-order perturbation theory in V           (MBPT)   or

  decomposition in classes of „virtual excitations“ (all-order methods)

P J M =∑
r

nc

c r r P J M
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  Energies & Wave functions

    GRASP(-92)
  „Desclaux“ 
    Coupled-Cluster



  
Concept of electron configurations gets lost !

„Electronic correlations“                             
                             -- Fine-structure of open-shell configurations

p4                      5
p3 s                 10

d8                     9
d7 p              110

f 7 s2             327
f 7 sp           3808
f 7 p2           4724
f 6 spd       31804

p4

p3 s

f 7 s2 

Computational requirements depend
very critically on the shell structure 

of the atoms and ions !

~ 1 .. 3 %

level and 
transition
energies

~ 10 ... 500 %
f 7 p2 

Dimension of the
Hilbert space

f 7 sp 



  

Optical spectroscopy at Fermium (Z = 100)
                      -- first observation and classification of atomic levels



  

Hierarchy of inner-atomic interactions
                                         -- Self-consistent field calculations

 Nuclear potential

 Instantaneous Coulomb repulsion

between all pairs of electrons
 Spin-orbit interaction

 Relativistic electron velocities;

magnetic contributions and 
retardation

 QED: radiative corrections

 Hyperfine structure
 Electric and magnetic nuclear

   moments (isotopes)

S

l

 Motion of the nucleus: Reduced mass  
    and mass polarization

External 
fields

l

Pertu
rbation th

eory



  



  



  



  



  

10 electrons in the K and L-shell of Pb



  



U92+

0         87         94       97          98
Percent of Light Velocity 

b ~ 106 fm

  γ = 1      2         3       4          5

t ≤ 0.1 as 
I ≈ 1021 W/cm2

intense fields
ultra-short electromagnetic pulses
pair production

γ= 1

1−β2

Reactions of relativistic projectiles in extreme dynamical fields



  

    Novel Instrumentation
 

SIS100/300

    High 
  Energy
Cave

New
Experimental
Storage Ring

FLAIR



  



  

Ion-Atom Stöße 

Z = 92

Z = 1
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Nuclear Charge, Z

schnelle Stöße
           „Einteilchenbild“

langsame Stöße
               „Vielteilchenbild“

Hochgeladene Ionen sind sehr gut geeignet, 
um die elementaren Prozesse in (extrem) 
starken Feldern zu verstehen.

Besseres Verständnis der Vielteilchendynamik 
erforderlich.

Verstärkung des REC bei langsamen Ionen (!)

Resonante (dielektronische) Rekombination.

Abbremsen und Einfang in Fallen.

Wichtig für Ionen-Oberflächen Prozesse.

...

g = 1                         g = 5

Ionen sind variabel:
  Feldstärke

  Zahl der Elektronen

  Zeitskala



  

Summary

  There has been great progress in the multiple ionization of noble gases 
     due to FEL radiation and high-resolution electron spectroscopy.

  For present-day intensities (< 1016 W/cm2), ionization can be well 
     described by perturbation theory; if appropriate for the 'first' electron,
     than also suitable for all subsequent steps (since IP increases).

  Parametrization of the sequential photoionization enables one to
     understand the ionization dynamics of the individual steps and to help
     reveal dynamical correlations in the electron-photon interaction.



  

e- Weak radiation fields:   Perturbative approaches
  cross sections
  angular distributions
  „complete“ experiments
  spin polarization
  entanglement

P. Corkum and coworkers  (2005)

No information about the second electron 
but the knowledge of the state of the final 
photoion !



  

Two-photon double ionization (TPDI) of atomic neon
                                                            -- with resolved electron-momentum distributions

Many-particle photoionization 
amplitudes  <J, lj || D || J'>

 P J M  = ∑
r

nc

cr  ∣r P J M 〉

Wave function expansions:

 Construction and classification of N-particle Hilbert     
       spaces

 Shell model: Systematically enlarged CSF basis

RATIP
Relativistic Atomic Transition 

and Ionization Properties
(CPC library)

S. Fritzsche, JESRP 114-116 (2001) 1155
Phys. Scr.  T100 (2002) 46



  


