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Unigue GSl/Unilac facility:
® (super-) strong em-fields
® Zinited =21 +2Z>~ 170..180, i.e. for Zo > 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'

4 spontaneous
4 dynamical pairs (em field)
4 induced by nuclear processes
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Quasimolecular radiation in heavy-ion collisions
-- Two-center description
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Outline of this talk:

i) Origin of quasi-molecular radiation

ii) Formation of super-heavy quasimolecules

i) Adiabatic two-center description

iv) Challenges and future chances

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



Supercritical ,,static” fields for atoms (1)
-- Relativistic motion and atomic notations
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Supercritical ,,static” fields for atoms (1)
-- Relativistic motion and atomic notations
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Supercritical

cstatic“ fields for atoms (lI)
-- Relativistic motion and atomic notations

,Dirac see“is visible in different properties
J energies

J transition probabilities (M1, ...)

4 x-ray emission (angles & polarization)

4 ...

Relativistic and correlation contributions to
the ground-state energy of Be-like ions . R. Johnson (1994)
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Supercritical ,,static” fields for atoms (Il)
-- Relativistic motion and atomic notations
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of the wave functions
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,Dirac see“ visible in different properties
J energies

J transition probabilities (M1, ...)

4 x-ray emission (angles & polarization)

4 ...

Relativistic and correlation contributions to

the ground-state energy of Be-like ions . R. Johnson (1994)
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Supercritical ,,static” fields for atoms (Il)
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Relativistic contraction
of the wave functions

Shrinkage of the electron density due
to the Dirac operator.

-- Relativistic motion and atomic notations
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Origin of quasi-molecular radiation (1)
-- Elementary processes and notations

SUPERHEAVY QUASIMOLECULE
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<— TOTAL ENERGY, Eqyy

COLLISION TIME, T —=
Mokler & Liesen (1982)

Processes during the collision:
< excitation into higher shells
4 jonization (o-electrons)

MO radiation
4 characteristic x-rays

L



Origin of quasi-molecular radiation (1)
-- Elementary processes and notations

SUPERHEAVY QUASIMOLECULE
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Origin of quasi-molecular radiation (ll)
-- Quasistationary approach
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Two further relativistic effects:

4 Deepest bound levels (1sc, 2pq/20, ...) are
not ,flat* at small R.

500 1% Fo-=Cm 90 elecirons
4 Further levels crossings at small R that - o /
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Formation of super-heavy quasimolecules
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Pb + Pb (subcritical, Z = 164)
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Formation of super-heavy quasimolecules
-- Previous ion-atom collisions

Pb + Pb (sub-critical, Z = 164)
Pb + Cm (supercritical, Z = 178)
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Difficulties and requests (~1980):
4 Creation of K-shell (1sc) holes

4 Theoretical prediction confirmed:
increased K-shell ionization probability
Proper subtraction of background

Detailed studies on the P(b) dependence " .
However, no ,clean” collision system ! D60 B0 10 120 L0 160 160 200




Formation of super-heavy quasimolecules
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Difficulties and requests (~1980):

o
o

Creation of K-shell (1so) holes

Theoretical prediction confirmed:
increased K-shell ionization probability
Proper subtraction of background

Detailed studies on the P(b) dependence
However, no ,clean” collision system !

-- Previous ion-atom collisions

Pb + Pb (sub-critical, Z = 164)
Pb + Cm (supercritical, Z = 178)

Voruss 44, Numser 15 PHYSICAL REVIEW LETTERS 14 Apmit 1980

Experimental Confirmation of a Scaling Law for the lse Excitation Probability
for Z; +Z, > 120, and its Breakdown in Pb +Cm Collisions
at Very Small Internuclear Distances

D. Liesen, P. Armbruster, F. Bosch, S, Hagmann, P. H. Mokler, and H, J. Wollersheim
Gesellschafl fiir Schwevionenforschung, D-6100 Darmstadl, Federval Republic of Gevmany

and

H. Schrhidt-Bocking
Institut fiir Kevnphysik, D-6000 Frankfurt, Fedeval Refublic of Gevmany

and

R. Schuch
Physikalisches Institut, Universitat Heidelberg, D-6900 Heidelberg, Fedeval Republic of Germany

and

J. B. Wilhelmy -
Los Alamos Scientific Labovatory, Los Alamos, New Mexico 87545
{Received 9 November 1979)

The excitation probability of the lso-molecular orbital has been measured as a function
of the impact parameter b for several collision systems in the region 128 SZ, +2, <178
at the UNILAC. All published impact-parameter data agree with a simple scaling law
except those for impact parameters b <40 fm in the Ph+Cm system (Z;+Z,=178).



Perturbative description of ion-atom collisions
-- for instance, by means of the density matrix
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Using the density matrix, a quantum system can be conveniently accompanied through
but not for (quasi-) adiabatic processes !



Perturbative description of ion-atom collisions
-- for instance, by means of the density matrix
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Adiabatic two-center description of ion-atom collisions
-- dynamics ,,along the diatomic correlation diagram*®

One-electron treatment in
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Adiabatic two-center description of ion-atom collisions

-- dynamics ,,along the diatomic correlation diagram*®

One-electron treatment in
= guasimolecular basis:
'IJII‘{"‘II l'l [TI].'I [

(Mdaller ~ 1975: discrete
Rumrich, Soff ~ 80er: continuum)
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Adiabatic two-center description of ion-atom collisions

-- strongly dependent on the numerical basis

'I /
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Two- vs. three-center description

Projectile
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Adiabatic two-center description of ion-atom collisions

-- strongly dependent on the numerical basis

'I /
Sy = {plgy) et

ih Sa'(t) = Ha(t) ) *.

{ 1 f. "
- 1 i 1"1"JJUI + [le;=gy)dt
H i = < ﬂbihh'r | £; |..:;1 ~ e h JI 3EE

Radial and rotational coupling

o of matrix elements.
Two- vs. three-center description

Projectile Center-of
-mass
ﬁ h




Adiabatic two-center description of ion-atom collisions

-- strongly dependent on the numerical basis

'I /
Sij = (gilgy) 7l

lh Sa'(t) = Ha(t) o

— ¢
TR

Center-of
-mass

{
ATDDE|5 5 ¢ b [{ej-e)dt

Two- vs. three-center description
* rojectile

"r-:'l’.f{??] RI Zd?“Hl @y H - exp {;m\;p . r} . h
]
iz l
ri 7 i ® Ansatz for the molecular orbitals at a given time
4 La’f R]m,o] (£(F,R),R) - H’]i{ mVi *} --> optimized basis (due to the
vl molecular, i.e. diatomic treatment).

| Lﬂ‘f (R) pC(E(7), R) ® Problem-adapted basis due to the explicit use
of the electronic translation factors.
z fii(f?,' Skt |

Ky > ® For fast collisions (Vorit << Vnuc), the Fock matrix
is diagonal in atomic basis.

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



Adiabatic two-center description of ion-atom collisions

-- strongly dependent on the numerical basis
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Adiabatic two-center description of ion-atom collisions

-- strongly dependent on the numerical basis

T | — Ilrr. ]lrll
f}gj — {t}},}‘q;j"& £ TJI E

ih Sa'(t) = Ha(t) | . e — WTPDFG S it

Two- vs. thre

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

w . P
G ;de # Solution of the time-dependent Dirac (HFS) equation for ion-atom
}:ﬂ,w g collisions in sub- and supercritical fields.
v=] + Unified description of excitation, transfer and ionization, including
| Ldiaf“ combined processes; incorporates the AO and MO picture as limit
_1 (sizeable programs; available ?)
Zfﬁﬁffﬁ L 4 , 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.



Formation and observation of super-heavy quasimolecules
-- Future studies
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Suggestions for the future: bare ion

-4 Naked projectiles (U92+)

- No creation of K-shell holes required
-->10..100 x larger cross sections at small b

4 Gas-jet target to ensure ,clean system”

neutral target

4 Coincidence experiments with charge state ??



Formation and observation of super-heavy quasimolecules
-- Future studies
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Suggestions for the future: bare ion

-4 Naked projectiles (U92+)

- No creation of K-shell holes required
-->10..100 x larger cross sections at small b

2 Gas-jet target to ensure ,clean system”

neutral target

4 Coincidence experiments with charge state ??

4 Co-linear collisions with just a single 2@ 15 ?

electron involved ! @









@ (r) — magnetic formfactor

®(r) — electric formfactor

®(r) —low energy electric formfactor
®,(r) — Uehling potential

®,,(r) — Wichmann-Kroll potential







Systematic ,routes” to atomic structure

Multiconfiguration expansions

n

c

w (PIM)=) c,(x)y,PJM> o
r Construct a basis in the
N-electron Hilbert space

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

Many-body perturbation theory

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)



Systematic ,routes” to atomic structure

Multiconfiguration expansions

n

c

w (PIM)=) c,(x)y,PJM> o
r Construct a basis in the
N-electron Hilbert space

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

Many-body perturbation theory

H = Ho +V Rest interaction to F
Energies & Wave functions

“ order-by-order perturbation theory in V 2 GRASP(-92)
@ ,Desclaux”

& decomposition in classes of ,virtual excitati @ Coupled-Cluster



~Electronic correlations”
-- Fine-structure of open-shell configurations

Dimension of the 3
Hilbert space p S
Computational requirements depend
very critically on the shell structure
p4 of the atoms and ions !
~1..3%
ds 9 f7 sp
d’ 110
P level and
transition
energies
~ 0
10 ... 500 % £7 2

7 <2
Concept of electron configurations gets lost ! f7s



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

Physical Review

Focus

Focus Archive

PHU Index

Image Index  Focus Search

Previous Story / Next Story / January - June 2003 Archive

Phys. Rev. Lett. 90, 163002
(issue of 25 April 2003)
Title and Authors

Erstmalige Spektroskopie
des Elements Fermium

Das Element Fermium {Z=100) wurde 1952 in den (berresien einer
thermanuideoren Explosion enideckt. Fx it dos schwerste Flement, dox
iiber sukzessiven Neutroneneinfong und Betazerfoll hergestelit werden
kann. jetzt lieg sich erstmaols die otomore Struktur spektroskopisch
studieren Dafiir wurde gine 2 ng leichie Probe von **5Fm {Holbwerts-
zedt 20,1 Stunden) om Hochffuss- Kernreaktor des Ook Ridge Notionol
Loboratary, USA, produziert und noch Deutschiond versondi {1].

ABSB. 1 SPEKTRALLINIEN
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25090 5133 25105 2511C 5115
W om™!

Beocbachtets Spoktrallinien von Fermaum und das rwelstufige
Anregungschema. Dtie rot eingezelchn eten Kurven chellen

relativistische Massenzunahme. Die
Orbiale schoump fen, was eine wer
sickie Abschirmung des Coubomnbe
Porermials flr die e en Leuch-
ekekionen zuc Bolge hat. Daducch
kdnmen sich die chemischen Eigen-
=schafien der schweren Ekmenie so
veindern, dass sie unerwanels,
nicht mehe im Bnkhlhog min dec
Buirapodation innechalb einer Grap-
pe siehende Epgenschafien bekom-
e, Sokche elnivistischen Effekie
iukem sich neben Anderungen in
den chemischen Bgenschahen auch
im Anvepungsspe kimum des Aloins
und damit in =einen Spekicallinien.
Bei der Speknoskopic des l=mops
Em 1ete n zwei Probleme auF Zum

25 April 2003

nium Wins Heavyweight Title

n the 1952 detonation of the first
nuclear bomb, the element

m has since sat in a corner of the
¢ table where few tools of

try reach. Now a team has

:d a piece of its spectrum--the
ngths of light it absorbs--making
caviest element ever to be so

‘ed. The researchers rushed their
ample of the short-lived element
nuclear reactor in the US to

ny, where they probed it with

just atoms at a time. Appearing in
April PRL, their findings shed

1 the energies of fermium’s

ns and provide a way for theorists
their calculations for even heavier
re elusive elements.

ailable energy levels for electrons
tom determine both what kind of

A. Zschau

Fermium, revealed. Lasers probed the
spectrum of light absorbed by fermium
atoms using this chamber, in which ionized
atoms are drawn toward the exit hole
(white) in back. The experiment makes
fermium the heaviest element whose
spectrum has been measured.

it forms and what other elements it reacts with. Fermium is element

x doors past plutonium in the periodic table--and calculating the energies of
electrons is a tricky business. Einstein’s relativity comes into play for the
»ving electrons of such an atom, changing the rules that usually indicate

orbitals are most stable.



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

V)

@ QED: radiative ce N
© Hyperfine sl \oe®

. O L
© Electria \0,0\\0 _etic nuclear

| <
External e (\\) Lotopes
fields Q¢ Pes)

# Motion of the nucleus: Reduced mass
and mass polarization






Methods of solution: e Direct numerical integration of PDE
e Expansion w.r.t. atomic basis
e Expansion w.r.t. adiabatic basis
Expansion of the wavefunction:

) ( t)—zank(t)rn(ﬁ:é(t))e—i’kk(t) with the phase 1k(t):/tdt’Ek(R(t))

Coupled channel equations

ank(t) = — 3 ani(t) (01|0/0t|d;) el (Xk = X5)
iz

to be integrated with the initial condition a:x(t — —oc) = dir
Coupling operator 0 R 9 s T
L — = h— —1W .
Ping op ot JOR
Strong radial couplings between s; 5 OF py /o states inthe limt R — 0.

Multi-step processes are important. 1st order perturbation theory not sufficient.

() = — 3 an;(t) (@1ld/0t|p;) Xk —X5)
iz



Field theoretical description

Field operator:  4b(z) = > bR 4 > dirt 4P

n>=F n< F
: HU|F)y = 0 n>F
The state vector |F') is prepared as .. -
| } p p { dll‘l|F} — U \ n { F

Expansion in terms of out-operators: ¢ (z) = > b2"¢ ) + Y deutT ()
n>F n< F

Canonical transformation: — 65™ = > b agn + Y A" e
k> F k< F

« K-hole production | A
High ionisation rates: P, =~ 10% .
Approximate scaling behaviour:
R E:E,O-(Rlnin) -
Pioo(b) = D(2) o 2R minGmin where  gmin = e (minimum momentum transfer)
Vion

— "Spectroscopy” of superheavy quasimolecules.

« O-electron production
The high-energy tail (up to E. > 2 MeV) probes the
high-momentum components of the the quasimolecular wave functions.

» Quasimolecular X rays (MOX)
Broad photon spectra. No "end point®, quasistatic picture not applicable.

« Positron creation
e Drastic increase of positron yield with nuclear charge £ : Py o Z?Y

[

e No qualitative signal for level diving expected. (Collisional broadening)
e Good quantitative agreement with experiments: P(b), P(Z),dP/dE_+ .




Summary Lﬁ‘ﬁ":‘

® This method allows an ab-initio solution of the time-

dependent Dirac equation for the ion-atom collision 2. Avannll. doar P W T - AP 1F"'" A
process. Ml el sl el ,[_.‘T,., olle wtermdtiavee. Aot ote
5. Ay
# It allows to calculate excitation, transfer and — Aakoc” omall 'Iwuj\.-w-& alts, Motnscloon e

ionization or any combined process for many

M -~ ﬁ..n-.ﬁ E':E-t_.
electrons in a unified way. What is needed is just the i, Aumcbnhon odle o slogeen E"’i“"""“""’

electron-electron and electron-nucleus 1/r-interaction. - J— i v - I._ L mo's F _

Personally I would not speak of correlated processes venelorcolin.. W.
because this correlation depends on the simple Pauli

correlation and a relatively good treatment of the 1/r- L. Bttt o Moy ool HMW

interaction between the electrons. _
— at all internuclear distances Ve ot (1 3 | [--—- £L g
— for all energies L WF . =
— and a_“ irnpact paramctc]-s ’M_ Jﬁ&m LM w-‘iﬂr m)
an actual calculation is very time-consuming and LR Wmm.—_ ot Ol %ﬂf\%
complicated. M o L ' ol o £ Aeatiy et

§ S el ans

But it can be done! -"E: v =21

Folgende Fortschritte sind in den letzten Jahren erzielt
worden:

* Because one needs separate calculations

1. Konstruktion einer auch qualitativ neuen
zeitabhidngigen 3-Zentren Basis zur Beschreibung
eines Ion-Atom StoBes

2. Einbau expliziter zeitabhiingiger Translationsfaktoren

3. Universelle Beschreibung des Ion-Atom StoBes fiir
alle StoBenergien mit dem AO- und MO-Bild als
Grenzfille

4. Erstmalige direkte nicht-stérungstheoretische
Berechnung einer Tonisation fiir einfache
Mehr-Elektronen StoBsysteme
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Reactions of relativistic projectiles in extreme dynamical fields

t<0.1as
y=1 2 3 4 5 | = 102! W/cm?

0 87 94 97 08 intense fields

. . ultra-short electromagnetic pulses



SIS100/300

Experimental
Storage Ring

Novel Instrumentation
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P Besseres Verstandnis der Vielteilchendynamik

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

B

— 1 empty positive energy continuum

@ Verstarkung des REC bei langsamen lonen (!)

Resonante (dielektronische) Rekombination.

Wichtig fur lonen-Oberflachen Prozesse.
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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/cm?2), 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

1 4 cross sections
4 angular distributions
4 ,complete” experiments
4 spin polarization
4 entanglement

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, [j || D || J'>

RATIP

PJM Z ¢, | PJM> Relativistic Atomic Transition
and lonization Properties
Wave function expansions: (CPC library)

® Construction and classification of N-particle Hilbert
Spaces S. Fritzsche, JESRP 114-116 (2001) 1155

® Shell model: Systematically enlarged CSF basis Phys. Scr. T100 (2002) 46



Spontaneous pair creation
Frankfurt group
Charged vacuum Greiner, Muller, Soft, Reinhardt, Muller-Nehler, ...

Heavy ion collisions

+=wi1—-_,,i o S -

\
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Dynamics of e™e~ creation, ...

Two Center Dirac Hamiltonian:
Hrep(R) = —ia - V 4 pm + Vi (7, R) + Vi (7, R)
Semiclassical approximation: R(t) = Rutherford trajectory.

If the velocity R is "small’ the electrons follow the
adiabatic quasimolecular basis

Hrycp(R) ¢ = En(R) 6y,

TCD solutions:  Discrete states:  B. Muller ~ 1975
Continuum: Wietschorke, Rumrich, Soff  ~ 1985

Critical distance for U+U R, = 37 fm  (point nuclei, unscreened)
Rcr = 26 fm  (extended nuclei, HFS screening)



