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B. THIES, W.-D. SEPP end B. FRICKE

Department oE Physics, University of Kassel, D-3500 Kassel, F.R.G.

Abstract - Ta describe the time dependence of an atomic
collision system the Dirac equation usual1y is rewritten in
a coupled channel e qua t t on , We f t r s t discuss part of the
approximation used in this approach and the connection of
the many particle with the one particle interpretation. The
c8~pled channel equations are solved for the system
F ... Ne using static selfconsistent many electron Dirac­
Fock-Slater wavefunctions as basis. The resulting P(b)
curves for the creation of a Ne K-hole are in reasonable
agreement with the experimental results.

I nt.rod uct ion

In general the calculation of real; stic compl icated many electron
low energetic ion-atom c o l l i s i ons is s t i l l not possible .. Coupled

channel calculations using the non-selfconsistent variable scree­
ning model /1/ or AO+ calculations /2/ are the best available up to
now. The results reproduce partial1y the gross structure but not the

details.

In recent years we have developed a static relativistic self-con­

sistent field molecular Dirac-Fock-Slater code /3/ which allows to
cal cul ate ei genval ues, wavefunct i on~ and coupl i ng matri x el ements
forjdiatomic quasi moleeules as function of internuclear distance.
Using these values as input in coupled channel calculations we are
abl e to cal cul ate the time dependence in a many body t nde pe ndent

part i cl e pi c t ur e , We fi rst present here part of the theory and ; n
addition results for the system F8+-Ne.

Iheory

I n t he i mpac t - par am e t e r pi c t ure t he. e1ec t r 0 ni c wa ve f uc t ion 11(t ) >
of the collision system is given by the solution of the time depen­
dent many electron Dirac equation

.A... "Tl cl '\IJ
He(R(t)) r I (t» = ;11 Cit I J. (t»

subject to the appropriate initial condition

1im [J1'(t» - ."P I (tl>] = o.
t ... -00 n
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Collision exitation probability amplitudes are then given by the over­

lap of the scattering wave function 11'(t++oo» wi t h the appropriate

final states I~Fin(t» defined by the experiment

f I .. F = 1 ; m <"fF; n ( t ) Il'(t )>. (3 )
t+ +00

The configuration space (N-electron) Dirac Hamiltonian

/'. N ~ N 0'\en N • A. ee
He = L t . + t= v. + 1/2 r::- v : : (4)

;=1 1 1=1 1 i ,j=l lJ

is given by the k;netic energy operator
1\ ~ ~ A 2
t i = C 0( i· Pi + ßi mc ( 5 )

the implicit time dependent electron nuclear Coulomb potential
.\ en ... ~.... ~ .....
vi (R(t)) = - ZA/lr; - RA(t)1 - ZB/ 1r; - RB(t)f (6)

and the electron-electron Coulomb potential
/tee ~,.
V;j I/Ir i - r'jl. (7)

Equ. (1) is solved by expanding the total scattering wavefunction

in a complete set of time dependent many-electron (configuration

space) wavefunctions /4/

I!(t» = L.14\(t» CK(t).
K

Inserting this Ansatz into the D;rac equation (1) g;ves an equivalent
matrix equation (coupled channel equations)

i11 S Jl C = M C= dt -

for the column vector C (C
K).

The overlap matrix S
fined by

(SKL) = <~KI~L>
and the coupling matrix M = (M KL) by

(9 )

(ln)

( 11 )

The initial boundary condition for f(t) t s q t ven by the asymptotic

relation

1 im [< PKJ"fi n> - t. SKL CLJ = 0; K = 1.2.3.... (12 )
t .. -00 L

For prattical reasons the basis should be as small as possib1e and
wel1 adapted to the problem. Static molecular wavefunctions of Har­
tree-Fock type probably fullfil1 these conditions quite well /5/.

Hav;ng this in mind we define time dependent single particl~ co1­
11s10n states Io/(t» as the s ol ut t on of the single particle time

dependent Dirac equation

( 13 )
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where heff ;s defined as the Hartree-Fock Hami1tonian

( 14) .

Equ , (13) will be sol ved by an an alog met hod as des c r i bed abo ve f 0 r
the many particle equation (1), the details of the solution will be
di scussed 1ater. At the moment we assume .t hat we have a set t\Vi (t ) of

solutions of equ. (14) to N mutual orthogonal initial condition

1 i m [( 'Vi (t ) > - I't'~ n( t )] = 0;
t+-oo

Then the Slater determinant

( 15 )

,l'(t» 1

@
(16)

is a solution of the many particle time dependent Dirac equation

(17)

with the effective many particle Hamiltonian

~eff(it) = the~f(it). (18)
i=l 1

Equ. (17) differs from.the original equ. (1) by the replacement of the
exact Hamiltonian ~e by the effective Hamiltonian ~eff which defines
the independent particle model within the Hartree-Fock approach.

Computational method

Fi r s t we ex pan d t he s i n91e par t i c 1e '5 c a t t e r i n9 wave fun ct ion s I 'f; (t )>
in a ,(complete) set of single particle basis states

I'\'; (t I> = L I'f'k(t) c k i • (19)
k

F0 r If k ( t ) > we usethe s i n91e par t i c1e wave fun c t ion s f rom stat i cd;· ­

atomic se l f cons t s t e nt 'relativistic Dirac-Fock-Slater calculations as

basis. Inserting this into equ. (13) gives the equivalent single par­
ticle matrix {coupled channel} equations

(20)

for the co l umn vectors .f.; = (C ki ) . Eigenvalues and radial as wel1 r o­
tational coupling matrix elements are taken from the static calcula­
tions for a large number of internuclear distances. These are usu~lly

ful1 scale Dirac-Fock-Slater calculations taking into account all

electrons and a large number of unoccupied states /3/. The results are

written on disk so that in the coupled channel calulations the physi­
cal relevant channels can be choosen acording to the physical question



Cl-196 JOURNAL OE PHYSIQUE

of interest. In addition the initial condftion how many electrons are
i n wh ich eha nne1s hast 0 be ch0 sen ace 0 rd i n9 tot he ex per i me n·t. F0 r
each state i were an el ectron ; s present aseparate coupl ed channel
calculation has to be performed. As result one gets i sets of ampli­
tudes c ki where k marks the final s t a t e , These c ki are then used for
the interpretation in the many particle picture ; .e. the CK from
equ. (8). 80th sets of ~ and f are absolute equivalent and contain the
same physical information.

Results and discussion
We are interested to understand the system F8+ - Ne as a first example
because a 1arge number of experimental results are available fo.r this
system /6/. It is already a complicated many electron system although
with smal1 Z which means that a non-relativistic calculation should be
sufficient. In f1g. 1 we present the correlation diagram of this sys­
tem where the lowest level can be attributed to the F ls state and the
second to Ne 15. Th;s interchange is due to the high ionization of the
Fluor. Because we are interested in the creation of holes in the Ne 15

E(keV)

5.E-Q1

... .8 1.2 t6 R(o.u.)

Fig. 1: Correlation diagram for the system F8+ - Ne. Due to
diabatization the second level is cal1ed 3{1/2) because it
correlates w;th the third level at R = O.
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s hel 1 we c h00 se 0 n1y t h0 S e 1e ve 1s which are d i re c tl Y c on ne c ted w; t h

this level o r which are very near. Thus the minimum number of levels

which have to be taken into account are the 1(1/2), 3{1/2), 4(1/2) and
1(3/2} l ev e l s . With this selection the number o f one-particle chan-

nels in e qu , (19) is 8. For t he incoming state we know that there is

only one ·electron t n the two 1(1/2) states and that both 3{1/2) states
are o c cup i ed, The 4(1/2) and 1(3/2) levels correlate to the 2p s he l l

of F. But we da not know the exact occupation of these states in the

incoming ~art of the collision because we da not include higher 1n1­
t ; all y 0 CCupi e. d s tat e s wh ich co up1e tot he s e f 0 urs tat e s a t 1arg e

internuclear d is t a nc e s , To take these couplings into account we assu­

med t hat t he 4 ( 1/2 ) an d 1 ( 3/ 2 ) s tat e s are ; n i t i all y 0 ccup i e d wi t h

about- 2 electrons. This number can be used in these calculations as a
parameter which al10ws to improve the agreement with the experimental

r.esul t s •

..0

Cl.

b (n.u.)

Fi'g. 2: P{b ) curves for the .Ne K e l e ct r on excitation for

0.23, MeV/u F
8+ - Ne c o l l t s t on , Experimental values: Ref. 6.

Oashed line: Ref. 2. Full line: This work.

() ,'13 r~t e\l / u F8 l ........ Ne

b Ic.u.i

'Fig. 3: P(b) curves for the Ne K electron excitation for

0.13 MeV/u F8+ - Ne co11is7on. Experimental values: Ref. 6.

Dashed 1 ine: Re f , 2. Full 1 ine: 'Tnis wo r k ,
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The results of the coupled channel calculations are given in fig. 2
and: fig. 3 for t he two impact energies 0.23 MeV/u and 0.13 MeV/u res­
pectively. In these figures the experimental values as well as theore­
tica1 values from an AO+ calculation of Fritsch and Lin are presented
as well. In our calculation t he electrons (ar holes) which corne inta
t he Ne Iss hell vi a t he "normal 2p - 2P c0 U pli n9 11 are a1so i nc1uded
because we have also included calculations with holes in the upper
levels. In the case of the higher energy on1y one electron and for the
lower energy two electrons were taken into account.

The interpretation of the resulting amplitudes is performed for the
question how large is the chance to find at least one hole in the
Ne 1s s hel l , The agreement between the experimental P(b) curves and

our result is relativly good whereaes the AO+ calculations of Fritsch
and Lin give a good qualitative picture but no detailed agreement.

Of course we have to increase the number of states in the coupled
channe1 ca 1cu1a t ion s ;.n 0 r der t 0 also Cale u1a t e t h.e fi 11 i ngof t he
4(1/2) and 1(3/2) levels from the incoming Ne levels.
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