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ABSTRACT
Ihe time dependent Dirac equation which describes a heavy ion-atom

co11i s i on sys t e:n iss 0 1ved via d set 0 f couP1ed chan nne1 equa t ion s wi t h
energy eigenvalues and mat r i x elements which are given by a selfconsistent
field many electron ce l cul at i on, After abrief discussion of the
theoretical approximations and the connection of the many particle with
t§~ one partic~~ interpretation we discuss first re sul ts for the sys t ens
F - Ne and F - Ne. The resulting P(b) curves for the creation of a
Ne K-hole are in .qo od agreement wi t h the exper inen t al resul t s ,

INTRODUCTION
The time dependence of a general quantum mechanical many electron

sys t em i S correc tl Y desc ri bed by so1vi ng t he time dependent I) i rac equa t i on.

The best approximation which might be feasable for the description of cl many

electron ion-ato:n coll i s i on is the t ine dependent Hartree (Dirac) Fock

equation but it is still not possible to solve it in practice. We instead

try to solve the t ime dependent Dirac equat i on by a:)iJrOX1,;lclting the Ham i l t o­

nian by a SLJin of one particle Hamiltonians and expanding the wavefunction in

realistic .nol ecu l ar many electron Hartree-Fock wavefunctions as d basis and

to solve a set of coupled channel equations instead. Up to now coupled chan­

nel calculations using the non-sel fconsistent variable screening modell) or

AO+ calculations 2) are the best available.

In order to perform such many electron coup l ed channel calculations we

have developed a static relativistic self-consistent field rnolecular Dirac­

Fock-Slater code 3) which allows to calculate eigenvalues, wavefunctions and

coupli n9 matri x e1ement s f 0 r dia t o.n i c quas i uo1ecu1es as fun ct ion 0 f t he

internuclear distance. Using these val ues as input we are abl e to calculate

t he t i.ne dependence in a many body independent particle picture. t·Je present

here par t 0 f t he t he0 ry and i n d ddi t ion res u1 t s f 0 r t he sys t em s F(3+ - Ne d nd

F6+ _ ~~e.
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THEORY

In the impact-parameter picture where the nuclear mo t i on is treated

classically and the electrons quant u.n mechanically the electronic

wavefuction IlV(t) of the collision system is given by the solution of the

t une dependent many electron Dirac equation

(1 )

(2)

subject to the appropriate initial condition

1im [llV (t) - 1\V In(t) ] = o.
t+ -00

Collision exitation probability amplitudes are then given by the overlap of

the scattering wave function IlV (t.. +00) with the appropriate final states

f lV Fin (t) defi ned by the experi ment

The configuration space (N-electron) Dirac Hamiltonian

N AN" en 1 NI"ee
H =Lt·+LV. +2 LV ..
e i=1 1 i=1 1 i,j=11J

is given by the kinetic energy operator
~ ~ A 2

t i c c i Pi + ß i rnc ,

the implicit time dependent electron nuclear Coulomb potential
A A A

en -- ~ ~ -+ ~

vi (R(t)) = - ZA/ 1ri-RA(t)1 - ZB/1ri-Rß(t)1

and the electron-electron Coulomb potential

(3)

(4)

(5)

(6)

(7 )

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

complete set of t i.ne dependent many-electron (configuration space)

wavefunctions 4)

(8)

Inserting this Ansatz into the Dirac equation (1) gives an equivalent

mat r i x equation (coupled channel equations)

H1S Jt C = MC= dt - _ (9)
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for the colurnn vector C = (CK). The overlap matrix S = (SLK) is defined by

SLK = <cDL'<P
1
<) (10)

and the coupling matrix ~ = (MLK) by

" . d
MLK = <ct> L I He - l1f TI I <P K)· (11 )

(12)

The initial boundary condition far I(t) is given by the asympt ot i c relation

lim [<epLltVin)- LSLK CK] = 0; L = 1,2,3, •••
t. -00 K

F0 r pra ct i ca 1 re aso ns t he bas issh0 u1d be ass trlall as pos s i b1e and we 11

adapted tot he pro b1e:n• Stat i c m0 1ecu1ar wa ve Fun c t ion s 0 f Ha r t re e- F0 ck type

probably fullfill these conditians quite wel1 5 ) .

Havi n9 t his i n Ini nd we de f i ne t i Ine dependent s i n91e pa r t i c1e co11i s i on

states 14J(t) as the solutions of the single particle time dependent Dirac

equation

(13)

where ~eff is defined as the Hartree-Fock Hamiltonian

(14)

Equ. (13) will be solved by an analog method as de scr ibed above far the many

particle equation (1), the details of the solution will be discussed later.

At the moment ~'Ie asurne that we have a set 14J n( t ) of solutions of equ. (14)

to N mutual orthogonal initial conditions

lim [Ilf; (t) - IlVin(t)] = 0; n=1,2, ••• N.
t .. -00 n n

Then the Slater de t erm i nant

(15 )

IN!
(16)

is a solution of the many particle time dependcn t nirac equation

wi t h t he e f fee t i ve inany pd r t i cl e Hdlni l t oni an

(17)
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~eff ("R) = ;1 ;;~ff ("R) (18)
i =1 1 •

Equ. (17) differs f rom the original equ. (1) by the replacement of the

exact Hamiltonian H with the ef fec t i ve Ham i l t on i an ~eff which defines thee
independent particle model within the Hartree-Fock scheme.

METHOD OF SOLUTION

First we expand the single particle scattering wavefunctions I~n(t» in

a (complete) set of single particle basis states

14J (t ) >= I (~ ~ f f (R' (t ) )>.ck (19 )
n k n

For 1'P~ff(R) we use the single particle wavefunctions f rom static diatomic

selfconsistent relativistic Dirac-Fock-Slater calculations as a basis.

Inserting this into equ. (13) gives the equivalent single particle matrix

(coupled channel) equations

'11 d = m c .
1 ~ dt ~n = ,-n' n=1,2, ••• ,N (20)

f or the col umn vectors ~n = (c kn). Eigenvalues and radial as well as

rotational coupling matrix el ement s are taken f r o.n the s t at i c calculations

for a large number of internuclear distances. These are full 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 physically relevant channels can be

choosen acording to the physical question of interest. In addition the

initial condition prescribing how many electrons are in which channels has

to be chosen according to the experiment. For each state n in which an

electron is present aseparate coupled channel calculation has to be

per f ormed , As resul tone gets N sets of amp] i tudes ckn where k marks the

final states. These ckn are then used for t he interpretation in the many

particle picture i .e , the CK from equ. (8). ßoth sets of ~ and I are

absolutely equivalent and contain the s a.ne physical information. These

amplitudes now allow us to answer different questions. For example one may

ask how 1argeis t he chance 0 f f i ndi ngone hol ein ace r ta i n at o.n i c 1eve1 ,

or two, or ~~. least one hole in the Ne ls shell. The experimento) is

perfonned with the last question how large is the cha~ce of finding at least

one hole in the Ne ls shell in the outgoing scattering sys t em ,
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~E SUI_ TS

tJe (,i-I? int>~rt~sted in understanding the syst ems F8+ - Ne and F6+ - Ne as

f i r stexalnp1es becaus e a 1arge nuf nb e (" 0 Fex per i ;nent d 1 r \~ 5 U1t s a r (~ d Vd i 1ab1e

for these syste:ns6). They are already eomplieated many eleetron syste:ns

alt hoU9h wi t h s Ina11 l ',1/ hich ined ns t hd t a non- r (~ 1d t i vist i c ccl1cU1d t i an

snoul d be suffieient. But this relativistie version which we use here

directly al 10'.'/5 us to proceed to hedVi(~r sys te.ns Nher(~ th(~ r(~ldtivistic

effects became stronger or even dominant.

In Fig. 1 we present the correlation diagram of the sy s t em F8+ - Ne

where the lowest level can be attributed to the F 1s state and the second to

Ne l s . This interchange i s due to the high ton i zat i on of the Fluorine.

3ecause we are interested in the cr-eat i on oF holes in the Ne 1s shell we

choose only those levels wn ich are directly conneeted with this level or

which are very near i t , Thus the mi nimum nu.nber of levels whieh have to be

taken into aecount as channels in the coupled channel ca l cu l at i ons are the

1(1/2),3(1/2),4(1/2) and 1(3/2) levels. L~ith this se l ec t i on the number of

one-particle channe l s in equ , (19) is 8 bec ause each level can carry two

el ec t r-ons wi t n an angular .no.nentu.n pro.iec t l on on trle internuclear axis of +

0(' - • :'\S i ni t i ale0 nd-j t ion \'Je kn0 w t hat t hereis 0 n1y 0 ne e1ee t r 0 n i n t he

two 1(1/2) states and that both 3(1/2) s t ate s irl~ ()ccupied.Although we

also know the initial oecupation of the higher levels in Fluorine and Neon

at i nf i ni t Y \A/f~ ci 0 not kn0 ~I/ t he exac t 0 ccup d t ion 0 f t he 4 (1/ 2) and 1(3/ 2)

1eve1s becaus e e1ec t r 0 ns are t ra ns fe red fr 0 In hi 9[1e r s tat (~ s i ntot hese 1e ve1s

i n t he i ne01ni n9 part 0 f t he co11i s ion via dyn a1:1 i ea1 e0 up1i n9s \v hich are not

included in our 8 level calculations. To take these eouplings into account

in a pragmatic 'vl/ay VJe assumed that the 4(1/2) and 1(3/2) states are ini­

tially occupied with a number of electrons which we use in these

ca1culations as d paramete r whieh allows us to i.npr-ove the agreement wi t h

the experimental results. The results of the coupled channel calculations

are gi ven i n Fi g. 2 f0 r t he t hre e i In pd Ct energ i es o.13 1'1 eV/ U, O.23 r~eV/ u and

0.5 i'1eV/u. In this figure the experimental val ues es \,\f211 as the or et ic al

values from an AO+ cel cu l at i on o f Fritsch and Lin 2) are presented as \'-Ie11.

In our calculation the electrons (ar holes) which corne into the Ne ls she l l

via the I normal 2pn-2peJ coupl ing ' are al so incl uded because we have

included in the calculation electrons in the upper levels. In the case of

the three energies d i scus sed here no electron, two electrons and three

electrons respectively were taken into riccount Far the three energies

presented in Fig. 2.
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FIG. 1: Correlation diagram for the system

diabatization the second level is called

correlates with the third level at R = O.

F8+ - Ne. Oue to

3(1/2) because it

DI5CUSSION
Ihe agreement between the experimental P(b) curves and our result is

go0d wh ere ast he AO + ca 1cu1d t i I) nS 0 F Fr i t sch d nd Li n 9i ve a go0 d qua1 i tat i ve

picture out no detailed agreement. For all three ce l cul at i ons the numb er of

el ectrons in the 4 upper channel s i s used dS a pard1neter in order t» get op­

t i.nel agreement with the exper iment • The number of electrons which we find

are 3, 2 and () respectively for the three energies in increasing order. This

result see.ns to be very plausible fr om a physical point of view because

f 0 r t he hi 9her energ i es t he e1ec t r 0 ns i n t he hi 9her 1eve1s will pro bab1Y be

.nore and more ionized during the i ncomm i nq part of the collission.

F0 r t he case F5+ - Ne t hel 0 westL\'o 1t~ Ve1s i n t he co r re 1a t ion dia9ra rn

are in normal order again due to the stronger shielding oF the Fluorine

nuc1eu s • But bot 11 1eve1s are f i 11ed wi t h t wo (-: 1ect r 0 ns each i n t he expe­

riment. Thus we perform the calculations for 0.23 ~·1eV/u with the two elec­

trons which we have 1earned are needed f r on the ca1cu1ations discussed

above , plus one e1ectron which comes from the F 2s she l l , The result of t h i s

ca1culation is the dashed 1 ine in the lower left of Fig. 2b. ;;gain we find a
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good agreement wi th the experimental results. In order to understand al so

the filling of the 4(1/2) and 1(3/2) levels f rom the incoming Ne or/and F

levels we have to increase in future calculations the nuraber of states in

the coupled channel calculations.

As final statement we can say that a calculation with 8 levels (which

are only 3 non-relativistic levels) for such a complicated many electron

system is sufficient in order to get a good aqreement . This is possib1e

because ~'1e use a very sophi st i cated procedure to generate t he channe1 s

where most of the many partic1e interaction a1ready is included. The

advantage 0 f t his e f fort ist hat t he phYsie a1 i nt 2 r pre t d t ion i n term s 0 f rn 0­

lecular states is easi1y possible. In this way the physics is much clearer

to understand than in any other rnethod.

I~C KNOt~LE DGEr~ENT

Thi s work has been supported by Gesell scha ft für Schweri onenforschung

(GSI) Darmstadt and Deutsche Fcrschunqsqene i nschaft .

REFERENCES

1) As a summ ar y see : t~ i 11e , U., 11Exc i t at ion i n Ion-Atom Co11i s i ons ", i n

'Coherence in Atomic Collision Physics', ed. by ßeyer,H., ßlum,K.,

and Hipp1er,R. , Plenum Press, New York 1988, pp. 223-282, and references

therein

2) Fritsch,W. and Lin,C.D. , Phys. Rev.~, 1166 (1985)

3) Sepp,W.-D. ,Kolb,D. ,Sengler,W. , Hartung,H. and Fricke,B., Phys. Rev.

A33, 3679 (1986)

4) ßriggs,J.S. and Taulbjerg,K., "Theory of Ine1astic Atom-Atom

Co11i s ion s 11, in' St ru ct ure andeo11i s ion S 0 f Ionsand Atoms', ed •

by Sellin,I.A., Springer Verlag, Berlin, Heide1berg, New York 1978 pp.

105-153, dnd reFerences therein

5) Thies,B. , Sepp W.-O., and Fricke ß., to be pub1ished

6) Haqnann j S, , Kelbsch S., Schmidt-8oecking,H., l:ocke,C.L., Richard,P.,

Schuch ,R., Skut 1art z , A., U11r ich ,J., I J0 hnS 0 n ,;)., i1e r 0 n ,~1., J 0 nes, K. ,

Trautmann ,11. and Roesel,F., Phys. Rev. A36, 2.603 (1987), dnd references

therein




