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ABSTRACT

The time dependent Dirac equation which describes a neavy ijon-atom
collision system 1is solved via a set of coupled channnel equations with
energy eigenvalues and matrix elements which are given by a selfconsistent
field many electron calculation. After a brief discussion of the
theoretical approximations and the connection of the many particle with
t§$ one partic%g interpretation we discuss first results for the systems
F7 - Ne and F - Ne. The resulting P(b) curves for the creation of a
Ne K-hole are in good agreement with the experimental results.

INTRODUCTION

The time dependence of a general quantun mechanical many electron
system is correctly described by solving the time dependent Dirac equation.
Tne best approximation which might be feasable for the description of a many
electron ion-aton collision is the time dependent Hartree (Dirac) Fock
equation but it is still not possible to solve it in practice. We instead
try to solve the time dependent Dirac equation by approxiiating the Hamilto-
nian by a sum of one particle Hamiltonians and expanding the wavefunction in
realistic molecular many electron Hartree-Fock wavefunctions as a basis and
to solve a set of coupled channel equations instead. Up to now coupled chan-
nel calculations using the non-selfconsistent variable screening mode]l) or
AD+ calcu]ationsz) are the best available.

In order to perform such many electron coupled channel calculations we
have developed a static relativistic self-consistent field molecular Dirac-
Fock-Slater code3) which allows to calculate eigenvalues, wavefunctions and
coupling matrix elements for diatonic quasi molecules as function of the
internuclear distance. ising these values as input we are able to calculate
the time dependence in a many body independent particle picture. We present
nere part of the theory and in addition results for the systems F3+ - Ne and

s
ot
F - Ne.
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THEORY

In the impact-parameter picture where the nuciear motion 1is treated
classically and the electrons quantum nechanically the electronic
wavefuction L Y(t)) of the collision system is given by the solution of the
time dependent many electron Dirac equation

~ -

- d
(R0 1wy = i Loy (1)
subject to the appropriate initial condition

Tim [tw(t) - bW (e ]=o0. (2)

te -00
Collision exitation probability amplitudes are then given by the overlap of
the scattering wave function |y (t= +00)> with the appropriate final states
lu}Fin(t)> defined by the experiment

Flap = 1in Cugg(e)lulep. (3)

The configuration space (N-electron) Dirac Hamiltonian
~ Nn NA Nl"

1 ee

Ho= Sto+ 2 v+ 5 5 V&8 (4)
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is given by the kinetic energy operator

~ B A 2 ~ 2

ty = coy py + Bymet, (5)
the implicit time dependent electron nuclear Coulomb potential

‘en- - 5> = 5> » -

Vi (R(t)) = - ZA/lri-RA(t)l - ZB/lri'RB(t)l (6)
and the electron-electron Coulomb potential

“ee 3 %

Vi * 1/lri-rjl. (7)

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

complete set of time dependent many-electron (configuration space)

wavefunctions4)

Lw(e) = 2 10 (1)-C(t). (8)
e

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

matrix equation (coupled channel equations)

4o d
MSgpC=MC (9)
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for the column vector C = (CK). The overlap matrix $ = (SLK) is defined by
SPEECIR Lo (10)
and the coupling matrix ¥ = (MLK) by
= " e d
M = <d>L| Hy - #5210 0. (11)

The initial boundary condition for C(t) is given by the asymptotic relation

Tim (<o 1w, >- 35s.,¢.)=0; L=1,2,3,... (12)
ta 00 L in K LK 7K

For practical reasons the basis should be as small as possible and well
adapted to the problen. Static molecular wavefunctions of Hartree-Fock type
probably fullfill these conditions quite we115).

Having this in mind we define time dependent single particle collision

states IY(t)> as the solutions of the single particle time dependent Dirac

equation

nF /) oy - & wep (13)
where ;Eff is defined as the Hartree-Fock Hamiltonian

R = e ved) TR, (14)

Equ. (13) will be solved by an analog method as described above for the many
particie equation (1), the details of the solution will be discussed later.
At the moment we asume that we have a set l¢n(t)> of solutions of equ. (14)

to N mutual orthogonal initial conditions

vin o [ (6D - IMER] = 05 sl,z,. (15)
ta -00
Then the Slater determinant

p, (et o (e

—

te ey = — | . . (16)
N! : *

i N
1¢N(t)> .. quN(t)>
is a solution of the many particle time dependent Dirac eguation
KPRy 1w ey < v ety (17)

with the effective qany particle Hamiltonian
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N Noner o
PR = 2 n?TTR). (18)
in1

FEqu. (17) differs from the original equ. (1) by the replacement of the

Naff

”n
exact Hamiltonian He with the effective Haniltonian H wnich defines the

independent particle model within the Hartree-Fock scheme.

METHOD OF SOLUTION
First we expand the single particle scattering wavefunctions Iwn(t)> in

a {complete) set of single particle basis states

ff o
() = T oaep TR ey, (19)
k
>
For I@Eff(R) we use the single particle wavefunctions from 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

N« R o e
msare, s mcs n=1,2,...,N (20)
for the column vectors <, = (Ckn)’ Eigenvalues and radial as well as

rotational coupling matrix elements are taken froa the static calculations
for a large number of internuclear distances. These are full scale Dirac-
Fock-STater calculations taking into account all electrons and a large
number of unoccupied states3). 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 a separate coupled channel calculation has to be
performed. As result one gets N sets of amplitudes Cn where k marks the
final states. These Cppy are then used for the interpretation in the many
particle picture i.e. the CK from equ. (8). Both sets of < and C are
absolutely equivalent and contain the same physical information. These
amplitudes now allow us to answer different questions. For example one may
ask how large is tne chance of finding one hole in a certain atomic Tevel,
or two, or at_Teast one hole in the Ne Is shell. The experimenta) is
performed with the Tast question how large is the chance of finding at least

one hole in the Ne 1s shell in the outgoing scattering system.
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RESULTS

-3 5+

t. Ne and F

first exaaples because a large number of experigental results are available

zre interested in understanding the systenms - Ne as

'
PE:

IR

for these systems6). They are already complicated many electron systems
although with small 7 which wmeans that a non-relativistic calculation
should be sufficient. But this relativistic version which we use here
directly allows us to procesd to heavier systens where the relativistic
effects become stronger or even dominant.

In Fig. 1 we present the correlation diagram of the system F8+ - Ne

where the lowest level can be attributed to the F 1s state and the second to
Ne 1s. This interchange is due to the high ionization of the Fluorine.
Because we are interested in the creation of holes in the Ne 1s shell we
choose only those levels which are directly connected with this level or
wnich are very near it. Thus the wminimum number of levels which have to be
taken into account as channels in the coupled channel calculations are the
1{1/2), 3(1/2), 4(1/2) and 1(3/2) levels. With this selection the number of
one-particle chanpels in equ. (19) is 8 because each Tlevel can carry two
elactrons with an angular nonentum projection on the internuclear axis of +
or -, As initial condition we know that there 1is only one electron in the
two 1(1/2) states and that both 3(1/2) statzs are occupied. Although we
also know the initial occupation of the higher levels in Fluorine and Neon
at infinity we do not know the exact occupation of the 4(1/2) and 1{3/2)
levels because electrons are transfered from higher states into these levels
in the incoming part of the collision via dynanical couplings which are not
included in our 8 level calculations. TJo take these counlings into account
in a pragmatic way we assumed that the 4(1/2) and 1(3/?) states are ini-
tially occupied with a nunber of electrons which we use in these
calculations as a parameter which allows us to improve the agreement with
the experimental results. The results of the coupled channel calculations
are given in Fig. 2 for the three impact energies 0.13 MeV/u, 0.23 MeV/u and
0.5 MeV/u. In this figqure the experimental values as well as theoretical
values from an AJ+ calculation of Fritsch and Linz) are presented as well.
In our calculation the electrons (or holes) which come into the Ne ls shell
via the 'normal 2pm-2pc coupling' are also included because we have
included in the calculation electrons in the upper levels. In the case of
the three energies discussed here no electron, two electrons and three
electrons respectively were taken into account Ffor the three energies

presented in Figq. 2,
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F1G. 1: Correlation diagram for the system F8+ - Ne. Due to
diabatization the second level s called 3{1/2) because it
correlates with the third level at R = 0.

DISCUSSION

The agreement between the experimental P(b) curves and our result is
good whereas the A0+ calculations of Fritsch and Lin give a good qualitative
picture but no detailed agreement. For all three calculations the nunber of
efectrons in the 4 upper channels Is used as a paraneter in order to get op-
timal agreement with the experiment. The number of electrons which we find
are 3, 2 and ) respectively for the three energies in increasing order. This
result seems to be very plausible from a physical point of view because
for the higher energies the electrons in the higher levels will probably be
more and more ionized during the incomning part of the collission.

For the case F6+

- Ne the lowest two levels in the correlation diagram
are in normal order again due to the stronger shielding of the Fluorine
nucleus. But both Tevels are filled with two electrons each in the expe-
riment, Thus we perform the calculations for 0.23 MeV/u with the two elec-
trons which we have learned are needed fron the calculations discussed

above, plus one electron which comes from the F 2s shell. The result of this
calculation is the dashed line in the lower Teft of Fig. 2b. Again we find a
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Fig. 2a:

i 013MeV/u F& —=Ne

P{b) curves for the Ne
K electron excitation for
0.13 MeV/u F3+ - Ne
collision.

txperimental values: Ref. &
Dashed line: Ref. 2

Full Tine: This work.

Fig. 2b:

P(b) curves for the Ne
K electron excitation for
0.23 MeV/u F8+ - Ne and
F5+ - Ne collisions.
txperimental values: Ref. 6
Nashed Tine: Ref, 2

Full Tine: This work.
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P{b) curves for the Ne

K electron excitation for
0.50 MeV/u F3+ - Ne
collisions.

Experimantal values: Ref. 6

|
1 Nashed Yine: Ref. 2
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Full line: This work.

1)




311

good agreement with the experimental results. In order to understand also
the filling of the 4(1/2) and 1(3/2) 1levels from tne incoming Ne or/and F
Jevels we have to increase in future calculations the nunber 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 agreement. This is possible
because we use a very sophisticated procedure to generate the channels
where most of the many particie interaction aiready is included. The
advantage of this effort is that the physical interpretation in terms of mo-
lTecular states is easily possible. In this way the physics is much clearer

to understand than in any other method.
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