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The result of the first calculation of a self-consistent relativistic many electron correlation diagram ever done (for
the system Au-—1I) leads to a good agreement of the spectral shape and position of the observed noncharacteristic X-rays

within the quasi adiabatic model.

The amount of experimental data of noncharacter-
istic molecular (MO) X-rays produced in heavy ion-
atom collisions has very rapidly increased during the
past few years [1]. The K MO X-rays appear as rela-
tively structureless spectra exponentially decreasing
with energy, which do not end at the united atom
limit, but continue due to the dynamics of the colli-
sion process [2].

The M MO X-ray spectra observed so far in heavy
ion-atom collisions like Au—I or U-I and partially the
L MO X-rays like [—Ag instead show a significant
structure [3]. The only hand-waving explanation up
to now was that transitions into a level with a flat
wide minimum in the unknown correlation diagram
might generate the observed peak structure behaviour.

We were able to calculate the first relativistic many
electron correlation diagram. Taking this result we
show that a good interpretation of the observed struc-
ture is possible within the quasi-adiabatic model tak-
ing into account density of states arguments.

Recently an ab initio self-consistent relativistic
Dirac-Slater molecular program for obtaining molecu-
lar energy levels and wavefunctions has been devel-

* Research partially supported by GSI, Darmstadt, W.
Germany.

oped. In this program the molecular wavefunctions are
expanded in linear combinations of basis functions
which are chosen as numerical Dirac-Slater (DS) eigen-
functions of free atoms/ions located at given sites. DS
calculations for systems [4] like XeF,, Inl, UO%+ as
well as solids [5] showed the usefullness of this model.
Details of the molecular computational method are
given in ref. [6].

We have used this program to explore the collision
process of the Au—I system which is the experimentally
best known example for M MO X-rays. The resulting
correlation diagram of this system taking 56 electrons
into account is shown in fig. 1. As long as we do not
have detailed experimental information on the actual
degree of ionization and ionization distribution, the
number of electrons chosen will be a relatively realistic
assumption. We know from atomic calculations that
the addition of further electrons has no significant ef-
fect on the transition energy for the M X-rays [7]. In
molecular calculations one generally has to take into
account relaxation effects and other binding energy
corrections to the one-<lectron eigenvalues {8]. Here
such effects are too small to be of relevance, com-
pared to the uncertainties in the occupation numbers.
It is clear that for sufficiently small internuclear dis-
tance R the elements of a two-center expansion basis

375



Volume 59A, number §

Au-I

PHYSICS LETTERS

27 December 1976

56electrons Lp=

=
@
X
[62]
]
=
o
>
C
>
= 1 2p112
@ 4004
>
< —— ¢ levels
QG
c ] ---~ Tlevels AS“IZS’
w coo 6 levels

b 1s 4

-1132 [ i . »

0 Gos o1 02 03 0L CERAES

Relative distance [au.]

Fig. 1. Self-consistent relativistic correlation diagram of the system Au-I including 56 electrons. The relevant levels for the MO
X-rays are the 60, 70, 8¢ and 2« levels. Through the encircled crossing the characteristic Au L X-rays are feeded.

may become linearly dependent and precautions must
be taken to avoid difficulties. In the present calcula-
tions this problem appeared for R < 0.04 au. Matrix
reduction procedures based on Léwdin’s canonical
orthogonalisation procedure [9] or the use of a one
center basis expansion would be equally effective solu-
tions to this problem. In our case it was decided to
connect the MO levels with united atom levels as a suf-
ficiently accurate procedure.
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Fig. 2. Transition energies AEj; versus internuclear distance R
for the four levels relevant for the M MO X-rays.
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From the MO level diagram shown in fig. 1 we have
extracted all transition energies AE as function of R
within the energetical range 5.5—11 keV where the
MO peak appears as shown in fig. 2.

The most appropriate way to construct the pre-
dicted spectra at this stage is to introduce the transi-
tion density,

oln
(£ - AE)? + o
&)
Here N(E, R) is a measure of the spontaneous emis-
sion at energy F for a given internuclear separation R.
The factors g; and f; are orbital degeneracies and occu-
pation probabilities respectively, o represents the col-
lision induced lifetime broadening of the i = transi-
tion, and P(AE,-]-) describes the transition strength ac-
cording to the multipole selection rules of the i =
transition. We can sum these transitions over all R

NM(E,R) = IZ<3]_ &g (1 —f)P(AE)

NE)= [ dR W(R)N(E,R)/f R WR) (2

R min R min
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Fig. 3. X-ray spectrum for 17 MeV I on Au: (a) Measured
spectrum corrected for absorber (refers to the left ordinate).
(b) Calculated unnormalized MO-spectrum taking into ac-
count all transitions shown in fig. 2 with equal occupation
probabilities (refers to the right ordinate).

with a weight factor W(R) proportional to the frac-
tion of time spent around distance R for every pos-
sible Coulomb trajectory at given impact energy £ .
If we assume classical Rutherford trajectories, expres-
sion (2) can be exactly integrated over all impact pa-

rameters [10]. This leads to
4
N(E) =~ e
V(R min)

xf dRR2‘/1—%N(E,R)

Rmin
where R ;. is the distance of closest approach for a
head on collision for a given impact energy, V(R) is
the potential and u reduced mass of the system. If we
assume as a first approximation that all four relevant
levels (see fig. 2) have the same number of holes, take
0 =0.25 keV, and assume that all transitions have di-
pole character which roughly leads to a (AEi]-)3 behav-
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iour [11] for P(AEZ-]-), we get the spectrum (b) shown
in fig. 3 for 17 MeV projectile energy of I on Au. This
peak agrees rather well with the experimental peak
position. Calculations for different impact energies
E;,, lead to spectra with the same center of gravity,
becoming somewhat broader with increasing £,
This result shows that the peak structure behaviour is
a direct result of the nearly constant behaviour of the
transition energies of fig. 2 around 7.5 keV between
R~0.11 and 0.19 au.

Furthermore one can see that the character of the
level crossings involving the 5o to 90 levels and thus
their occupation numbers are most important. The in-
tensity of the MO peak relative to the characteristic L
X-rays will be strongly dependent on the character of
the level crossing at 0.05 au (see circle in fig. 1) which
seems to be relatively diabatic. Lutz'et al. [12] have
shown that with decreasing projectile energy the char-
acteristic Au L X-ray line disappears at exactly the
point where the energy becomes too small to reach
this avoided crossing at 0.05 au at which the transfer
of a hole into the L shell of the heavier atom is pos-
sible. But at this energy the MO X-ray peak can still
be seen showing that the 6th—8th o levels still carry a
considerable number of holes. The MO peak disappears
exactly at the point where the projectile energy be-
comes too small to reach the avoided crossing between
the 8¢ and 90 level near 0.1 au so that no holes can be
promoted down into the 8o level anymore. These re-
sults strongly indicate that the calculated correlation
diagram is very realistic allowing such a detailed inter-
pretation even for these high levels.

The shape of the spectrum will of course also be
dependent on the number of holes created in these
levels during the collision and their dependence on
the impact energies. A detailed discussion of these de-
pendencies can only be given if we know the relevant
ionization processes. Such data are beginning to be
available from gas target experiments [13].

We thank Dr. Mokler and Prof. Armbruster for a
number of stimulating discussions as well as the infor-
mation on their experimental results prior to publica-
tion. We thank GSI for the large amount of computing
time used used for these calculations.
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