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%e propose a two-center model for the description of ion-atom collisions proceeding
via a quasimolecular (adiabatic) mechanism. The electronic potential of the model is
given by a superposition of modified atomic Thomas-Fermi potentials, each centered
about one of the colliding nuclei. Molecular correlation diagrams calculated for the Ne-
Ne system show good agreement with results from molecular-orbital Hartree-Fock cal-
culations.

In the past few years the electron-promotion guide to connect the limiting cases."
model' has proven to be quite successful' in de- It is quite clear that for a more quantitative
scribing the excitation of inner-shell electrons discussion of experiments and a detailed dynam-
in adiabatic ion-atom collisions. Based on the ical theory a method is needed which yields ac-
Born-Oppenheimer approximation, the model curate adiabatic correlation diagrams like the
assumes the formation of a transient quasimole- Hartree-rock method and yet is flexible and sim-
cule whose electronic energy spectrum as a func- pie enough to be easily applicable to any given
tion of the internuclear distance ("correlation combination of collision partners.
diagram") is the starting point for any dynamical In the present note we propose a model which
treatment of the process. While for a few cases we believe to meet these requirements. We
quantitative adiabatic correlation diagrams have start from the observation that atony jg energy
been calculated by the Hartree-Pock method, " levels may, to a good accuracy, be derived from
the evaluation of most of the experimental results a statistical Thomas-Fermi (TF) model with a
has. been based on rather qualitative "diabatic" universal spherical single-electron potential
diagrams. They are obtained from the known V (r) (including corrections for self -interaction
electronic spectra in both the united-atom and the and exchange effects). Latter' has calculated en-
separated-atom limits using the correlation dia- ergy levels for a large number of atomic states
grams for unscreened Coulomb centers as a using potentials of the form (atomic units are

used throughout)

z——e(x)+ — —C (x)
~F( )

r 4s Z

—r ', otherwise.

x= r~Pwith p =. 0.8853Z ' ', and the screening function 4(x) is given by the analytic expression

d'(x) = (I+ o 0274» '+ 1 24» —o.&486x'~'+0. 2302 '+ 0.007 298x~'+ 0.006 944x') '. (2

The corrections for electronic self-interaction
and exchange included in the potential (1) have
been discussed in detail by Coulson a'nd Sharma. '
Although the TF approximation. cannot compete
in accuracy with elaborate atomic Hartree-Fock
calculations available today, ' it should be suf-

ficiently reliable for the treatment of inner-shell
electrons relevant to atomic collision processes.

We here assume that the TF method not only
gives a resonable description of the potential felt
by a single electron in the united-atom and sep-

56



VOLUME 33, +UMBER 2 PHYSICAL REVIEW LETTERS 8 JUx.v 1974

arated-atom limits, but is also able to account
for the mutual screening and polarization of the
atoms at finite internuclear distances 2R. The
potential V acting on a single electron at the dis-
tance r, from the screened nucleus 1 and at the
distance x, from the screened nucleus 2 might be
obtained by solving the TF equation with the ap-
propriate boundary conditions. ' While it has been
shown by Teller" that the TF model cannot give
rise to molecular binding it still should provide a
reasonable approximation for inner-shell elec-
trons whose binding energy by far exceeds mol-
ecular dissociation energies.

Instead of attempting a complete numerical
solution of the TF equation, we adopt an idea put
forward by Hund" as early as 1932 which leads
to a simple and transparent approximate form of

!
the electronic potential. According to Hund" the

1/ eff(r )+ y eff(r ) (3)

We assume this representation of the molecular
potential to be approximately valid for any com-
bination of atomic collision partners and all in-
ternuclear separations.

Generalizing Hund's Ansatz to allow for non-
symmetric systems (Z, v Z,) and for the inclu-
sion of exchange terms we may write

molecular potential t/ for a given internuclear
distance 2B is represented by a sum of two effec-
tive (R-dependent) atomic TF potentials V,'ff(r;)
plus a correction term W(r„r,) S. ubsequently,
the functions V,"f(r,) are chosen separately for
each value of R in such a way that W(r„r,) is
minimized. In the cases considered explicitly
by Hund the quantity 8' has been shown to be neg-
ligibly small" and thus

1/eff(» }—.
3W2—~ e(x, (R))+ r,f,(R)C(x,(R))

z—~f, (R), otherwise,

where C is the screening function defined in Eq. (2). With the abbreviations p; = r;/R, y; = (Z, +Z, )/Z;
we have

Z 1/3 y2y 1/3 2

0.8853 i.'+ p, '
(5)

x'+ p,-'

Z; X+y;p;
(8)

The functions (5) and (6) interpolate between the limiting cases and guarantee that the total potential V

approaches the correct values for r;- =0, ~ (R fixed) and R-O, ~ (r; fixed). The "smoothing param-
eter" X' has been determined by Hund to be ~'=3 for the ground states of the N, and F, molecules. In
general, one may expect a dependence of X' on the atomic numbers Z, and Z, .

Having established the potentials (4) acting on the electron, the Hamiltonian of our two-center TF
model is expressed by

g2+ 1/ eff(r }y 1/ eff(r ) (7)

The eigenenergies are obtained by diagonalizing the Hamiltonian (7) in a basis set which has originally
been introduced by Hylleraas" and recently been used" for treating the unscreened relativistic two-
center, one-electron problem. It is given by

I((n) ((' —()"."+xp, (- g
=)L. ( )&I (n)"

where $ =(r, +r,)/2R and f1
= (r, —r,)/2R are pro-

late spheroidal coordinates and L„and P, are
the associated I ago.erre polynomials and I egen-
dre functions, respectively. The quantum num-
ber m is the (positive) projection of the electron-
ic angular momentum on the internuclear axis,
and n=0, 1, . . ., n, „', l=rn, en+1, . . ., l „.label

the matrix elements in our truncated representa-
tion. The scaling factor a is connected with the
asymptotic behavior of the wave functions and

may be adjusted for a given basis set so as to
give optimal convergence. It should be mentioned
that the set (8) is nonorthogonal with respect to
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the labels n and l. For obtaining the eigenvalues
one has therefore, to prediagonalize the overlap
matrix. In a second step the Hamiltonian (7) is
diagonalized in the resulting orthogonal repre-
sentation. It is clear that for large internuclear
separations the basis (8) ceases to be suitable.
Then one may use, for example, the combined
space of two spherical representations associated
with the two nuclei.

As a test on our computer program we have
recalculated the well-known energy spectrum of
the H, + molecule" and achieved an accuracy gen-
erally better than 10 ' for a wide range of inter-
nuclear distances and energies (2R &20, princi-
pal quantum number n ~ 5 with n,„=6, l „=rn
+7, a=i/a).

By way of example we have calculated the adia-
batic correlation diagram for the Ne-Ne system
(Ne on Ne) shown in Fig. 1. We have chosen this
case in order to compare with the Hartree-Fock
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FIG. 1. Correlation diagram for the Ne-Ne system,
calculated from the Hamiltonian (7) . The calculation
has been restricted to o(m=0) and ~(m=1) states; the
levels are labelled according to their "gerade" (g) or
"ungerade" (u) character. The parameter values used
in the calculation are & =3, a =1/10R, n~=s, l ~=m
+7. At R =0, the electronic energies have been deter-
mined directly by solving the radial Schrodinger equa-
tion with the united-atom TF potential.

calculations of Larkins. ' In fact, it turns out
that we are able to reproduce the results of those
detailed calculations with a remarkable degree of
accuracy. An avoided crossing 30 -4o is found
at 2R = 0.31, E = —0.40 with a closest separation
of ~E=0.01.

It should be pointed out that in the absence of a
screening potential the avoided crossings would
turn into zeal crossings due to the existence of
an additional symmetry for the two-center Cou-
lomb problem. " The resulting correlation dia-
grams are usually called diabatic diagrams.
Since the closest separation of electronic energy
levels near avoided crossings is a direct mea-
sure of the deviation from a two-center Coulomb
potential (screening), possible experimental in-
formation on such separations may, conversely,
be used to test and correct the theoretically as-
sumed screening.

In conclusion we wish to summarize what we
believe are the main advantages of the proposed
two-center TF model: (i) The model gives a con-
ceptually very simple picture which might serve
as a basis for the discussion of adiabatic ion-
atom collisions. (ii) Comparisons with existing
Hartree-Fock calculations indicate that the model
gives quantitatively reliable results. (iii) While
for heavier systems complete two-center Har-
tree-Fock calculations are hardly feasible, the
numerical effort required by our model is in-
dependent of the number of electrons in the sys-
tem. We may therefore calculate adiabatic cor-
relation diagrams for systems which hitherto
have been inaccessible. (iv) Because of the sim-
plicity of obtaining energy levels and one-elec-
tron wave functions (which possibly may not have
the same quality as the energies) our model may
serve as a suitable starting point for calculations
on the collision dynamics. As a first extension
we intend to investigate, in the framework of a
modified TF approximation, the effect on corre-
lation diagrams caused by outer-shell ionization
and by inner-shell vacancies.

We wish to express our appreciation to Dr. J.
S. Briggs and Dr. J. Macek for helpful comments
on the manuscript and furthermore to Dr. Q. K.
K. Liu for separate calculation of electronic en-
ergies in the united-atom limit. Thanks are due
to Mrs. B. Bohne for her help in computer pro-
gramming.
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Absolute cross sections for electron emission in the complete energy and angular
ranges were measured for 30-MeV 0" +02 collisions at incident charge states of n =4
to 8. Rises in inner- and outer-shell ionization of the target are studied for increasing

Electrons ejected from the outer shell of the projectile are found to be very intense
at forward emission angles 0. Auger electrons from the projectile are observed at ~
&42' for n as large as 6.

Most previous measurements of electron pro-
duction in ion-atom collisions have been made
with projectile energies lower than a few MeV;
for recent progress in this field see current re-
views. " Only recently, Burch and co-workers' '
and Matthews and co-workers' using ions from
tandem Van de Graaff accelerators reported on
electron production in experiments with projec-
tiles having energies an order of magnitude high-
er than previously used. In these experiments,
however, electrons have been measured only at
fixed backward angles with respect to the incident
beam, and only certain fractions of the electron
spectra (target Auger peaks"s and projectile
"electron-loss" peak4) have been detected. Our
purpose in this work is to study the overall angu-
lar and energy distributions of secondary elec-
trons produced by energetic heavy ions with a va-
riety of incident charge states. This is the first
such comprehensive investigation for high-energy
collisions and it is made to obtain a general pic-
ture of ionization mechanisms with ions supplied

from high-energy accelerators.
We report absolute cross sections for electrons

ejected in 30-MeV 0"'+O, co11isions with projec-
tile charge states of n from 4 to 8. Measurements
were made at forward observation angles of 25 to
90'; the data do not substantially change in the
range of backward angles. The measured elec-
tron spectra indicate pronounced structures, each
of which can be attributed to certain excitation
and de-excitation processes in the target or the
projectile atom. It is found that most of the spec-
tral structures are strong only at forward elec-
tron-ejection angles. In particular, at small an-
gles outer-shell electrons emitted from the pro-
jectile are found to dominate the electron spectra.
Furthermore, Auger electrons ejected from the
30-MeV projectile can be observed only at angles
smaller than 42'. At 25', projectile Auger elec-
trons are found for projectile charge states as
high as 6, indicating the presence of collision
processes such as simultaneous vacancy creation
in the inner shell and transfer of two electrons to


