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The unexpected crossing of molecular-orbital energy curves recently observed by Fort-
ner et aL for slightly asymmetric multiply charged collision systems is explained in the

framework of a Hartree-Pock theory with a constraint enforcing unequal charge sharing

between the subsystems.

The excitation of inner-shell electrons in low-
velocity ion-atom collisions has been an area of
extensive investigation. One of the best evidences
for the quasimolecular excitation mechanism pro-
posed by Fano and Lichten' is the dependence of
&-vacancy production' on the presence of 2P va-
cancies in the high-& collision partner prior to
the collision. During the in-going part of the
collision these vacancies move along the 2pn mo-
lecular level until, close to the united-atom (UA)
limit, they may be transferred by rotational coup-
ling to the 2Pv level which in turn correlates to
the separated-atom (SA) 1s level of the low-Z
partner. In order to determine whether a given
UA level adiabaticallycorrelates to the high-Z
or low-& partner it is customary to invoke the &

von Neumann-Wigner noncrossing rule. ' The rule
states that adiabatic MO energy curves with like
symmetries should not cross.

In recent experiments Fortner et al.' have in-
vestigated ion-atom collisions with multiply
charged projectiles (Ne"'+CH„N„O„Ne and N"'

+CH„N„O,) in the energy range of 50-500 keV.
The experiments include collision systems in
which, because of unequal charge sharing, the
low-Z partner has a lower 2P energy than the
high-Z partner. In the following, we denote this
as unnatural ordering of the SA levels. The ex-
perimental data show that MO correlation dia-
grams for ionized quasimolecules obtained' from
an effective single-electron Hamiltonian (re-
quired to give the correct SA level sequence) do
not produce the correct correlations. Rather the
system behaves as if none of the partners were
ionized. In other words, the 2P& MO correlates
to the SA 2P state of the high-Z partner irrespec-
tive of the incident charge state of the projectile,
that is, irrespective of the level sequence in the
SA limit. This remarkable fact indicates that
for unnatural-ordering levels with like symme-
tries do cross and thus appear to violate the non-
crossing rule. In the following, I show that this
rule does not apply. The levels are neither adi-

abatic nor diabatic' in the usual sense.
When invoking the noncrossing rule one has, of

course, to keep in mind that the picture of inde-
pendent MO's is a simplification. The actual sys-
tem has more degrees of freedom and hence a
larger number of symmetries (known or unknown)
than an effective single-electron system. ' In
fact, charge sharing is a degree of freedom char-
acteristic for a many-electron system. Since
the MO picture is quite appropriate' in most situ-
ations we have to examine the effect of additional
degrees of freedom on the noncrossing rule for
singlt;-particle energy curves.

The natural way to construct molecular orbitals
from the actual many-electron problem is fur-
nished by the Hartree-Fock (HF) procedure. The
method leads' to the single-particle equations

F pg =cj +t& (1

which have to be solved self-consistently. Here,
F is the Hartree-Fock operator

F =h+v"',

with

e2g 82'
2m ir--.'H[ ir+-.'Hl '

where the midpoint between the nuclei (situated
on the z axis at a distance R from each other)
has been chosen as the orign. Here v is the HF
potential. For a neutral quasimolecular system
the method leads to individually neutral separated
atoms with, the adiabatic correlations governed
by the noncrossing rule.

For multiply ionized systems the quasimolecu-
lar ground state is obtained by sharing the total
charge k =k, +k, (where the individual charge
states are k, , =Z, , -N, „) for large R are nearly
equally as possible between the separating part-
ners. "' In collision studies, however, one often
deals with markedly unequal charge sharing in
the entrance channel. This corresponds to an
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Here, the angular brackets denote the ground-
state expectation value and z„ is the & coordinate
of the pth electron. The function f(R) makes
sure that with R - 0 the subsidiary condition (3)
loses its significance and the constrained solution
merges smoothly into the unconstrained solution.
The detailed form is of no importance for the
present argument (it is relevant for the position,
not for the existence, of curve crossings). The
variational problem with the constraint (3) is
formulated with the aid of a Lagrange multiplier
X as

5(H -E' —Agpzp) =0.

Clearly, ~ has the physical significance of an ex-
ternal electric field in the & direction. Noting
that z„ is a single-particle operator one derives
the constrained HF equations

Ql y I q Iy I (6)

excited state from the point of view of the adia-
batically relaxed quasimolecule and in certain
cases' is associated with an unnatural level se-
quence. We have previously" discussed this
problem in the framework of perturbation theory.

In this note I want to present a simple argument
which should also be applicable to other physical
systems. The problem is to construct single-
electron states for quasimolecular systems with
asymptotically unequal charge sharing' (e.g. , the
system N" +0 or N" +Ne). This can be done

by imposing a constraint on the system: In a
complete time-dependent description the system
would evolve from an experimentally prepared
initial charge sharing k„&, (for definiteness as-
suming k, +&, = even) through an intermediate
stage where the partners mutually polarize each
other unequally (since &, & &,) to the UA system
where the electrons cannot be assigned to any one
of the partners. Presently we cannot carry out
such a treatment. In order to simulate some fea-
tues of this time evolution in the in-going part
of the collision we require the total electronic
dipole moment to be (N, N, )R/2—for large R and
to decrease faster than R with smaller separa-
tions. Expressing this dynamically caused charge
equilibration by a connection function f(R) which
decreases from 1 at R = ~ to 0 at R = 0, I pre-
scribe

&Z„z„)=f(R)(&.-&.)
with

~(2) 2(z) ~e
5E Q(z)) ' 25E' (10)

Here, the right-hand side is asymptotically known
(using 2P and total energies from Ref. 8 one ob-
tains the values 1.13 for N" +0, N'+O', and 1.32
for N +Ne, N +Ne ). The ratio will not change
very much for decreasing R until one enters the
region of strong level promotion. For compari-

with

+I =E -Ai,

where the potential u in Eq. (2) is evaluated
with the functions p~'. The effective single-parti-
cle equation (6) has to be solved self-consistently
subject to the condition (3) which allows one to
determine A. . We may now define "constrained
physical MO energies" by the expectation values
(not eigenvalue s)

(8)

There are defined in contrast to the "eigenener-
gies of the constrained problem, " E&', and the
"adiabatic MO energies of the unconstrained
problem, "

e&. The definition (8) of the "con-
strained physical" MO energies implies their
identification with single-electron energies.

Let us now turn to the noncrossing rule. The
rule is expected to apply to the eigenvalues e, '(R)
of the single-particle problem (6). The usual
proof" can be carried over literally to Eq. (6).
It then follows immediately from Eq. (8) that the
"constrained physical" MO energy curves e& may
freely cross each qther provided the energy shifts
A, (z)& =A.(p&'Izlpq') (which have opposite signs for
the two partners) are large enough to reverse
asymptotically the order of the energies e& as
compared to the e, ' (cf. Fig. 1). This is the case
if the level shifts are both greater than one-half
the asymptotic energy difference &e = le (8) -e(I )I.
The magnitude of A. would result from a complete
calculation but it can also be expressed" by the
shift &E of the total energy of the constrained
ground state with respect to the unconstrained
ground-state energy (defined in the e representa-
tion) through the relation

6E =-,'~Q(z)„
which is valid" if the Slater determinants for the
ground states of the constrained and of the uncon-
strained problem are not orthogonal (i.e., for not
too large R). The required reversal of level
sequence occurs if

1561



VOLUME 40, NUMBER 24 PHYSICAL RKVIKW LKTTKRS 12 JvNE 1978

3d

e {H)
—-"- ~'(L)

2„-~{H)
e (L)

physical correlations. The experimental data'
not only suggest the existence of this effect but
also show that the intersecting e; curves do not
appear to interact appreciably. The latter re-
sult is readily understood by noting that the radi-
al coupling matrix elements

&v I(s/»)19, '& =&v 'I(»"'/») I~, '&/(~, '- ~, ')

V
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~
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internuclear distance

son, one has asymptotically l(Z'&» I =1 and lg(&&& I

= Ik, —&,I. However, for finite separations&
where Eq. (9) is valid lg(z&, I will be considerably
reduced because of the unequal mutual polariza-
tion of the constituents of the quasimolecule. We
then expect the inequality (10) to hold (at least in
suitable cases), so that the order of the con-
strained physical" levels e(8), e(L) is indeed re-
versed with respect to the eigenenergies of the
constrained problem e'(H), e'(L) (cf. Fig. 1)
which obey the noncrossing rule in the same way
as the adiabatic MO energy curves &(H), &(L) of
the unconstrained problem. Since for each level
i the curves &q', e~, e& merge together for R-O,
there will be level crossings for the "constrained
physical" e& curves. However, no violation of
the noncrossing rule as it is usually applied to
adiabatic levels is implied.

It seems that this mechanism for curve cross-
ing has not been considered so far. If it is real
there should be no charge-state dependence of

FIG. 1. Schematic correlation diagram for a slightly
asymmetric collision system. The low-Z partner has
a higher charge state than the high-Z partner, so that
the order of the separated-atom 2p energies e is re-
versed [i.e., e(L) (e(a}}with respect to the natural level
sequence. While the constrained eigenergies e' (see
text) obey the noncrossing rule the "constrained physi-
cal" MO energies e do not. The unconstrained adiabatic
energies e are not shown. They behave similarly to
the e' with e(H)(e(L). Also not shown are the e and e'
levels for the SA 1s states.

are governed by the energy differences between
nonintersecting e&' curves and not by the "con-
strained physical" energies e~. Of course, for
a given collision system diabatic crossings may
also occur. Their presence should manifest it-
self in the velocity dependence of the excitation
cross section and in a certain sensitivity to the
charge-state sharing which affects the distance
of closest approach between adiabatic energy
curves. More experimental information is need-
ed on these points, in particular with still higher
charge states. If the proposed mechanism exists
it should be of great importance for collisions
with highly stripped projectiles. Existing MO
correlation diagrams for ionized systems derived
from the HF approach" or an effective single-
electron potential' may be inconclusive for the
incident channel if the charge states of target and
projectile are too different.

In conclusion it should be noted that the present-
ly suggested approach to simulate some features
of a complex time-dependent system by a con-
strained variational problem for single-particle
states does not rely on details of the system con-
sidered and thus may be applicable to other physi-
cal situations as well.

I wish to thank B.J. Fortner for communicat-
ing his results prior to publication and gratefully
acknowledge valuable discussions with H. J.
Krappe, H. Lipperheide, G. B. Schmid, N. Stol-
terfoht, and U. Wille.

U. Fano and W. Lichten, Phys. Bev. Lett. 14, 627
(1965); W. Lichten, Phys. Rev. 164, 181 (1967);
M. Barat and W. Lichten, Phys. Bev. A 6, 211 (1972).

J.S. Priggs, Bep. Prog. Phys. 89, 217 (1976);
Q. C. Kessel and B. Fastrup, Case Stud. At. Phys. 8,
137 (1978); W. E, Meyerhof and K. +aulbjerg, Annu.
Bev. Nucl. Sci. 27, 279 (1977).

3See, e.g. , G. J. Hatton, Phys. Bev. A 14, 901 (1976);
K. Razi, Naqvi, Phys. Bev. A 15, 1807 (1977).

The validity of the noncrossing r'ule has been exten-
sively discussed in the literature; see Bef. 3. The rule
was first questioned by O. J. Heilmann and E. H. Lieb
[Ann. N. Y. Acad. Sci. 172, 588 (1971)]. Nevertheless
the rule is almost universally applied.

1562



VOLUME 40, NUMBER 24 PHYSICAL REVIEW LETTERS 12 JUNE 1978

R. J. Fortner, P. H. Woerlee, S. Doom, Th.P. Hoog-
kamer, and F. W. Saris, Phys. Rev. Lett. 89, 1822
(1977).

J. Eichler and U. Wille, Phys. Rev. A 11, 1978
(1975).

C. C. J.Roothaan, Rev. Mod. Phys. 28, 69 (1951),
and 82, 179 (1960).

See, e.g. , the tables of E. Clementi, IBM J.Res.
Dev. 9, 2 (1965).

If for i =odd or if as a result of shell effects the
molecular ground state has unequal charge sharing,
we take this as the reference state and re-interpret

"unequal charge sharing" as a deviation from this
charge sharing.

'J. Eichler and U. Wille, in Proceedings of the Tenth
International Conference on the Physics of Electronic
and Atomic Collisions, Paris, 1977, edited by G. Watel
(North-Holland, Amsterdam, 1978), p. 881.
"F.Villars, iD Nuclear Physics, Proceedings of the

International School of Physics "Enrico Fermi", Course
XXIII, edited by V. F. Weisskopf (Academic, New
York, 1963), p. l.

See, e.g. , B. Fricke, T. Morovic, W.-D. Sepp,
A. Rosen, and D. E. Ellis, Phys. Lett. 59A, 875 (1976).

Spontaneous Emission near the Electron Plasma Frequency in a Plasma
with a Runaway Electron Tail

H. P. Freund
¹valResearch Laboratory, Washington, D. C. 20375

and

L. C. Lee and C. S. Wu
Institute for Physical Science and Technology, IIniversity of Maryland, College Parh, Maryland 20742

(Received 18 January 1978)

Spontaneous emission of radiation with frequencies near the electron plasma frequency
is studied for a plasma which consists of both thermal and runaway electrons. It is found
that a substantial enhancement of the spontaneous radiation intensity can occur in this
frequency regime via a Cherenkov resonance with the runaway electrons. Numerical
analysis indicates that, for reasonable estimates of densities and energies, the plasma-
frequency radiation can attain levels greater than the peak thermal emission at the second
gyroharmonic.

A great deal of interest has recently been fo-
cused on the question of high-frequency radia-
tion from tokamak plasmas. In particular, re-
cent observations have detected intense radiation
at frequencies in the vicinity of the central elec-
tron plasma frequency of the device. ' ' Since
these emissions are correlated with the presence
of high-energy runaway electrons, it has been
proposed that the observed radiation is due to
induced processes arising from the highly aniso-
tropic nature of the runaway-electron distribu-
tion function. ' ' In this work, however, we sug-
gest that the emissions near the plasma frequen-
cy can be explained by a spontaneous-emission
process. Specifically, the high energies charac-
teristic of the runaway electrons permit the spon-
taneous emission of synchrotron radiation via a
relativistic Cherenkov resonance. Numerical
analyses, based upon reasonable estimates of
tokamak operating parameters, indicate that the
radiation levels in the vicinity of the plasma fre-
quency can be comparable to the intensity of the

emission at the peak in the thermal spectrum
near the second gyroharmonic, which is in agree-
ment with experiment.

The physical configuration we consider is that
of a magnetized plasma which, in addition to a
thermal background, contains a small population
of supx athermal runaway electrons. We assume
that the scale lengths for variation of the ambient
magnetic field B, (—= &,eJ and electron density
are much greater than the wavelengths of interest.
Furthermore, it is assumed that the thermal en™
ergy of the background electrons is of the order
of 1 keV, while the runaway energies may be,
typically, several hundred keV. As a result, rel-
ativistic effects may be generally neglected in the
computation ot the thermal emissivity, but they
must be retained in all phases of the computation
of the runaway emissivity.

It is known that under the combined influence of
an external electric field and Coulomb scattering,
the runaway-electron distribution function is gen-
erally expected to possess a long flat tail in the
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