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The widely used adiabatic nuclei approximation of electron-molecule scattering is shown to introduce
serious errors into near-threshold eH, vibrational-excitation cross sections. An alternative method, in
which only the rotational motion of the nuclei is treated adiabatically, provides a computationally tractable
procedure that yields highly accurate differential and integral cross sections.

Theoretical methods for calculating cross sections for
electron-impact excitation of rotational and vibrational states
of molecules at near-threshold energies have recently come
under increasing scrutiny.!=} Impetus for this activity is pro-
vided partly by observations of near-threshold ‘‘spikes’ in
vibrational excitation cross sections for a variety of sys-
tems.* Further stimulus for the theoretical study of these
excitations comes from applied and experimental needs.
For example, published inelastic cross sections measured in
different types of experiments exhibit serious discrepancies,’
which accurate theoretical studies might resolve. Indirect
schemes for determining momentum-transfer cross sections
require as input accurate cross sections for selected rovibra-
tional scattering processes,® which theory could provide.

For many years the method of choice for computing
near-threshold electron-molecule cross sections has been the
adiabatic nuclei (AN) theory.:”-!! Based on the assumption
that the quantal motion of the scattering electron is adiabat-
ic with respect to the nuclear motion,'? this formulation is
conceptually and computationally much simpler than one in
which the dynamical interaction is incorporated exactly.!® 4
Indeed, the computational demands of an exact theory are
so great that, to date, it has been applied only to e-H; col-
lisions.!

The validity of adiabatic approximations is an important
concern in fields far removed from electron-molecule col-
lision theory. Such approximations underlie the theoretical
analysis of a wide variety of physical problems, such as
molecular structure (the Born-Oppenheimer approximation)
and energy bands in solids.

The AN approximation of electron-molecule scattering is
expected to break down as the scattering energy is decreased
towards the threshold for a particular excitation.'>!> Physi-
cal reasons for this failure'® and rough qualitative criteria for
its occurrence’ have been discussed. The primary goal of
our reseach is to investigate quantitatively the severity and
extent of this breakdown. We recently reported our find-
ings for rotational excitation;’ the present paper concerns vi-
brational excitation.

At issue is how to incorporate into the theory the influ-
ence of the nuclear dynamics on the scattering electron. In
a rigorous quantum-mechanical formulation, this effect is
inherent in the Schrédinger equation.!''® Rigorously, this
equation is not separable, and the nuclear motion is inextrica-
bly coupled to that of the projectile. The computational pro-
cedure resulting from exact inclusion of this dynamical in-
teraction is the laboratory-frame close-coupling (LFCC)
method.!3

For systems more complicated than e-H,, the set of cou-
pled LFCC scattering equations that must be solved numeri-
cally is intractably large. This difficulty arises from two
facts:!¢ (1) the lack of spherical symmetry that characterizes
the electron-molecule interaction causes substantial partial-
wave coupling; and (2) an enormous number of nuclear tar-
get states are coupled by the nuclear Hamiltonian.

The introduction of the AN formulation’'® enabled pro-
gress to be made in the computational study of nuclear exci-
tations. The essential approximation of this theory is the
replacement of the system wave function by the product of
a nuclear target function and an adiabatic electron scattering
function that depends paramerrically on the slowly varying
nuclear coordinates. The scattering equations for the adia-
batic function are much simpler than the LFCC equations,
although they may still manifest considerable partial-wave
coupling. Once the scattering matrix is extracted numerical-
ly from the asymptotic scattering function, approximate ine-
lastic cross sections are easily calculated as matrix elements
(in the space of the nuclear coordinates) of this matrix.

To probe the validity of this theory, we compare AN cross
sections to corresponding LFCC values. To ensure that ob-
served differences reflect the validity of the adiabatic
approximarion—rather than, say, numerical inconsis-
tencies—both calculations are based on the same ab initio
model interaction potential and are carried out to identical
criteria of numerical accuracy.? (Cross sections are con-
verged in the parameters of the computations!’ to better
than 1%.)

The interaction potential'® consists of static, exchange,
and polarization contributions. Each term is evaluated at in-
ternuclear separations from 0.5 to 3.0 @o. The static term is
calculated from newly determined near-Hartree-Fock X '3
H, wave functions.®> Exchange effects are approximated by
a local model exchange potential based on free-electron-gas
theory.!® Rigid-rotator studies have demonstrated the abili-
ty of this model to accurately mimic the exact, nonlocal ex-
change interaction for a wide variety of systems. Finally,
polarization effects are incorporated via an ab initio model
potential in which a nonpenetrating approximation is used
to approximate short-range bound-free correlation effects.!?
Rigid-rotator cross sections calculated with this polarization
potential agree very well with those from accurate, optical
potential studies.?

This interaction potential was used in our earlier study of
rotational excitation of H, in the rigid-rotator approxima-
tion.> We found the breakdown of the AN approximation
for rotation to be more severe than anticipated at energies
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equal to a few times threshold (£, =44 meV for the transi-
tion from initial state jo=0 to final state j=2).

Because of the magnitude of the vibrational Hamiltonian
(compared to the rotational Hamiltonian), the breakdown of
the AN approximation for vibration'® is expected to be
more serious than that of its counterpart for rotation.!*> To
illustrate this breakdown, we shall consider the representa-
tive excitations (vg=0, jo=0)— (v=1,,=0,2). The
threshold energies are F,=0.52 and 0.56 eV for the
(0,0)— (1,0) and (0,0) — (1,2) excitations, respectively.

Using the LFCC integrated cross sections as a standard,
we have determined the percentage error in their AN coun-
terparts. These percentage differences, which are presented
in Fig. 1, show that the AN approximation introduces unex-
pectedly large errors into cross sections for near-threshold
vibrational excitation. Even at energies equal to several
times E,,, the AN and LFCC cross sections differ signifi-
cantly.

In Fig. 2, we show AN and LFCC differential cross sec-
tions for the (0,0)— (1,0) excitation at 0.7 eV. This
result illustrates the inability of the AN approximation to
yield qualitatively correct dependence on scattering angle, let
alone quantitative validity. With increasing energy, the AN
results improve, as they should.

We carried out extensive internal consistency and conver-
gence checks to ensure the validity of these massive differ-
ences. For example, two independent packages of computer
programs are used for the AN and LFCC calculations. By
artificially equating the channel energies in the LFCC code,
we could make it ‘*“mimic’” an AN calculation. The result-
ing ‘‘degenerate LFCC" cross sections agreed with those
from the AN computations to better than 1% over the ener-
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FIG. 1. Percentage deviation of AN eH,; integrated cross sec-
tions for the (0,0)— (1,0) and (0,0)— (1,2) excitations from
LFCC values.

MORRISON, FELDT, AND SAHA 30

0.5 T T T T T

‘ 0010
\ 0.7 eV

e e o
(S w IS
h " 1

L .

Differential Cross Section (10'1 a";/sr)

(=]
—
L

0.0

0.0 300 600 900 1200 150.0 180.0

Scattering Angle (deg)

FIG. 2. Differential cross sections for the (0,0)— (1,0) excita-
tion of Hj at 0.7 eV as determined from LFCC (solid curve), AN
(dashed curve), and BFVCC (pluses) calculations.

gy range from threshold to 15.0 eV.

The AN approximation is manifestly unsatisfactory for
low-energy vibrational excitation—at least for H, targets.
Chandra and Temkin?!—in a study of &N, scattering
—proposed a ‘‘hybrid theory’ that incorporates the effect
of the vibrational Hamiltonian more accurately than does
the AN method. In this theory, only the rotational motion
is treated adiabatically; the vibrational motion is fully cou-
pled to that of the scattering electron, and the target vibra-
tional states are properly nondegenerate. By analogy with
LFCC theory, we shall here refer to this method as body-
frame vibrational close coupling (BFVCC).

The BFVCC theory requires solving far fewer coupled
equations than does the LFCC method and gives results in
excellent agreement with LFCC cross sections. For exam-
ple, differential and integrated BFVCC cross sections for the
(0,0)— (1,0) excitation are shown in Fig. 2 and Table [,
respectively. Nonetheless, this formulation makes consider-
able computational demands and will probably be inapplica-
ble to targets with a highly complex vibrational state struc-
ture (e.g., SFg).

TABLE 1. Integrated eH, rovibrational cross sections (ag ).

(0,0)— (1,0)

E (eV) AN? LFCC BFVCCP
0.700 0.1540 0.0536 0.0539
1.500 0.5852 0.4572 0.4612
3.000 0.7531 0.7812 0.7806
4.500 0.5824 0.6186 0.6177

2AN results include the wave number ratio k,, ;/ k"o Jo See Ref. 9.

YBFVCC results were calculated using the SANR theory. See Ref. 3.
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The present study of e-H, collisions has quantified the
inaccuracy of the AN approximation for near-threshold vi-
brational excitation. The BFVCC theory represents an im-
provement over this approximation, but further research
into alternate collision theories for low-energy vibrational
excitation is imperative. In addition, we are currently study-
ing electron scattering from N, and CO to determine if the
breakdown of the AN approximation for vibration is as seri-
ous for other targets as it is for H,.

RAPID COMMUNICATIONS

2813

The authors owe an enormous debt of gratitude to many
colleagues for their counsel over the four years of this pro-
ject: Dr. Neal F. Lane, Dr. David W. Norcross, Dr. Tho-
mas L. Gibson, Dr. Nely Padial, Dr. Lee A. Collins, Mr.
David Austin, and Mr. Rick Weitzel. This work was sup-
ported by a grant from the Department of Energy, Office of
Basic Energy Sciences. One of the authors (M.A.M.) would
also like to acknowledge the support of the Research Cor-
poration.

IN. F. Lane, Rev. Mod. Phys. 52, 29 (1980), and references therein.

2R. K. Nesbet, Phys. Rev. A 16, 1831 (1977); E. F. Varracchio and
U. T. Lamanna, Chem. Phys. Lett. 101, 38 (1983).

3M. A. Morrison, A, N. Feldt, and D. Austin, Phys. Rev. A 29,

2518 (1984); A. N. Feldt and M. A. Morrison, ibid., 29, 401

(1984).

4See, for example, K. Rohr, J. Phys. B 10, L735 (1977).

5G. J. Schulz, in Principles of Laser Plasmas, edited by G. Bekite
(Wiley, New York, 1976), Chap. 2.

6R. W. Crompton, Adv. Electron. Electron Phys. 27, 1 (1969).

7A. Temkin and K. V. Vasavada, Phys. Rev. 160, 109 (1967);
S. Hara, J. Phys. Soc. Jpn. 27, 1593 (1969).

8D. M. Chase, Phys. Rev. 104, 838 (1956).

9E. S. Chang and A. Temkin, Phys. Rev. Lett. 23, 399 (1969).

104, Temkin and F. H. M. Faisal, Phys. Rev. A 3, 520 (1971); F. H.
M. Faisal and A. Temkin, Phys. Rev. Lett. 28, 203 (1972); R. J.
W. Henry and E. S. Chang, Phys. Rev. A §, 276 (1972); see, also,
E. S. Chang, Phys. Rev. Lett. 33, 1644 (1974).

I1For recent applications see, for example, T. N. Rescigno, A. E.
Orel, A. U. Hazi, and B. V. McKoy, Phys. Rev. A 26, 690 (1982);
A. Jain and D. G. Thompson, J. Phys. B 16, 2593 (1983).

12M, Shugard and A. Hazi, Phys. Rev. A 12, 1895 (1975).

I3A. M. Arthurs and A. Dalgarno, Proc. R. Soc. London, Ser. A
256, 540 (1960).

14R. J. W. Henry, Phys. Rev. A 2, 1349 (1970).

I5SW. Domcke, L. S. Cederbaum, and F. Kaspar, J. Phys. B 12, L359
(1979); E. F. Varracchio, ibid., 14, L511 (1981).

16M. A. Morrison, Aust. J. Phys. 36, 239 (1983).

17"M. A. Morrison, in Electron- and Photon-Molecule Collisions, edited
by T. N. Rescigno, B. V. McKoy, and B. I. Schneider (Plenum,
New York, 1979), p. 15.

183 Hara, J. Phys. Soc. Jpn. 22, 710 (1967); M. A. Morrison and
L. A. Collins, Phys. Rev. A 17, 918 (1978); W. E. Weitzel III, T.
L. Gibson, and M. A. Morrison, Comp. Phys. Commun. 30, 151
(1983).

9T, L. Gibson and M. A. Morrison, J. Phys. B 15, 1.221 (1982);
Phys. Rev. A 29, 2497 (1984).

208, I. Schneider and L. A. Collins, Phys. Rev. A 27, 2847 (1983).

2IN. Chandra and A. Temkin, Phys. Rev. A 13, 188 (1976); J.
Chem. Phys. 65, 4537 (1976); see, also, B. H. Choi and R. T.
Poe, Phys. Rev. A 16, 1821 (1977); A. Temkin, in Electronic and
Atomic Collisions, edited by N. Oda and K. Takayanagi (North-
Holland, Amsterdam, 1980), p. 95.



