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A description is given of a number of the features of
discrete and continuous spectra of electrons interacting
with polar molecules. Attention is focused on the extent to
which theoretical predictions concerning cross sections,
resonances, and bound states are strongly influenced by
the various approximations that are so ubiquitous in the
treatment of such problems. Similarly, threshold
scattering and photodetachment processes are examined for
the case of weakly bound dipole states whose higher members
overlap the continuum.

I. INTRODUCTION

Problems associated with the interaction of low-energy electrons with polar
molecules have received a great deal of theoretical and experimental attention
during the past few years. Several features of quantum mechanical desciptions
of such problems follow directly from the long-range nature of the electron-
polar molecule interaction potential. In the context of usual molecular theory
the nature of this interaction term poses new issues in theoretically describing
electron scattering, electron binding, and photodetachment processes involving
polar molecules. Since the general category of strongly polar systems automati-
cally implies rather complex members (certainly as compared to H2) detailed
quantum treatments represent fairly ambitious challenges to current techniques.
However, much of the physics in discrete and low-energy continuum problems can
be drawn from solutions to simple model systems, e.g., charged particles inter-
acting with a "pure dipole" potential or a simple dipole rotor. Moreover,
approximations can often be made in treating scattering by a specific polar
molecule such that a given portion of the problem may be conveniently described
by a result from a simple dipolar system. Thus, it is both instructive and
productive to examine some of the features of solutions to model problems, then
to test the predictions on real systems.

In this progress report no attempt wi7 7 be made to review the subject matter
covered by the title. However, a general perspective will be established on the
features of problems involving electron interactions with polar molecules followed
by some concrete examples involving Li halide and Li hydride molecules. In Part
II characteristics of the bound state spectra of polar negative ions are discussed
noting the overlapping of bound states with adjacent continuua. In Part III
characteristics of scattering cross sections in various approximations are dis-
cussed, and near threshold resonances for strongly polar systems are demonstrated
by calculations for LiH. In Part IV the more general problems of threshold
energy dependences of cross sections for multichannel electron scattering by
polar target systems are discussed.
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H-. BOUND STATES AND OVERLAPPING RESONANCES tt\ TB£ CONTINUUM

As is well known in quantum chemistry, where the Born-Oppenheimer (BO) approxima-
t ion ( f ixed nuclei) i s ubiquitous in molecular structure calculat ions, the spec-
trum of e lect ron ica l ly excited states for negative ions of polar molecules having
a permanent dipole moment u greater than 0.639 ea0, w i l l include an i n f i n i t e
number of levels [1 ,2 ] (e = electronic charge, a0 ~ Bohr radius). I f , for
s imp l i c i t y , we r e s t r i c t the discussion to l inear molecules the dipole bound state
theorem allows the fol lowing assertion: Within the BO approximations a breakdown
of the to ta l wave function for an N-electron polar negative ion into the form

where n are electronic and Rz nuclear coordinates, produces a potential
energy surface for the negative ion (eigenvalue for electronic motion in the
presence of nuclei at separation p) which lies at least slightly below the
corresponding surface for the neutral molecule over that region of nuclear
separation, P, in which y(p) > 0.639 ea0 [2] [where y(p) is the dipole moment of
the neutral as a function of p]. This point is illustrated in Fig. 1, where
p(p) and the surface Elp) for a hypothetical case are shown schematically.

One of the interesting features of electron interactions with polar molecules is
the important role played by non-Born-Oppenheimer terms in the Hamilton!an for
any member of this class of problems. If, in contrast to the fixed nucleus
approximation, one includes rotational degrees of freedom in the Hamiltonian,
then discrete and continuum quantum solutions for the entire class of problems
are changed in character [3,4]. Thus, we include such terms in the Hamilitonian
and write the total wave function in the form
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Fig. 1. Upper curve: dipole moment as a function of nuclear coordinate p,
illustrating region where y > yc. Lower curve: schematic potential energy
surfaces for a neutral molecule M and its neaative ions M". _



where the system is in vibrational state v, ejectronu: state of "principal"
quantum number n and totaj^ angular momentum J = j" + t (i.e., sum of total
orbital angular momentum t plus rotational angular momentum, j"> of the nuclei).
If these are coupled such that J2 and Jz are good quantum numbers, then the
predictions on the bound state spectrum of the N-electron negative ion are quite
different (as are cross sections and resonance structures to be discussed below).
In order to be more specific about the issues of present interest we choose a
rotational close coupling description to treat problems involving excited states
of polar negative ions and electron scattering by these species. Thus, within
an independent particle framework we can consider the interaction of the excited
valence (or scattered) electron to be represented by an interaction potential:

V(r,s) = Va(r,s) (?\s) V$R(r\s) (3)

where we have depicted the long-range terms respectively as:
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where X = 1 is the dipole term and r^r^,) is the lesser (greater) of the charge
separation, s, and electron coordinate, r.
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is the induced dipole potential where a0 and a2 are the spherical and quadrupole
polarizabilities of the linear molecule;

(r,s) P? (cos e) (6)

is the potential due the permanent quadrupole moment, Q 2 2, and the factor f(r)
is a cutoff function designed to remove the singularities at the origin in (5)
and (6). In the present study

f(r) = [l

The above forms ensure proper asymptotic behavior for V(r,l) with a parameterized
form [due to f(r)] at small distances, ̂ origin chosen at the center of mass of
the molecule). The final term, VSg(r,s) is a "short range," nonlocal potential
which can in principle compensate for everything not contained in Eqs. (4-6),
including all exchange and electrostatic contributions plus compensation for the
cutoff function f(r).

Note that the form chosen in Eq. (2) for the total wave function implicitly
assumed separation of vibrational and rotational degrees of freedom. In the
present context our interest is directed, as usual, toward the effect of angular
momentum coupling on electronic energy levels. The difference here is the
greatly exaggerated form which this effect exhibits for the case of dipole bound
states. Thus, if one examines the average asymptotic potential experienced by
an excited (or continuum) electron, an integration over the total charge distri-
bution, but including only vibrational degrees of freedom of the nuclei, will
yield a function dominated by the average dipole moment term. However, an
integration over rotational coordinates would produce a zero averaqe dipole
field since the dipole potential averages to zero when taken over all directions
in space. Thus, we will take equilibrium positions for nuclei, along with the
average dipole moment that results from integration over electronic and nuclear
vibrational coordinates and write the Schrodinger equation for present purposes as



Y™J' - |̂  v* + V(f,?)] Hr,t) - EHr,t) . (7)

The term HrQ^- is the rotational Hamiltonian of the molecule which has eigenfunc-
tions satisfying

m. 9 m. A
H r o t Y ^ (s) = j(j + l)hV2I Yj

J (s) , (8)

where I is the moment of inertia. In a single center representation, ¥ is
expressed as

*J (r,t) = £ r-]< (r) yf.Cr,l) (9)

where Yj P (r,s) is a coupled spherical harmonic which is an eigenfunction of J
2

and Jz [3]. Note that an independent particle picture has been adopted with no
antisymmetrization between core and valence (or scattered) electrons. Since
exchange terms are "short range" in character we choose instead to represent the
effect of Pauli exclusion through a pseudopotential technique. Thus, V<.R is
formulated accordingly [5],

By expanding V(r,l) in a multipole expansion

V(r,s) = £ v (r,s) P.(cos e) , (10)
A=0 A A

(where e is the angle between electron coordinate f and internuclear direction
s), one gets the familiar coupled radial equations whose solutions yield the
components lH (r) of the single center wave function [9]. Thus,

J ̂

,2 j ' u u / r J " j ' r

£ £ v (r,s)f.(j IJl1,j"£";J)U lJ1,9,,(r) (11)
3"l" X A A J *

The factors fx are constants that result from integrations over angle variables
[3]. Note that the potential terms (4-6) are already in the appropriate multipole
form. Solutions to Eq. (11) are obtained with expontentially decaying boundary
conditions for Ej = EQ - j ( j+ l ) /2 I < 0 or continuum type (R-matrix) boundary
conditions for E. > 0 [3,4].

J
Considerable insight into questions concerning excited state spectra of polar
ions can be gained from consideration of electron binding by a simple dipole
rotor. This primitive system is represented by deleting all terms other than \l
[i.e., Eq. (4)] in V(r,s). One can then determine the minimum dipole morcent
required to sustain electronically and rotationally excited states of the
electron-dipole rotor systems. Results of such a study are displayed in Fig. 2.
We define a critical moment uf](I,R) as that which produces zero total energy for
the system having total angular momentum J and total number of nodes n in the
reduced radial eigenfunction components [6] (n=2 is first excited state, etc.).
These critical moments are functions of the moment of inertia and charge separa-
tion of the dipole rotor. Note that rather large dipole moments are required
for binding in an electronically excited state.

In order to examine the characteristics of actual excited state spectra of
strongly polar molecular ions, we apply present methodology to Li hydride and Li
halide anions. Thus, we ensure proper form for the long-range interaction terms
in the interaction potential through the use of Eq. (3), with experimental or
theoretical values for y, <xg, a2, and Q z z in Eqs. (4-6). Then a pseudopotential
choice is made for the remaining short-range contribution to the total



MOMENT OF INERTIA I

Fig. 2. Cr i t ical dipole moments for a simple dipole rotor of charge separation
4 a as a function of moment of inert ia I .

interaction potent ial , represented by V$R. In this approach, the combined
effect of Pauli exclusion, electrostatic interactions, and corrections for
inadequate representations at small distances of the long-range terms in Eqs.
(4-6) are a l l handled by a parameterized function which is adjusted to yield one
or more experimental quantities [5 ] . In the present instance we have ut i l ized a
pseudopotential of the form

VSR(r) = (12)

Here Vo is a "strength" parameter and rc a "range" parameter for the short-range
interaction. Justification for use of a pseudopotential method in studies of
excited state spectra and of low-energy electron scattering phenomena rests on
the dominance of long-range forces in determining the relevant physics and on
the insensitivity of the physical quantities of interest to details in choices
of VSR [5]. In the present study, combinations of Vo and rc were chosen (rc s
2 ap) to yield the known electron affinity of LiCl [7] as the ground state of
LiCl" [5]. The same choice of V$R was then used for other LiX ions, but with
dipole moments appropriate to the individual species. This procedure yielded an
electron affinity for LiH which agreed well with that from an elaborate configu-
ration interaction calculation [8]. Several different choices for parameters in
V$R (and also a different choice in the functional form of VSR) all yielded
excited state spectra which differed insignificantly (̂ 5%) from each other.

Energy levels for negative ions of LiH, Li F, LiCl, and Li I are tabulated in
Table I and represented schematically (not to scale) in Fig. 3. Dipole moments
and moments of inertia of these molecules are listed in the table. Experimental
values are not available for.the polarizabilities and quadrupole moments of
these strongly polar species. Thus, polarizability values a0 = 15.3 al and
a2 = 1.1 a$ were used with Q z z =3.28 eâ j [5].

Starting with the most strongly polar member of the set, Li I, note that two
electronically excited states are bound. [Ej = ground state with radial quantum
number n = 1 corresponding to one node in the reduced radial functions (the
pseudopotential technique yields a ground state eigenfunction nodeless except at
the origin); n = 2 (two nodes) is the first excited state, etc., each orthogonal
to the ground electronic state. Rotational levels are labeled with J = 0,1, ...
etc.]. Only the J = 0 level of the second excited state was calculated, though
one or two additional rotational levels of this state are undoubtedly bound in Li I"



Table I. Negative Ion States (Li Hydride and Li Halides)

v (Debye)

Ei j=O (eV)

E2

j=O
j= l
j=2
0=3

3 IJ=1

LiH"

5.9

2.6 x 104

-0.32

-0.00262
-0.00196
-0.00089
0

0
0

LiF"

6.3

8.2 x 1014

-0.38

-0.00458
-0.00447
-0.00397
-0.00347

-1.19 x 10"5

0

LiCl"

7.1

1.5 x 105

-0.61

-0.102

-1.33 x 10"4

L i l "

7.4

2.4 x 105

-0.68

-0.0139
-0.0138
-0.0137
-0.0135

-2.72 x 10~k

N»3

N=H

Lil"

J=2

• J'Q

J»2

J=0

LiF" LiH"

N=3

N»2

N=1

J'O

N«2

J»Z

J=1
J=-0

J=2

-J*0

Fig. 3. Schematic representation of energy levels for negative ions of Lil, LiF,
and LiH at their equilibrium nuclear positions. Here N=1 is the electronic
ground state, N=2 the first excited state, etc.

Progressing across the table to LiF" note that there are still two bound excited
states but the second (N = 3) state is, in this instance, only stable in the
rotational ground state (J = 0). Thus, J = 1,2 ... of the N = 3 electronic
state are in the continuum slightly above E = 0.

Finally, note that LiH" is bound only in the ground state and in one excited
state. Furthermore, this lowest excited state is so near the continuum that
only the three lowest rotational levels are bound. Thus J = 3 and greater
levels of the E2 state cross over into the continuum, and the second excited
state, E^, has crossed over completely. Any or all such states offer possi-
bilities for the appearance of scattering resonances in the near threshold
continuum? or in near threshold photodetachment of these molecular anions, as
will be discussed below.

The results in Table I were obtained with pseudopotential parameters, Vo = 2.0
Ry, rg = 2.2 a0. The range of V$R, chosen to yield the proper electron affinity
for LiCl, was rc = 2.828 ao- Note that Ro and rc both effect the range of
attractive potentials and are thus not independent in the present procedure.
Results were quite insensitive to all the details of the short-range interactions.
A change in the "strength" VQ by a factor of 2 (with corresponding change in the
range of V S R) left excitad state energies unaffected within 2 or 3%.



III. SCATTERING

A_. General Features. - Continuing in the same theme as above we can note some
v e ry general features of electron scattering cross sections for polar molecules.
The properties follow directly from the long range nature of the interaction (or
in certain instances from the singularity at the origin in the case of a point
dipole scatterer) and from the level of approximation in which the quantum
scattering problem is treated. In fact, one can summarize as in Table II, several
of the general features of scattering problems involving real molecules or
simple dipole scatterers.

Table II. Characteristics of Thsorstiaal Scattering Cross Sections
from Polar Systems

Fixed Scatterer Freely Rotating Scatterer

Born Approximation

Momentum transfer cross section, Momentum transfer and total cross
~om, (averaged over all orientations) sections are well behaved for all
is well defined for all y, with any y, at any charge separation
charge separation. (includes point dipole rotor). The

rotational excitation and deexcita-
Total cross section, 0, is infinite tion cross sections diverge in the
for all u > 0. limit as I + » [4].

Exact Treatment

^1 is defined for all dipolar systems of Momentum transfer, total elastic
finite charge separation, for point and inelastic cross sections are
dipoles, cFm diverges for y > "c ^

93' a^ w e^ behaved for all p except
Total cross section is infinite for for the pathological point dipole
all y > 0 independent of charge j rotor where all cross sections
separations [4]. ! become undefined for u > yc [10].

In the limit as I -*- « cross sections
for rotational excitation and
deexcitation diverge [4].

Other general features of momentum transfer cross sections from polar target
molecules have been elucidated by Fabrikant [11,12] through an extension of
effective range theory to include long range r~2 potentials. This analysis was
carried through for a fixed dipole, and thus is applicable where collision times
are short as compared to rotational frequencies, but where an expansion in terms
of kro is valid (ro ^ molecular size) i.e., (kr0)

2 « 1. In this energy region,
(y1/2 j/l) « k2 « rjj2, (i.e., ̂  0.005 to ^ 0.5 eV) analytic formulas for ani(k)
yield weak oscillations as a function of k with a functional dependence sin (2 u
In k + a). The cross sections contain the parameter a and other constants that
depend on y and on short-range forces. The characteristics of these oscillations
in a m are determined by the magnitude of y (the phases are sensitive to short
range contributions to the interaction potential) and thus are a general feature
of the scattering problem, over the range of validity of the effective range
expansions.

Other important and only partially understood characteristics of the cross
sections, namely threshold behavior, will be discussed below.

B. Cross Section Calculations. - As was mentioned in the introduction, detailed
treatment of electron scattering by the simplest polar molecules represents a
problem of considerable complexity. Consequently, theoretical progress in
dealing with such systems has been centered primarily on investigations of a
number of approximate methods for treating exchange and for solving the large



sets of equations which result from angular momentum coupling. This work has
been summarized in recent reviews by Collins and Norcross [13], Itikawa [14],
and Lane [15]. In this report we will only note some of the general features of
problems associated with calculations of scattering cross sections for specific
polar systems without attempting to review all salient points which have been
made in the large body of studies on this subject.

Thus, we observe a characteristic of frame transformation techniques [16],
whereby the coupled equations that represent the scattering problem are solved
in a body fixed (BF) coordinate system at points "inside" the target molecule}
then transformed to a space fixed (SF) or laboratory frame at some point "outside"
the molecular charge distribution. The point is that for polar systems such
techniques are not only convenient but, because of a large number of coupled
channels in the lab system, these techniques, or hybrid mixtures of such methods
[17,18] are almost obligatory [13,15]. However, we also note that detailed
treatment of exchange effects is quite troublesome for any "multiple region"
treatment of a scattering problem. A number of different approximate methods
have been investigated for their efficacy in describing scattering by polar
systems including local exchange potentials, orthogonalization procedures and
iterative techniques [15,19]. A sizeable bag of tricks has also been accumulated
for use in solving the coupled radial equations that pervade this field [20].

Two noteworthy features of these detailed calculational efforts, which are
essentially independent of the particular method employed in the studies, are:
(1) The appearance of Wigner cusps in an open channel at the threshold for the
opening of a new channel to which the first is coupled. Such expected cusps
were obtained by Gianturco and Rahman [21] in the rotationally elastic channel
of very low energy electron scattering by HF at the threshold for opening of a
rotationally inelastic channel and by Rudge [22] in the v = 1 excitation cross
section of HF at the threshold for v = 2 excitation. (2) The appearance in a
study by Collins, Norcross, and Schmid [23] of the predicted sin (a In k + a)
oscillatory behavior [11,12] in momentum transfer cross sections for KOH and
CsOH. The latter study was based on a \/ery simple cut-off dipole molecular
model, but the behavior, which derives from the r"2 interaction, should never-
theless be valid insofar as this general feature [11,12] would be manifested.

On the basis of the formalism introduced in Section II sbove for investigating
the bound state spectrum of strongly polar negative ions, further progress can
also be made in describing low energy scattering cross sections from the same
molecules. Thus, the pseudopotentials that were utilized to describe the
excited state spectra of the LiX" molecules have been utilized in the rotational
close coupling scattering equations [Eq. (11) with R-matrix boundary conditions]
to yield elastic and rotational excitation cross sections. Of particular interest
are possible appearances of resonances associated with bound states of the
negative ion which cross over into the continuum, and the characteristics of
cross sections in the range of validity of the effective range expansion
technique [11,12] which predicts oscillatory behavior in a .

We examine the latter question first. In Figs. 4 and 5 are shown cross sections
oJ(j,j') for scattering by LiH initially in the ground rotational state. We
depict separately the J = 0 and J = 1 components of the elastic, a (0,0) and
rotational excitation, crJ(O,l); cross sections

[o(j.j') = £ aJ(j,j')].
J=0

Note, aside from the sharp resonance features, that sin (a In k + a) oscillatory
behavior is exhibited by the J = 0 component of the elastic and inelastic cross
sections. This behavior is not so evident in the J = 1 component, and is com-
pletely absent in higher J'contributions. However, the diffusion cross section,
ara, is dominated by its lowest angular momentum components, thus the ERT predic-
tions based on a stationary target approximation, are born out in the full
rotational coupling treatment. Similar results are also found in preliminary
calculations of Li I cross sections.
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Fig. 4. The J = 0 component of the elastic, a(0,0), and rotational excitation
a(0,l) cross sections for LiH initially in the ground rotational state.
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Fig. 5. The J = 1 components of LiH cross sections in Fig. 4.

Note that the oscillatory behavior in the lowest angular momentum contributions
to a(j,j') will be obiterated in total scattering cross sections, due to the
very large contribution to a(j,j') from higher partial waves. Thus this feature
of the cross sections will be evident in momentum transfer or differential cross
section measurements or in photodetachment from negative ions where the combi-
nation of partial wave contributions and high energy resolution would offer
exceptional visibility to cross sectional features.

C. Resonances. - Independent of any oscillatory behavior of the momentum
transfer cross sections (which has not been experimentally observed), large
resonance cross sections have been measured at the threshold for vibrational
excitation for a number of polar (and some nonpolar) molecules [24]. Resonant
threshold scattering from polar molecules has been investigated in a fixed
nucleus approximation [25,26], and in model potential studies [22,27], but a
quantitative ab inltio description of this phenomenon has yet to be realized. We
defer to the following section our consideration of threshold behavior and
consider other possible resonant behavior in the low energy scattering region.

With reference to the excited state spectrum of LiH" in Fig. 2 we note that all
excited electronic states above the lowest two cross over into the continuum,
though an infinite number of such levels would move down below e = 0 if the
moment of inertia were allowed to increase to an infinite value. Since this
behavior will be characteristic of all strongly polar molecules, a question of



intense interest concerns the possible appearance of low energy resonances
associated with this spectral behavior (higher values of "n" in the above notatic
In Figs. 4 and 5 we note that in addition to the broad oscillatory characteristics
of aJ (j,j') there are also at least two very sharp resonances in the LiH cross
sections [these resonances also appeared in sample calculations of the J = 2
contribution to a(j,j')]« We can infer that these features are associated with
bound states in the continuum of LiH". The lower energy -esonance is very narrow
(width r ^ 0.00002 Ry), and the higher energy resonance, hough 100 times broader.
is still quite narrow. It is quite possible that other undiscovered features
exist, yet were not uncovered in the tedious point by point search procedure used
here. Also, other features could exist nearer E = 0 where the presence of closed
rotation channels prevented cross section determinations with the code used in
these calculations. Thus, we cannot say that the features are associated speci-
fically with n = 3 and 4 in the spectral series, the two lowest members of which
are depicted in the figures.

In the LiH results reported here, vibrational excitation channels have not been
included in the analysis. Thus one might expect to find resonances similar to
the above features in vibrational excitation cross sections for this species.
Indeed, it was indicated in an earlier study of elastic rotational resonances
[23] that low energy scattering by polar molecules provides multiple opportunities
for the occurrence of resonance scattering processes. The present results
reinforce this contention.

IV. THRESHOLD BEHAVIOR

Of course, it is well known that the case for a dipole potential is not included
in the classic analysis of scattering threshold laws by Wigner [28]. The problem
has yet to be solved in a form of sufficient generality for application to
threshold electron scattering by polar molecules or threshold photodetachment by
polar negative ions. However, a body of information has been accumulated on
solutions to coupled equations that are approximations to the set (11) containing
r"2 coupling.

Thus, we first note that a truncation of the J=0 set to only two terms (3,1 =
0,1) plus a neglect of the energy difference between levels Ej and Ej" (degenerate
approximation) yields equations appropriate to the two state atomic hydrogen
excitation problem (neglecting the Lamb shift splitting). The threshold law for
the degenerate two-state hydrogen-like system was solved by Gailitis and Damburg
[29], and by 0'Malley [30] who showed that these equations can be diagonalized
and solved analytically. The threshold law is found to depend .on the strength of
the coupling coefficients in the radial equations. The threshold cross section
has the form a <* constant k2*+1 where X(x+1) is the characteristic value of the
matrix £(£+1) + a of the truncated Eq. (11) and a is the coupling constant [a =
f\(Ui j'£';0) ye 2]. This form holds when A(A+1) > -1/4. For stronger coupling
(larger y) such that x(x+l) < -1/4, the cross section is non-zero at threshold
and oscillates with a frequency proportional to constant times In k. Thus, in a
truncated two-state,degenerate approximation, threshold scattering by a polar
molecule behaves in the same fashion. (The critical dipole moment in this
approximation is yc = 0.65 ea0 rather than the proper 0.639 ea0 which results
with the inclusion of other terms in the coupled equations. Thus, the threshold
law switches form at this-value of y in the approximation of a representation
including only j,«, = 0,1 terms.)

Next, we note that in the limit I -> °°, all the channel energies E,- = Eo - j(j+l}/2:
in Eq. (11) become degenerate and the set can be transformed to the same scattering
problem in the fixed nucleus approximation (where the quantum numbers j no
longer appear) [3]. Starting with the approximation of a nonrotating dipole
scatterer, Fabrikant [25] and later Domke and Cederbaum [26] treated threshold
behavior of vibrationally elastic and inelastic scattering. In the fixed dipole
treatment the asymptotic equation can be separated in spherical polar coordinates [r



with the appearance of a Bessel type radial equation and an unorthodox angular
eigenvalue problem. The threshold behavior of cross sections for the fixed polar
scatterer again separates into two regimes. For y < uc = 0.639 ea0 the scattering
amplitude goes as kx where A is the order of the Bessel function, which is real.
For y > pc the order of the Bessel function becomes complex, >. = -1/2 + ir., and
the scattering amplitude is non-zero at threshold and oscillatory. (The total
cross sections are infinite for the fixed dipole scatterer.)

At this point we note the obvious fact that it is almost certainly necessary to
include the rotational energy spacings of a target molecule in formulating the
threshold scattering problem involving such systems. Unlike the hydrogen atom
where the Lamb shift spacing between s and p levels is extremely small as compared
to electronic excitation thresholds, the threshold scattering problem in the case
of a polar target molecule involves questions concerning the rotational thresholds
themselves. Thus the spacings, rather than being negligible, form a subset of
the thresholds of interest. Added to this are the facts, discussed above, of the
strong influence of rotational degrees of freedom on this class of problems.

To examine the true threshold behavior of scattering by polar molecules we
consider the asymptotic form of coupled [Eqs. (11)] for scattering by molecules
in the ground state. For large r and arbitrary total angular momentum J, the
members of the set, in increasing order of rotational energy, become:

+ f-,(2,J,1 ,J-1;J)U2>J + f., (2.J-2.1 ,J-1 ;J)U2 J

E 2_
Udr U 21

iy Cf-,(l,J+l,0,J;J)UOJ + f1(2,J,l,J+l;J)U2jJ + f} (2,J+2,1,0+1 ;J)U2

The set can be stopped at level j where E, the incident energy, is smaller than
j(j+l)/2I, since the energy Ej = E-j(j+2)/2I is then negative for this and all
successively higher ja components of the coupled set. These closed channels
decay exponentially and are consequently negligible at large r as compared to
open channel components. Thus, we immediately conclude that in the totally
elastic energy regime, below the first rotational excitation threshold (or 0 < £ <
I/I), no dipole coupling exists in the asymptotic region. This follows since all
Uj £ except U0J decay expontentially as r •* «, leaving only the equation

2

Thus, below the first inelastic threshold the elastic cross section behaves
identically to the case of atomic threshold scattering. The analysis of O'Malley
et al. [29,30] thus applies with the dominant long range forces being due to



quadrupole and induced dipole moments. The dipole moment is completely ineffec-
tive in its influence on the cross section in this energy region. Physically one
might say that the collision times are sufficiently long to allow the dipole
contributions to average to zero over the rotational period of the target molecule.

Now consider the energy regime from the first rotational excitation threshold to
the second, Aj=2, threshold. In this instance dipole coupling in the asymptotic
region exists in the coupled equations for UQJ and U-j 9j±l, but these ara not
coupled to higher j components (U2,£»U3,;, • ••] all of which decay exponentially.
Thus, the asymptotic form of the exact solution to the polar molecule scattering
problem reduces in this energy region to the two state nondegenerate threshold
excitation investigated by Damburg [31] and by Gailitis [32] in the context of
threshold excitation of atomic levels. (Actually, it is only the coupled set for
J=0 that reduces asymptotically to two equations in this energy regime, but the
threshold behavior is dominated by this lowest angular momentum contribution.)
On the basis of an intuitively constructed equation, Damburg showed that the
threshold law for exciting what corresponds here to j=l->2 rotational transitions
behaves according to the normal Wigner law, but with a second order correction
term in ki which goes as In k2. Later Gailitis showed, for the case J=0, that_a
direct solution of the coupled equations for two open channels coupled by an r 2
interaction led to Damburg's same result [32]. (It was unnoticed in Gailitis'
paper that his solutions became invalid, due to collapse into the origin for
values of the coupling term, a, greater than 3/4. This corresponds to y = 0.65
ea0, the critical moment for binding in s + p representation, and. to the collapse
into the origin for a point dipole rotor in this limited representation [10].)
Thus, we conclude that over Ej, < E < E 2, where Ej is the first rotational excita-
tion threshold and E2 the second, the cross section for rotational excitation of
a polar molecule goes as

cro(0,l) = constant x k3 M + j | - k^ In kQ1 + cr(k2)! .

Note that the dipole moment only appears in the term B2 = n2ff(0,0,1,1,0)/{k^,
k ^ ) . (No consideration has been given to contribution from induced dipole terms
which will further modify the Damburg correction term.) Finally, we note the
results of a model study by Faisal in which two and three channel threshold
excitation was studied through numerical calculations 1*33]. These studies also
confirmed the applicability of the Wigner type law for dipole coupled systems
over a range of values of the coupling coefficients.

In summary, we can conclude a few things about threshold behavior of the cross
sections for electron scattering (or photodetachment) from polar molecules and we
can infer on indirect, but unproven, evidence a few other items. (1) In the
totally elastic regime, below threshold for rotatlonal excitation, the cross
sectional behavior is similar to the atomic problem. It is governed by induced
dipole forces, essentially independent of the permanent dipole moment, (2) In
the region where only two channels are open, the cross section for the second
channel is that given by Damburg and by Gailitis. (3) Numerical studies indicate
that the behavior remains conventional (i.e., Wigner law) for three open channels.
(4) The oscillatory threshold behavior predicted by fixed nuclei treatments is
missing at threshold, but oscillations do appear further above threshold where
the effective range expansion of Fabrikant is applicable. Further studies of
these phenomena, both theoretical and experimental, are very appealing.
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