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Pre face

This special technical report is our contribution to a revision

of Chapter 8 of the DNA Reaction Rate Handbook . (Chapter 8 will also

contain a major contribution by Dr. H. Harvey Michels* which is not

included here.) The present report is composed of a revised version

of Section 8.1, incorporating some of Dr. Michel s material and some

additions , and a new Section 8.4, which is the major contribution from

SRI , on the subject of collisional processes.

*H. Harvey Michels , Scientific Report No. 1, “Calculation of Energetics
of Selected Atmospheric Systems” , United Technologies Research Center
30 September 1974, AFCRL—TR-74—049l.
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8.1 INTRODUCTION

This chapter is devoted to a survey of the theoretical methods for

obtaining data needed for the description and understand ing of the natural

or perturbed ionosphere . The chapter is div ided into two parts , reflec ting

a natural division of the theoretical problems . The first part

(Sections 8.2 and 8.3) is devoted to the problems of mo lecular electronic

structure and such processes as rad iative transi tions tha t are immedia tely

derivable from molecular wave functions. The latter portion of the chapter

(Section 8.4) is devoted primarily to collision processes , whi ch req uire for

the most part a different set of calculational techniques. In many cases the

collis ional problem makes use of a great deal of information obtained from

the electronic structure problems , but in that case , the procedure usually

falls into two distinct and separate components: a stage in which the

necessary information from molecular structure theory (wave functions ,

potential curves , matrix elements) are generated , and a sec ond stage in

which they are emp loyed as input material for the specifically collisional

aspects of the calculations .

Ther~ is a strong and pers istent contrast in flavor between the two

theoretical areas of electronic structure and of collision processes.

Electron ic struc ture problems gene ral ly require heavy computerized calcula-

tions , draw ing on a compara tively narrow and well-developed family of

computing techniques; the family resemb lances in the methods rela te to the

fact that the questions asked and the answers desired can usually 
be 1



formulated in simple terms , calling for energy levels (especially the

lowes t ones) and wav e func tions (or their integrals) as they depend on

a few parameters , such as internuclear distances . Family resemblances

are further encouraged by the importance of the variational principl e for

the energy in stationary states. Collision problems , in contrast , involve

a wider spectrum of ques tions asked and energy ranges involved , with a

br oad spread of dynamical conditions includ ing both heavy-particle and

electron motion , or possibilities of three-body as well as two-body

channels . Being non-stationary , the problems are not subject to the use

of a simple and general variational princ iple. Instead , a much wider and

more diverse set o methods must be used , depend ing on the conditions of

the specific problem , the energy range involved , the accuracy des ired ,

and many other factors . No exhaustive catalog of methods can be given

in a short space , and new techniques are still evolving . In Section 8.4

we outline some of the most important general methods of approach , and

refer the reader to a selection of texts and review articles where more

information can be obtained.

The theore tical me thods described in this chapter have been chosen

for their usefulness  in applica tions to the unders tand ing and predic tion of

the thermod ynamic , radiative and electromagnetic propertie s of a natural or

per turbed state of the ionosphere . In particu lar, they w i l l  be used in

evalu ating the thermal, transport and kinetic properties of heated air or of

atmospheric mixtures under the influence of various types of electromagnetic

and par ticulate radiation as well as hydrod ynamic disturbances (Ref. 8.1).

Such propertie s are also of particular interest in plasma physics (Ref. 8.2),

2
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in gas laser systems and in basic studies of airglow and the aurora

(Ref. 8.3). This information also plays an important role in our under-

standing of re-entry physics wi th applica tions in the areas of missile

detection and discrimination . Calcu lations of electronic structure , of

radiative transitions and of collision processes are all important in these

variou s app lications.

Presen t theore tical e f for ts, which are directed toward a more comp le te

and realistic analys is of the transpor t and kinetic equations governing

atmospheric re laxation and the propagation of artificial disturbances , require

detailed information of thermal and non-thermal kinetics in regions of

tempera ture and pressure where both atomic and mo lecular effects are important.

Al though various experimental techniques have been emp loyed for bo th atomic

and mo lecu lar sys tems , theore tical studies of rad iative processe s have been

large ly confined to an ana lysis of the properties of atomic systems (Refs.

8.4, 8.5). This has been due in large part to the unavailability of reliab le

wavefunctions for diatomic mo lecular systems , particular ly for  exci ted sta tes

or states of open-shell structures. Only recently (Refs. 8.6-8.8) have

reliable procedures been prescribed for such systems which have resulted in

the deve lopment of prac tical compu ta tiona l programs. Several procedures of

both an ab initio and semi-empirical nature are outlined in Section 8.2 and

the utility of such procedures in describing radiative processes is described

in Section 8.3. Collisiona l processes are discussed in Section 8.4.

3
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8.4 ATOMIC AND MOLECULAR SCATTERING CALCULATIONS

This section will deal with the theoretical techniques ava ilable to

treat atomic and molecular collision processes which may occur in the

upper atmosphere . Examples of these collision processes are rotational,

v ibrational , or electron ic excitation; translational energy and momentum

transfer; dissoc iation and recomb inatior, associated with radiative or

electron emission and absorption; excitation- or charge-transfer; processes

of ionization and neutralization ; and a wide variety of chemical reactions .

These interactions must be studied on a mic rosccp ic level before the

macroscop ic behavior of the atmosphere can reliably be calculated . In

princ iple , all of t h l iverse phenomena may be understood within a single ,

u n i f i e d  q u a n tu r  S ich a general formulation is of limited practical

value , however  ~,e the computa t ion  required exactly to solve any

realistic problem would be overwhelming . Approx imations are usually

necessary to obtain numerical answers to any spec i f ic  problem; the r e l i a b i l i t y

of the calculation is determined by the extent to which the approximations

are justified . This section contains a broad survey of various often-app lied

approx imations , and a discussion of the particular types of problems for

wh ich each is useful.

Three broad classes of collis ion phenomena will be considered. These

are (I) heavy particle (i.e., not electron or photon) collisions which can

be treated using Born-Oppenh eimer potential curves , (2) electron impact

phenomena , and (3) collisions involving transitions between bound states and

a continuum , such as Penning ionization , electron detachment , or dissoc iat ive

recomb ination. Genera lly sp eak ing, the computationa l techniques involved in

treating each of these classes are different , and will be discussed separately.

4
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8.4.1 Treatment of Heavy Particle Collis ions Using Born-Oppenheime r
Potential Curves

The importance and utility of the Born-Oppenheimer (or adiabatic)

approximation (Section 8.2.2) can hardly be overemphas ized . For most

thermal energy collis ion phenomena , the assumption that the nuclear motion

is much slower than the electron motion is very well satisfied . It is

then quite accurate to assume that the nuclear motion is governed by a

potential surface (or surfaces , if different electronic states are involved)

obtained by solving the electronic structure problem for several different

value s of the nuclear coordinates. For the type of collisions discussed

in this section, this potential surface is generally assumed to be an exact

starting point for the calculation .

The heavy particle collisions discussed in th is section fall into two

classes :

(a) Collis ions where electron ic excitation (and electron transfer)

is unimportant , and single Born-Oppenheimer potential surface can be assumed

to govern the heavy-particle motion. The simpler problems of this type

involve elastic collis ions and rotational arid vibrational excitation of

molecules by a projectile. More difficult , in general , are the chemically

reac t ive collis ions , the prototype of which is A + BC — AB + C. These sing le-

surface collisions are treated in Sections 8.4.1(a) - 8.4.1(d).

(b) Collisions where elec tronic exc itation cannot be neglected. Effects

of interacting electronic states can appear strikingly even in elastic

sca ttering in some circumstances , caus ing interference patterns and rain-

bows , or leading to especially long-lived collision complexes. More often , the

5 
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interesting problems may involve elec tronic excitation, or vibrational

excitation or dissociation caused by electronic energy transfer.

Commonly, though not invariably ,  these problems can be treated through

the use of two or more Born-Oppenheimer surfaces , and the regions of

close approach or intersection of these surfaces (crossings and pseudo-

crossings) are particularly important for electronic trans itions . Electron

transfer from one atom , molecule or ion to another also necessarily involves

more than one electronic state. Collisions of this type are treated in

Section 8.4.1(e).

8.4.1(a) The Coupled Channe l Expansion

Beginning with the appropriate potential surface , the equations

governing the nuclear motion may be r igorously formulated using the

close-coupling , or coupled channe l method (Ref. 8-93). Although this

method is not limited to collis ions involving only one potential surface ,

we limit our discussion here to such problems . An impor tant problem of this

class for which a satisfactory numerical solution may often be found is

the rotational-vibrational excitation (or de-excitation) of a target by

a structureless projectile. In this case, one wishes to solve Schroedinger ’s

Equation in the following form:

(H-E)w(~~,~~) 
= 0 (8-61)

where the Hamiltonian H is given by

2
~ 2 _.H = v + H

target
(r) + V ( R ,r) (8-62)

6
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- v is the kinetic energy operator for the incident particle. H
2M R target

is thr internal }lamiltonian f or the target , whose eigenfunctions and

eigenvalues are assumed known :

H
target

(r)
~ n
(
~~

) = E c c ’ ( r )  (8-63)

‘~ icc ’ > = (8-64)
in nm

The interaction potential  coup l ing the p r o j e c t i l e  wi th  tht ~ in t e r n a l  motion

of the target is ~~~~~~~ The so lu t ion  to Eq .  (8-61)  is ob ta ined  by assuming

= F (~~~- (~~ ( 8-65)

and subs t i t u t i ng  this into Eq.  (8-6 1) t~~ o b t a ~ n an in t i n it e  set of coupled

d i f f e r e n t ial equations for the funct ions  F ( R 1 . Expansion (8-65) is

rigorous ; an approximate solution is obtainod by truncat ing th is seties

and solving the resulting finite set of coupled equations . If enough target

states are included in the calculation , a convergent solution is obtained ,

which is generally cons idered exact.

The theoret ical  t reatment of scat tering thus out l ined depends on

obtaining the solution of the time-independent Schroed inger ’s equation at a

pa r t i cu l a r  col l is ion energy . Since a collision is clearly a time-dependent

process , one may question whether the necessary information is contain ed in

a purely spatial wave function. The answer is that the scattering information

lies in the asymptotic form of the wave function , which is required to

satisfy certain boundary conditions .

7
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The coupled channol expans ion is most practical at low energies , where

the projectile may excite only a few low-lying excited states. The number of

such open (i.e., energetically accessible) channels increases very rapidly

with energy . When vibrational exc itation is not possible , many calculations

assume the target is a r igid rotor (Ref. 8-94). Even in this case , for

He-H
2 

at a collision energy of 1.2 eV , there are 49 open channels corr espond ing

to the H
2 

rotat ional  levels j  = 0 , 2 . . ., 12. If vibrational excitation is

also considered , the rotational levels corresponding to each vibrational

state  must be included . Consequently ,  the computat ion involved at higher

energies may not be feas ib le .  The largest  calculat ions to date have included

about 100 channels ( R e f .  8 -95),  and the t ime required is enormous .

It is perhaps worth emphasizing that  a r igorous quantum mechanical

sca t t e r ing  ca lcu la t ion  y ie lds  de ta i led  s t a t e - t o - s t a t e  t rans i t ion  ampl i tudes

at a par t icular  energy . GeneralLy , the calculation must be repeated at

each energy . Obta in ing the desired end resul t s  may then involve subs t an t i a l

averag ing . For instance , rate constants are obtained as a func t ion  of

tempera ture  by averag ing over the energy d i s t r i bu t ion  appropr i a t e  at each

tempera ture . S imi l a r ly ,  cross sections for particular vibrational transi-

tions must be obtained by summing over the corresponding vibrational-rotational

t r ans i t i ons . Per forming  such averages is a r e l a t i v e l y  minor part  of the total

computational effort , so further approximations are generally or ien ted toward

obtaining state-to-state transition amp litudes in a simp ler fashion.

8
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8.4.1(b)  Simplif ying the Coupled Equations

The most effective way to reduce the number of coupled equations is

to neglec t the coupling terms and then solve for each F separately.  This

is the distorted wave approach (Ref. 8-93) and may be justified when the

coupling between various channels is weak. Transition amplitudes are

ob tained by taking matrix element s of the coupling terms between F , and F .

Another approach which has been applied to the problem of the excitation

of a rigid rotor is the infinite-order sudden (lOS) approximation

(Refs. 8-96, 8-97). Generally speaking, “sudden” approximations involve

art assumption that the collision time is short compared to the time in

which the internal coord inates of the target can change signif icantly

(Ref .  8-98).  Thus , an important parameter is the rat io of a coll ision

time (estimated roughly from the speed of the projec ti le and the range of

the potent ia l )  to a rotat ional  or vibrat ional period of the target.

Ccncerning the nomenclature of approx imations in general--and of the sudden

approximation in particular- - it may be noted that there are often many

var iants of a technique , which share a family resemblance , bu t which may

differ marked ly in details. The assumptions employed by a specific author

must always be carefully scrutinized . In the case of the lOS , there are

two basic assumptions . One is that the energy separations between states

among which transitions are likely to occur are small compared to the

col l is ion energy . This is related to the “sudden” l imi t  of very fast

collisions . The other assumption is that the anisotrop ic part of the

potent ial V(~~,~
’) is dominated by a single term.

9
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For a rig id rotor , this potential depends only on the target-

projectile distance (R) and relative orientation (9) and can in general

be written as a sum

v (R) + v (R) P (cos9)
o n~’l n n

There are in fact many realistic systems for wh ich one P term is dominant .

Given these assumptions , Tsien and Pack (Ref. 8-96) and Pack (Ref. 8-97)

have shown that the coupled differential equat ions may be transformed

into N uncoupled equations , which are solved sequentially. The method is

qu ite accurate even when the N states are strongly coupled together , as

long as the “sudden” condition is fulfilled.

Another approach often used to reduce the number of coupled equations

is the i~ _conservin~ approx imation (Refs. 8-99, 8-100). In the

preceding discussion of the lOS approximation , the coupled equations have

been expressed in terms of a “space-fixed” center of mass coord inate system.

That is , the origin moves with the center of mass but the direction of the

axes is fixed . The quantum dynamics may also be formulated in a “body-

fixed” coordinate system . In this case the origin is also at the center

of mass , but the axes rotate with the rotating target. if the Coriolis

terms arising from the rotating coord inate system are neglected , the

equat ions partially decouple and a great simplification is achieved . This

approximation may be used for vibrational as well as rotational exc itation,

and has proved quite accurate for many systems--within 30’ of the close-

coup ling results (Refs . 8-101 , 8-102, 8-103 , 8-104, 8-105).

10



8.4.1(c) Perturbation Approaches

A number of methods are available for sys tems in which the interac tion

potential may be regarded as a small perturbation . The distorted-wave

approximation discussed in the last section is one of these. The ones we

now discuss are all best discussed in terms of the integral-equation

formulation of quantum dynamics , in which Schroedinger ’s (d ifferent ial)

equation is replaced by an integral equation (Ref S.  8-93, 8-106). Let

be the “unperturbed” Hatniltonian for which the solution is known, and

V be a perturbation . Then

(H
0

+V-E)~ ’ 0 (8-66)

may be rewri t ten

(E-H
0 )V = Vw (8 67~

Using the Green ’s funct ion G
0 
for the inverse operator (E-H

0
)

1
, the

solution to this equation may be formally written

= + (E-H
0

) 1 
Vw (8-68 )

or

(8-69)

zhere is a (known) solution to the homogeneous equat ion

(E-H
0 )w

0 
= 0 (8-70)

~quation (8-69) is the starting point for a number of related approximations

to ob tain ‘c . The s imples t - - the  Born approximation (Ref. 8-93)--is to

replace y under the integral by

11



+ ~ G0
Vy
0
d~ (8-71)

Hi gher order terms in this approximation are obtained by substituting this

improved expression for y into Eq. (8-69), and then iterat ing . A formal

series is thus obtained :

= + G
0

Vy
0

d~ + r~ G0VG
0VV0

dT’d T + . . . (8 -72)

In most appl icat ions only the expression (8-71) is used. For the scatter-

ing of a particle of momentum ~ from a potential V(R) , it is easily shown

that the Born amplitude for a transition to a state of momentum ~‘is

. 4 .T~~ 4Lk~ r L1c r 3
f(k ,k’) = — ~j  

(‘e V ( R ) e  d R 
(8-73)

For a rad ial potential V(R) , ~ and 1~’ have the same magnitude and differ

in direction by an angle 9. Then f(~~,~ ’) gives the amplitude for elastic

scattering at an angle 8. For more complicated types of interaction ,

Eq. (8-73) must be generalized .

The value of the Born approximation is that for many potent ials the

sca ttering ampli tude c m be evaluated analytical ly. The technique works

best for high energy , small angle scattering .

A related but somewhat better technique is the Eikonal approximation

(Ref. 8-107). Basically, the idea is to use a somewhat better guess for

y under the integral sign in Eq. (8-69). One writes

iS
0

()~~
‘y(r) ~ C exp( (8-74)

12
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and uses an approximate solution for S
0
(~ ):

S
0
(~) ~kz - 2

J~
Z V(x ,y,zl )dz I (8-75)

v is the velocity at the particle . Such an approximation is also best

in the high energy li mit , but its range of validity extends to lower

energies than the Born . Physically , a stra ight line path through the

potential is assumed , but effects due to the changing phase and veloc ity

of the particle are included . A very similar approach is due to Glaube r

(Ref. 8-108), who obtains the same result for potential scattering .

8.4.1(d) Classical Mechanics as an Approximation to Quantum Mechanics

In many important cases none of the methods previously discussed

is feasible. Fortunately ,  in the extreme where the number of quantum

s tates involved is hopelessly large, classical mechanics may be a reason-

able approx imation (Ref. 8-109). We shall discuss the range of application

of this approach by emphasizing the cases in which a classical description

is not valid . But first , two important contrasts between classical and

quantum scattering theory should be pointed out .

First , as we previously ment ioned , quantum scattering theory may be

formulated in a time -independent fashion. In contrast , a classical trajectory

is explic it ly time dependent (Ref. 8-110). One chooses suitable initial

conditions and then integrates the classical equations of motion with tir e

as a parameter to find the evolution of the system . Quantum transitions

usually are identified by assuming the quantum numbers are continuous

13
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parameters and then using some sort of histogram scheme (Refs. 8-111, 8-112).

The second cxrntrast is related to the information obtained from one

“quantum” of calculation . When one calculates the wave function, detailed

state-to-state transition amplitudes at a particular energy are available .

Then a suitable average over energies and initial and final states must be

performed . In the classical case , each classical trajectory can be calculated

very rapidly, but contains much less information than the full wave function.

One typically then takes a Monte Carlo approach . Initial conditions are

generated randomly according to a desired distribut ion of initial states ,

and the distribution of final states is statistically analyzed for a Large

number of trajectories. Generally speaking , if less de tailed information

is required, fewer trajectories must be computed to obtain statistical

reliability . A classical trajectory study thus corresponds very closely

to the physical scattering system , in that the measured or calculated

results are averaged over a large number of separate events. The difference ,

of course , li es in the use of class ical dynamics.

There are certain situations in which this approach may ignore

important quantum effects. The most common examples are the following :

(a) Quantum mechanics very frequently leads to interference patterns

of an oscillating nature (Ref. 8-107); classical mechanics does not show

these oscillations , but rather a smooth behavior that is an average over

the oscillating structure. Such quantal osc illat ions are ac tually observable

in properly designed experiments , as in the inte rac t ions between par ticles

in sharp ly defined beams (Ref. 8-113), and they prov ide excellent testing

14



material for a refined comparison of theory and experiment. On the other

hand, when the actual comparison is made with a bulk experiment that

measures some average quantity , the classical approximation may represent

very well the average value that is measured.

(b) The quantum phenomenon of leakage through a potent ial barr ier

(Ref. 8-107), with a characteristic declining exponential behavior as a

function of the barrier parameters, is a well-known situat ion where pure

classical mechanics would indicate that the transition is totally forbidden.

A purely classical treatment is unsatisfactory in such a case, unless the

transition probability is in any cas e so small that it can safely be

neglected within the accuracy desired .

(c) In the transition region at the edge where c lass ical mot ion

stops and quantal tunneling wou ld begin, a purely c lass ical solut ion very

frequently shuws a sharp cusp, where some property such as a transition

probability may even appear to become infinite . Such classical cusps are

always iritegrable , with only a finite area beneath them , and they are in

any case smoo thed to a f inite height by fluctuations . The corresponding

quantum solution generally shows an intensity maximum near the location of

the classical cusp and a smooth turnover going ultimately to the exponential

decline in the c lass ically forbidden region , as described above, while the

part of the curve in the classically allowed region leads smoothly into

the oscillat ions of any interference structure that may be present . Again ,

if the structure is observed in the presence of much averaging through the

use of coarse methods of observation , the smoothed-over classical cusp may

adequately represent the true quantum solution within the accuracy desired.

15
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Al though these types of phenomena cannot be included in a “pure” classical

description , they can of ten be correc tly represented using a combinat ion

of classical and quantum ideas.

8.4.1(d) Semiclassical Methods

“Semiclassical” mechanics evidently lies in a middle ground between

the purely classical and the purely quantum. Ford and Wheeler (Ref. 8-114)

made an important contribution to this area by showing how the osc illatory

behavior of elastic sca ttering cros s sec tions could be unders tood in terms

of the interference between different classical trajectories corresponding

to the same scattering angle. In a more general approach , Miller (Ref. 8-115)

and Marcus (Ref. 8-116) have obtained similar results by considering quantum

mechanics in the limit ~ . 0. Generally speaking , semiclass ical methods

combine interference effects with an otherwise predominantly class ical

descr iption . However , the term is often used in a much looser sense to

inc lude any arbitrary admixture of quantum and classical dynamics.

A characteristic feature of Miller ’s theory is that part icular initial

and f inal s tates may be connec ted by more than one classical trajectory .

These states are labelled by “quantum numbers” which are continuous

variables. The idea is to identify tho se trajec tori es wh ich correspond

to initial and final integer values of the quantum numbers. If more than

one such trajectory is possible , the relat ive phase of each is determined

by the classical action integral for that trajectory. In this way , the

trans ition amplitude for a given process is expressed as a sum of

16
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probab i~.ity fac tors , each multiplied by an appropriate phase factor .

This technique is of great conceptual value, but for sys tems with many

degrees of freedom the search for the desired trajectories has proven to

be quite difficult.

8.4.1(e) Curve Crossings

It is sometimes the case that two or more potential surfaces

corresponding to a par ticular sys tem in different elec tron ic states are

nearly degenerate for certain values of the nuclear coordinates (Ref. 8-93).

These “avoided crossings” (or sometimes actual crossings) of potential

surfaces occur for an important class of phenomena (such as charge exchange)

for which the Born-Oppenheimer approximation cannot be applied without

some modification. Quantum mechanically, th is can be done by exp licitly

including as correction terms certain of the non-adiabatic coupling terms

neglected in the Born-Oppenheimer approximation. Another , simpler method

is based on the recognition that the system behaves as if there were a

cer tain probabil ity for “jumping” from one surface to another at the point

where the surfaces are closest. This probability P is given approximately

by the well-known Landau-Zener formula (Refs. 8-93, 8-117):

-2
P = e

2
2r,V12 11

where 
d
~~~(V

11
-V

22
)

R R
0

This formula assumes that the electronic wave functions ~1
(R;r .) and ~,2(R;r .)

correspond to the same or nearly the same electronic energy at R (R denotes
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nuclear coordinates ; r • denotes all the electronic coordinates). Then

V11, V12, and V 22 are defined as matrix elements of the Hamiltonian H as

V . . ( R )  =

V11 and V 22 are the conventional Born-Oppenhaimer potential surfaces

corresponding to the adiabatic elec tronic s tates 
~l 

and 
~~ 

V12 is the

coup ling between these states and arises from terms normally neglected

but which may be large when V V . Finally, R is the po int of11 22

crossing, and v is the velocity at this crossing point .

If the col l iding species beg in asymptot ical ly on surface 1, two

sequences of events may lead to the final condition in which the system

is on surface 2. This is because the crossing point will be encountered

twice during the collision (speaking classically). The crossing may occur

(wi th  p robabi l i ty  F) on the inward part  of the t r a j ec to ry , wi th  no crossing

on the outward par t (probab ility 1-F). Or the crossing may be delayed

until the outward part . Hence , the f inal probability for a change of

electronic state due to the curve crossing is 2P(l-P).

While the Landau-Zener formula is the most generally useful simple

procedure for dealing with interac t ions between two elec tronic states ,

sometimes less approximate methods are appropriate. One of the more useful

methods is to apply the corrections to the Landau-Zener formula presented

by ouchinnikova (Ref. 8-118), where the correc tion formulas are presented in

terms of the curve crossing parameters. If one wishes an analytical f orm

for the transition probability, then one of the formulas given by Nikitin

(Ref. 8-119) is useful , as long as one is caref ul to apply the correc t

18



formula for a given set of curve crossing parameters . It is normally

very difficult to estimate the magnitude of V12 in the Landau-Zener

formula, unless one resor ts to a complicated ab ini tio potent ial energy

calculation. Only for the case of charge transfer, have parameterized

forms for V
12 

been given (Refs . 8-120, 8-121).

When two electronic states do not cross , but nevertheless interact

through an off-diagonal term V12 (R) , there are other useful approximations--

notably the stueckelberg (Ref. 8-122) and Demkov (Refs. 8-123, 8-124)

formulas , which apply when V
11

(R) - V
22
(R) is roughly constant and

v 12 (R) 
f a l l s  of f  as A/ R

S or exponentially .

Velocity-dependent coupling terms may also come into play--for instance ,

angular momentum coupling at a curve crossing can cause transitions between

states of different angular momentum symmetry. Russek (Ref. 8-125) has

successf ull y parameter ized the cross sec tions for such a case in terms of

the crossing parameters . For endoergic reactions and threshold collision

velocities , the standard Landau-Zener formula has also been found to work

exceed ing ly well (Ref. 8-126) since the large impac t parameter collisions

are classically forbidden from the product channel.

8.4.2 Treatment of Electron Impact Phenomena

Electron impact phenomena must be dis tinguished from the types of

collisions treated in the previous section in at least two important respects.

Firs t , potential curves are not so easily def ined , because the Born-

Oppenheimer separation of nuclear and electronic motion is not appropriate .

One must find the total electronic wave function , for the target plus

19
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additional electron. Secondly, the incident electron is indis tinguishable

from the bound elec trons in the target , and so the possibility of excha ige

must be properly included in the wave function . Despite these comp licat ions ,

the general problem of elec tron sca tter ing may be formulated in a coupled-channel

expansion just as in the previous section . However , we shall begin with the

simp lest treatments and show how refinements may be added.

The simplest approach is to consider elastic scattering in the static-

field approximation (Ref. 8-93). The possibility of exchange is ignored,

and the incident electron is assumed to experience a potential field arising

from the average charge distribution in the target . This charge distribution

is determined for the unperturbed target , and does not change as the ex tra

electron approaches. This approximat ion is generally poor at low energies ,

primarily due to the lack of exchange terms in the wave function. The next

order approximation , then , is the static-exchange approximation (Ref. 8-93).

Here the same static potential is used , but the required exchange terms are

included in the wave function. This generally gives much better resul ts

but may miss important resonance effects.

The problem of including distortion or polarization effects in the

wave function is very difficult. Often this can be taken into account using

an extra polarization potent ial, determined, for example , from the polariza-

bil ity of the target (Ref. 8-127). Another more recent and general approach

is R matr ix  theory (Refs . 8-128 , 8-129 , 8-130) . In this approach the

electronic wave function near the target is expanded in a basis set of

arb itrary (anti-synimetrized) N + I electron functions . The asymptotic
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. -  ._ T ~T ._ 

~~~~~~

. 
__ 1__. .



- .  ~~~~~~~~ -_- - - - - .

behavior of this expansion is examined (in the limit of any electron

coord inate r~ .. a)  and carefully matched to analytic forms from wh ich

the required scattering information is extracted.

In many important systems , rotat ional excitation by electron impac t

can be calculated from the Coulomb potential alone. For example , in a

modera te energy (~ I cv) collis ion between an electron and a molecule with

a permanent dipole moment , the target can be treated as a rigid rotor and

the dipole potent ial without exchange can be used. Such cases have been

treated by close-coupling . Recently , a new technique (Ref. 8-131) has

been developed , based on an application of Miller ’s semiclassical theory.

The dynamics is treated classically us ing per turba t ion  theory , and then the

S-matrix constructed according to Miller ’s procedure . The advantage is

that all results may be obtained analytically, so that the effect of changing

various parameters of the collision is easily evaluated. The method is in

quite good agreement with close-coupling ca lcula t ions  for  to ta l  e las t ic  and

rotational exci ta t ion cross sections .

8.4.3 Treatment of Bound State Continuum Transitions

Many important  processes may be understood in terms of a quasi-bound

s tate weakly coupled to a background continuum of states. The system begins

in the quasi-bound state but in the course of time decays--usually by

electron emission--into the continuum . For example , Penning or associative

ionizat ion of a target by metastable helium is possible whenever the electronic

excitation energy of the helium (.... 20 CV) exceeds the ionization poten tial of

the target:
21
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* + -
He + A _ . H e + A  + e

+ -

-.ReA + e

Elect ron ejection in this case is a purely elec tronic trans it ion which

can occur even in the limit of zero collision energy . This type of reaction

may be treated within the general framework of the Born-Oppenheimer approxi-

mation, but certain modifications are necessary . The formal theory developed

by Feshbach (Ref. 8-132) may be used to approximately decouple the quasi-

bound (for finite internuclear separations) state He*A from the continuum of

+ - *states HeA + e - An effect ive potential curv e V (R) for the interac tion

*
of He and A is thereby defined . Then the transition rate r’(R)/~ may be

calculated from the coupling terms . (Equivalent ly ,  ~/r(R) is the lifetime

for molecular autoionization of HeA if the nuclei are imagined “frozen”

at separat ion R ) .

*
Various methods have beet, developed to calculate V (R) and r(R) . The

stabilization method (Refs . 8-133, 8-134, 8-1 35) has proven quite useful in

*calculat ing V for a var iety of sys tems , but then F must be determined by a

further calculation (kefs . 8-136, 8-137) which has often proved troublesome.

Recent work by Hickman, Isaacs on, and Miller (Ref. 8-138) presented a

*
Feshbach-style approach which yields both V and then F with very little

add itional effort. The method was successfully applied to the system

}Ie(ls2s 
3
S)1-i

2
. An empirical approach to obtaining j ’ has also been

devel oped by Cohen and Lane (Ref. 8-139).

22
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*Once V and r’ are known, the sys tem may be treated in several ways.

Conceptually , the simplest is a classical trajectory approach. The

* *collision of He and A then proceeds on the potential curve V according

to classical mechanics . However, physically, during each time step there

is a probability that the system will ionize. If this occurs , one imagines

that the remainder of the trajectory is determined by the potential surfac e

+ +V for HeA (which can be calculated by standard methods as descr ibed in

the first sections of this chapter). The important assumptions are that

the position and momenta of the nuclei do not change during the ionization,

and that the electron leaves very rapidly and has no further influence.

Cohen and Preston (Ref. 8-140) have developed a model based on these ideas ,

which seems to be quite realistic . A number of classical trajectories are

computed , and for each of them a random number scheme is used to determine

whether or not ionization occurs at any time step .

The quantum-mechanical formulation of the problem involves using the

* i
complex potential V - to compute elastic and ionization cross sections.

The imaginary part of the potential causes a loss of flux corres ponding to

particles which disappear due to i2nization . Formal development of this

approach was carried out by O ’Malley (Ref. 8-141), by Nakamura (Ref. 8-142), and

by Miller (Ref. 8-143). Calculations have been carried out by Hickman and

Morgner (Ref. 8-144) for He(ls2s 
3S)Ar and by Hickman, Isaacson, and

Miller (Ref. 8-145) for He(ls2s 
3S)H

2
.

Comparison between classical and quantum calculations indicate that

the classical approach is often reliable . However , the role of quantum

effects in this type of process is still incompletely understood.
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