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Preface

Although research activities in atanic and molecular collision processes

have flourished over the last two decades , theoretical calculations of

molecular reaction rates remain a very difficult subject. In this report

we describe sane of our efforts to treat electron-molecule collision problems

in a first-principle manner.

(~te can roughly divide the problem into two parts, i.e., (a) calculation

of the interaction and coupling potential , and (b) solution of the scattering

equat ions. A cailnon practice is to use single-configuration self-consistent-

field target molecular wave fi.nictions to obtain the interact ion and coupling

potentials. With these potentials one may solve the scattering by means of

the Born approximation. This is done for the case of electron impact on

hydrogen molecules in Part I. The Born approximation has the advantage of

computat ional simplicity, Ixit is not always reliable in the low-energy region.

For more accurate work we resort to the method of close coupling . In Part II

we report the first close-coupling calculation for excitation of electronic

states (and dissociation) of the molecules by electron impact with ful l

allowance of projectile-target electron exchange. In some cases, notably

tl~ se in which the target molecule has an open-shell structure in the ground

electronic state, the use of single-configuration self-consistent-field

target wave functions (for calculating interaction and coupling potentials)

is not adequate. A multi-configuration self-consistent-field conputational

scheme is developed and applied to the oxygen molecule as described in

Part III.
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I. INT~~DLJCTION

Electron- impact dissociation of molecules is an important basic process

for atmospheric physics’ and laser work.2 A molecule can be dissociated by

electron impact when it is excited to the continuum “vibrational” levels of an

electronic state. Such an excited electronic state may be a purely repulsive

state or a bound state with discrete vibrational levels in addition to

continuum levels. The atomic species of dissociation products are dictated

by the dissociation limit to wh ich the potential-energy curve is joined.

Here, we report theoretical studies of two electron-impact dissociation

processes of the H2 molecule

~ H(ls) + H(ls) , (1)

~ H~ ~ H(ls) + H(2s) . 

+ 

(2)

The only excited state H2 in (1) is the b state. However, since

the b3E~ state is also the lowest triplet state, excitation ~ ‘ discrete

levels of the higher triplet states will contribute to process (1) via

cascade to b3E~ as w:ll as direct excitation of the repulsive b
3Z~ state. 

+The excited state H2 in (2) may be any one of the four states, B’ !~~, e

and a3E , all of which are bound states. Therefore, dissociation

results from excitation only to the continuum levels of these states, i.e.

excitation to these states above the dissociation limit. In Fig. 1 these

two processes are illustrated.

Although the theory of electron-impact dissoc~3tion can be form ulated

under the same general framework as that of electron-molecule inelastic

collisions , ab initio calculation of cross sections is complicated by the

mnulticenter integrals in the transition amplitudes as well as the unbound

(repulsive) nature of the dissociating states. However, in the case of
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excitation to bound elect ronic states , the technique of Gaussian-type orhita ls

(Cr0) has furnished a very efficient means of calculating cross sect ion s . 4

We now extend the method of GTO to the case of dissociative collisions , and

cross sections of electron-impact dissociation of II, are reported.

Several theoretical studies58 related to process (1) have been reported,

but we have found no first-principle calculation published for process (2).

Among the previously published theoretical treatments of electron-ii:tpact

dissociation of the II, molecule (process (1)J, the most recent and complete
5 aone to our btowledge is that of Cartwright and Kuppermann, based on the

Q 10Born approximation ~ i t h  Rutlge ’s and Ochkur ’s treatment for exchange. In

their ~‘aper the molecular electronic wave functions were expressed in term s

of the Slater-tvpe orbita ls (SiP) and a considerable amoun t of nm~~erical work

was needed to evaluate a typical three-center integral. The “delta -funct ion ’

approximation was adopted th ere , 5 resulting in a significant reduction of

computation . However, the meth od of ~aiissian orbitils nakes the evaluation of

the elect ronic t ransi t ion  moi~ic’nt (due to electron iI~pact) a rather simple

task and the Porn integral s can be readily per form ed without invoking the delta-

function approx ur at ion or the closely related Franck-Condon- factor (!C) apt~rk xi -

mation. In this work the cont i flLamnm v ibra t ional  ‘~avc functions of the excited

electronic state arc deter~iincd at various energies (above dissociation limit),

and the l~orn integrals are evaluated exactly with full allowance for variation

of the electronic transition r:oment ~%ith respect to the intcrnuC.Lear distance.

In order to account for the cascade contributions to process (1), we have

also computed the excitation cross sections to the discrete revels of the

a3E~~ C
3fl

~~
a d

3fl
~. 

and e3Z~ st ates .
- 5 . (

~,7Like the work ot cart~right and kuppcrm~arui and the earl icr works ,

the Born a~proxination with Rud ge ’s9 and C~chku r ’s10 modification for treating

— —,-- -~---, . -~-- . ---  ..-—-.~~ 
~~~~~~~_1~__ --s-- — ~~~
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the exchange amplitude is adopted here . The incident electron energy is

varied to as high as 1000 eV for excitation of the singlet states. Although

we present the singlet excitation cross sections down to the threshold, the

emphasis should be placed on the high-energy region because of the use of

the Born approximation. In the high-energy region (say above 100 cV) the

effect of the electron exchange is quite negligible. Nevertheless, the

elect ron exchange in this case is taken into account by Ochkur’s scheme .

For the singlet-triplet excitation processes, cross sections have been -:

computed from the threshold to 150 eV. Since the singlet-triplet cross

sections decrease very r:ipidly with increasing energy, the interest

lies mainly in the low-energy region. Although the plane-wave approximation

inherent in the Born approximation is justified only at high-incident energies,

the improvement resulted from the modifications introduced by Rudge and by

Ochkur may make these modifications applicable to much lower energies than the

original Born-Oppenheimer approximat i on . Indeed the excitation cross sections

calculated by the Rudge scheme are in quite satisfactory agreement with the experi-

mental data for the C3fl~ state of N2.
4

II .  ~1EI1 IOD OF COMPUTAT ION

A. Formulation

The general theoretical formulation for the dissociation of di~tomic

molecules via excitation to repulsive states is similar to that developed

previously for excitation of discrete states.4 Ucre we arc mainly con-

cerned with the calculation of excitation to a continuum vibrational state of

an excited electronic state by means of the Born approximation with Rudge’s

and Ochkur ’s modification. The rotational motion of the molecule will not

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

~~~~~~~~~~~~ -~~~~
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be included explicitly in the formulation , but such an effect will be tal~en

into account by averaging the cross sections over the orientation of the

molecular axis in space.

Denoting the electronic coordinates of the H2 molecule as r1, r2 and the

internuclear separation as 1~~ , we write the wave functions of the ground

electronic-vibrational (00) state and of the final state (nI~) as

-~~ + -~~ .4 + -~~ H

Y00(r1,r21 R) — ~p0(r1,r2,R)x00(R) , (3)

YnW(~l,r2,~ ) = 

~n l 2 ’~~
>
~nW~~ , (4)

where and ~4 are the electronic wave functions of the ground (0) and

excited (n) states, and x00 is the discrete (v=0) vibrational function of the

ground state, whereas is the unbound “vibrational” function of the upper

state characterized by energy W above the dissociation limit (see Fig. 1).

Since we do not consider the spin-orbit interactions, the spin function~ can be

factored out; we assume that this has been done in Eqs.(3) and (4). The spatial

part of electronic functions and is written as the products of one-

electron orbitals, vi:.,

= 
~l0g ~ l’~~~lOg ~~~~ 

(5)

= 
~~~ 1

~ic~ 1’ ex~~2’~~ 
± 
~lc~ ~~~~~~~~~~~~~ 

((a)

where the + and - signs refer to a singlet and triplet excited-state function

respectively, and distinction is made of the lOg orbitals in Eqs. (5) and (6) .

The collision process is characteri:ed by the wave vectors of the incident

and scattered electron (i~~00 and ~~ 
their difference being ~csignated by ~~~.

It is convenient to introduce the electronic transition amplitude defined as

- - - .  ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ ~~~~~~~~~ 
- — -

~~~
~-
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n l ’ ~2’~~~ 

r1 + e
1 

~~~~~~~~~~~~~~~~ (7)

I
where ~~~ and -

~~ specify the relative orientation bet~ecn ~~ and ~~~. Analogous

to the case of excitation to discrete vibrational levels , the differential

cross sections for excitation to a unit energy range about ~~
‘ of a singlet

and a triplet state (above the dissociation limit) arc

ISw(o~) (wk~~J4~Tk00)f (R)x00(R)(~
(2f2)

x C (K ,R ,®,.
~)~~ R d R  sinO d~~d~ , (8)

IT
w (e~p) = (3~nknw/4n k oO )J~xnw (R) x Qo ( R ) r 2 & o~ (K , R ,@,~ ) I

x R2dR sth~ d$d~ , (9)

respectively where U
n 

is the degeneracy of the excited state and i2 is equal

to k~0 and [k~~ 
- i(2c)½ 1_ for the Ochkur and Rud ge modif icati on respectivel y

with a being the ioni~ation energy in a.u. of the initial state.

Integration of Eqs. (8) and (9) over the scattered angle ~~ and -
~~ gives

the cross section Q(n,~V) of exciting to a unit energy range about ~~
‘ of the

upper state,

Q(nW) f I~~(O~) sineded~ . (1C)

Then the total dissociation cross section through excitation of an electronic

state is

Q(n) — Q(nW)d~ (11)

Eq. (9)  (or (8) 1 may be simp lif ied if the Franck-Condon - factor a I r ~xi~~ t .o:~
is in~ okcd to suppress the R dcpcndcni c of ~~ ~ ,

—..——-———-- - - -  — -~~~~~~~ .~- - - r .  ~~~~~~ - -~~~~~~~ — - -
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ sinød , (12)

where R0 is usually taken a... the equilibrium bond length of the ground state,

and the Franck-Condon factor is

- ~fX (R)x 00 (R)R 2d.R 1
2 

. (13) H

Although our calculations are not based on the Franck-Condon-factor approxi-

mation, this concept serves a useful purpose, as the cross sections are now

simply proportional to For the purpose of later discussion we define

the sun of the Franck-Condon factors of the discrete levels (Sd) and of the

cont inuum levels (Se) as

Sd (n) ~~~~~~~~~~~~~ = Zv(discrete) t f X nv (R) X OO (R)R dR I , (14)

S~
(n) = f dW = fdwIfX~w (R) xoo (R) R2dRI 2 , (15)

(continuum)

where in Eq. (14) 
~~ 

is the v-th discrete vibrational function of an excited

electronic state (n). The quantities Sd (n) and S
~
(n) provide us with an

estimate of relative excitation cross sections to discrete levels and to

continuum levels of a given electronic state (n). Finally, it is noted that

Sd and Sc would add up to unity. 

.. ~~~—~ —~~ -——...——..-.-..--

_ _ _ _ _ _ _ _ _ _  — —— _______ p _____ -~ -~~~~~~~-- 
-.. -.-
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B. Details of computation

The electronic wave fun ct i~m- of the molecule arc det ’zr ~in cd h~ the

self-consistent--field nothod ~~~~~~~~~~~ a kz~.is set consisting of six S - t v ~ o ~umJ

four p-type GTO’s for seven di lerent valoes of internuclear  ~1ist ~i~~ tH ,

R — 0.5, 0.6, 0.7, iL~ 4 , 0.8 , 0.9 , and 1 . 0  ~~~ . ~Vith these ~~vo function : ~

have computed ~~~~~~~~~~ for 32 values of K. The v i h r a t i on a l  wave ~~~~~cns

and are computed numerically in tabular fu~m.

The potential -energy curves used are due to ~o1 os wi ~o1 n c~-

-l~~ 3 +  ~~ -for the \ , b , E , and a states ; due to Spindler tor t~ e og u g g u
state; and due to Sharp~ for the state. Numerical integr ation of

Eqs. (8) and (9) then gives the differential cross sect ions . The cr c~ss

sections Q(n~) of Eq. ( 1 0 )  are computed for cont inuun ener gy fr on 2 to lc~ eV for

the b3
~~ stat e, and 0 to 4eV for the other states. addition , the cross

sections to the discrete vibrational levels of the a 
~g’ ~ -~~~~~~ 

d and

e
3r~ states are also computed by the procedure described previously.4

I lL u2 ~~ H (ls) + H (l s)

As described in Sec. I, the U2 molecule may dissociate into two l l ( l s )

atoms through direct excitation to the b32~ state or exci ta t ion to hither

triplet states follc~sed by radiative cascades to the b
3:~ state. Calculations

for excitation via these two different mechanisms are described separately

in the following subsections.

A. Excitation to the b3~~ state

The cross sections of the b3
~~ state are calculated 1w using Riid~ o ’ s

treatment of exchange amp litude and presented ~n Tabl e I and Fi g. 2 . Th

obtaining the total cross sections we havc taken the iimhs of integrati-.~i for

~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



9

Eq. (11) as 2 to 10 eV. This is seen to be quite sufficient as we find

of Eq. (15) to be 0.998 using the same limits of integration. A

similar calculation with Ochkur ’s exchange gives considerab ly larger cross

sections than those sho~o~ in Table I, especially at energ ies below 40 eV.

It has been suggested4 that Rud ge ’s scheme is preferable to Ochkur ’s for

the singlet-triplet excitation; hence only cross sections by r~udge ’s scheme

are presented for the triplet states.

In order to see how the computed cross sections depend on the accuracy

of the wave functions , w e have repeated the calculation by using the wave

function of Phillipson and Mulliken (PMY
3 for the b3Z~ state and that of

McLean, Weiss, and Yoshiniine (MWY)
14 for the ground state. The latter wave

function is made of five different electronic configurations so that a good

deal of electron correlation is believed to be accounted for. To facilitate

the numerical procedure, the STO basis functions of the above wave functions P
are curve-fitted into the GTO fo rm . The substitution of the PM function for

our Gaussian-basis SCF wave function of the b3~~ state produces virtually

no change in the cross sections, whereas the use of the MWY function for the

ground state gives results which are about 7% smaller than those in Table I .

3 +B. Excitation to the discrete vibrational levels of the a Zg~

c3fl
~
, d3flu~ 

and e3E~ states

In order to account for the cascade contributions to dissociation into

two 1I(ls) atoms, we have computed the cross sections for excitation to the

discrete levels of the a3Z , c3fl
~
, d3r~ , and e3~~ states, and the results are

included in Table I. There is very little overlap bet~:een the ground

electronic-vibrational state and continuum level of these excited states

except the c state, for which Sd and Sc of Eqs. (14) and (15) are

- -. 

-—
~~ 

- - - ~~~~~~~~~~~~~~~~~~~~~~ 
-
~~~~~~~~

-
~~~~~

- 
~~~ —.-‘~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-
~~~~~~~~~~~~

-
-~~~ - ~ _ _ . 4_._~__~~~ 
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respectively 0.80 and 0.20. The cross sections of the e3Z~ state in Table I

refer to excitation of discrete levels only.

As shown in Table I about one-half of the dissociation cross sections

comes from excitation of the higher triplet states and subsequent cascades.

We see that the major part of such contribution comes from the two lowest - -

triplet states, i.e., c3Tt
~ 
(20~’~) and a3~ (16%), and much smaller amount from

the e3E~ (6%) and d3r1
~ 
(5%) states. In view of the trend of diminishing

cross sections, the cascade contributions from still higher states are expected

to be small and will not be considered here.

C. Comparison with other theoretical calculations

Cartwright and Kuppermann 5 have calculated the excitation cross sections

of the b3Z~ state by means of the Born approximation with the “delta-

function approximation”for treating the continuum vibrational functions.

— Their results obtained by means of the Rudge modification of ’the Born approxi-

mation are included in Fig. 2 and are seen to he about 20% larger than

ours. In order to better understand this difference, we repeated our calculation with

the delta-function approximation (also knoio~ as the “reflection approximation”) -
• The error in the total cross sections [Eq. (11)1 introduced by the use of this

approximation is only about 3~ , although the distribution of cross sections

Q(nW) [Eq. (10)] with respect to W is shifted by about 0.2 cV toward high h .

Therefore we believe that a large part of the difference imist be attributed

f to the difference in the electronic wave functions used in their and our

calculations , and to the different means of evaluating the electronic transition

moment. Their ground-state function was taken to he the two-parameter wave

function of ~cinbaum ~1iich may give cross sections appreciably different from

these resulted from our SCF wave functions. ~~arc and Moiseiwitsch
6 have
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reported calculation of excitation cross sections of the b3
~~ state using

the Ochkur exchange. These authors introduced a separate-atoms approximation

to simplify the computational work. The vibrational wave functions were not

taken into account in their work and the b3E~ excited electronic state was

regarded as a single level at 11 cV above the ground state. Nevertheless ,

their peak cross section of 1.2 iTa0
2 is in reasonable agreement with our

peak value of 1.01 rta0
2 when the Cchkur exchange is used . Khare7 has sub-

sequently re-calculated the b3E~ cross sections using one-center wave functions

so that the separate-atoms approximation could be discarded and the excitation

energy of the b3E~ state was taken as 10.6 eV with the vibrational part of the

wave function neglected. The peak cross section’5 for of ~1iarc ’s

calculation with Ochkur’s exchange as presented in Fig. 7 of the paper of

Cartwright and Kuppcrmann is only a few percent below our value of 1.01 ~Ta0 .

This agreement, however, should be regarded as fortuitous in view of the

difference between ~-iare ’s approach and ours. IVe ha ve perfo n~icd som e test

calculations and found that the Franck-Condon- factor approxii :~at i on gives a

reasonably good estimate of cross sections (typ i c a l l y  w i t h i n  10~ ) ,  which ~~~~~

be explained by the fact that the R-dcpendence of the transition r~onent in

Eqs. (8) and (9) is nearl l inear so that the value of the t rans i t ion  me~ent

at the equilibrium separation CR0) is clo~.e to the averaged value over R.

Edelstcin8 used a variational method to calculate the dissociat ion cross

sections . In his work the molecular vibration is not ~xp 1ic itl v included.

• 

- 
His cross sections show a special feature of peaking at two di f ferent  incident

energ ies which is not found in the results of Cartwr ight and Kuppcrmann or

of ours . We are not able to find enough d eta i l s  of the computat ien ~1 pro-

cedure in Ref.  S to analyze the reasons for th i s  d is cr cpanc v .
e

Cartwr ight and Kuppcrmann~ have also coriputt-d exc i ta t i ~n c ros s sect ions 

- 
—
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of the bound a3
~~ state by usi ng Rud ge’s exchange. Their cross sections are

about 20% larger than our results. ~Vc believe this difference is mainly due

to the different wave functions used in the calculations as in the case of

the b3
~~ state. Theoretical cross sections of the c3Jl~ and states

computed by using Ochkur’s exchange have been given in Ref. 7. Because of the

diff erence in approach between }~iare ’ s work and ours, no comparison betweon the

two sets of results will be made.

D. Comparison with experiments
16 fr

Corri gan investi gated the electron-impact dissociation of the H 2 molecule

by monitoring the rate of pressure decrease in a closed system as the diss-

ociation products are removed . Because of the nature of his experiment , the

measured cross sections include contributions not only from excitation to

electronic states , but also from ioni:ation of molecular hydrogen. By sub-

tracting the latter contribution , he obtained the dissociation cross sections

via the excited states of the neut ral 11z molecule. These reported cross

sections s t i l l  cover the cross sections for producing excited-state U(n~)

atoms as no distinction is made of the atomic species. In order to make Corrigan ’s

experimental data compatible with the present theoretical cross Sections for

producing ground-state H(ls) a toms only , it is necessary to subtract from

Corrigan ’s data the experimental cross sections for the production of the

excited -state atoms . M~mm~a and Zi p f 17 measured the Lyman-alpha radiation

of atomic hydrogen resulting from electron-impact dissociation of molecular

hydrogen from the threshold to 350 eV. We have used these cross sections

to correct for H(2 p). Although we have computed the cross sections for

elec t ron - impact dissociation into I1(ls) + I1 (2s) , because of competing

mechanisms such as predissociation (see Sec. IV) which we have not dealt with

- • - ~~~~~~
. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ ~~~~~~~

•.
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here, we decided to use the published experimental cross sections to account

for the production of I I (2s) . The experimental data of Vroom and de }Iccr 18

show that the ratio of emission cross section for formation of H(2s) to the

cross section for H(2p) by electron impact is 0.485 and constant in the entire

impact-energy range (0.05-6 keV) of their experiment. Assuming that this ratio

(0.485) remains substantially unchanged below SO eV, we have also corrected for

H(2s). It should be pointed out that these H(2p) and II(2s) cross sections in-

clude cascades from higher excited states as well as direct formation of II(2p)

and H(2s) from dissociation. Vroom and de Heer’8 further found that the cross

sections for format ion of L1(np) atoms for n’>3 are quite small. Therefore, we

believe that the correction for H(~p) and lI(2s) as outlined above should

account for nearly all of H(nZ) production (n~~1s).

In Fig. 3 is shown a compariscn of our theoretical dissociation cross

sections (sum of the contributions from the b ,a,c ,c,d states as listed in

Table I) with the experimental data of Corrigan corrected for the production

of excited -state atoms as described in the preceding paragrap h. The overall

agreement is seen to be quite good . As mentioned in Sec . l I T - B , population

of the b3E~ state by means of excitation to the very high tri p let states

(such as those above d3J1
~

) with subsequent cascade has been neglected in our

calculations and inclusion of these contributions may somewhat increase the

theoretical cross sections. Also at the high-energy end the cross sections

reported by Corrigan may be subject to appreciable uncertainties introduced

by his subtraction of the effects of ionization .

Cross sections obtained from energy- loss experiment have been reported

by Ramien19 in 1931. His cross sections, however, arc smaller than Corrigan ’s

by about a factor two. Comparison between Corrigan’s data with the cros s

sections of flamien
19 and of Engclhardt and Ph elps ° has been discussed in

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

—
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IV. H 2 ~ H(ls) ‘ H(2s)

Dissociation of H2 into U(ls) 
+ H(2s) is complicated by the possibility

of predissociation. Formation of }1(ls) and H(2s) by electron i.nipact may
1 +result from (i) direct excitation to the continuum portion of the B’

e3Z~, E
1Z , and a3Z states, (ii) excitation to some other excited electronic

states which cross (or nearly cross) with the B’ , a , B and e states in such a

manner as to produce predissociation , (iii) excitation to the higher excited

states followed by dissociative cascade to the four states leading to

H(ls) + ll(2s). An ab initio calculation of electron-impact predissociation

requires very accurate ~~owledge of the potential curves of numerous excited

states ~hich is beyond the scope of this work. Also the lack of detailed

information, concerning the branching ratios among many available cascade

channels from any given higher excited state, makes it difficult to obtain

a quantitative estimate of process (iii). Thus in the present work we will

confine ourselves to process (i).

l~~ 3 ÷  1 +A. Dissociation via the B’ E , e E , and Bu u g

The dissociative excitation cross sections of the B’1~~, e
3L~, and

E1E states arc presented in Table II and the sum of cross sections (of B’,

e, and B states) is shown in Fig . 4. Because the potential-energy curve of

the a3Z state ~.s so unfavorable for dissociative excitation [S~
(a3

~~
) of

Eq. (15) is only 0.0026] that we omit this state from consideration. However,

• one can estimate the dissociative excitation cross sections of the a 3Z~
state by using the Franck-Condon-factor approximation along with S~ 0.0026

and the cross sections of the a3~~ state (discrete levels) in T~blc I. It is

seen that they are indeed much smaller than the contrihutians from the other

• three states.

- ___ s_

~~~~~~~~~ ~~~~~~~~~~~~~~~~ 
-

- - - -.‘~ __~~~~~ - __~_y_ -- ~~~~~~~~~~~~~~~



15

From Table II we see that the B”E~ state account for
rn more than 95% of

this dissociation process above 60 eV. Near the threshold excitation of the

e3E~ state is shown to be an important contributor. It should be pointed( out that due to the variation of the transition moment with R, the ratio of

cross sections (e3E~) of discrete levels to those of continuum levels differ

from the corresponding ratio Sd (e3t.~)/Sc(e3E
~
), which is 0.8/0.2. L

B. Comparison with experiment

Vroom and de fleer18 measured the cross sections for the electron-impact pro-

duction of }1(2s) atoms in the energy range of 50 to 6000 eV. More recently, the

standard21 used for normalization of experimental cross sections was re-

examined, and as a result Mui~na and ipf 17 suggested a factor of 0.8 by

which the previously reported experimental cross sections should be multiplied. f
Therefore, the cross sections of ~‘room and de fleer have been corrected

accordingly and are shown in Fig. 4. It appears that the present theoretical

cross sections account for 6l-67~ of the experimental values.

The difference (33-39% of experimental data) may well

be due to other competing processes leading to formation of H(2s) atoms.

First, predissociation into 1I(ls) + H(2s) through excitation to the states - ;

of ‘k~ 
symetry is shown to be an important process by experiments. 22

Second, consideration should be given to the possibility of excitation of

the higher excited states with subsequent cascades to the dissociating states.

However, not all of the highly excited H2 molecule will decay to the

dissociating states (B’~~~, E
1S , and e3~~) since there are lower states

(such as B1Z~, X
1E , and b3

~~) ~.hich offer competing cascade paths.

Moreover , the ~~~~ E1~~, and are bound states, unlike the b3Z~ state,

so that only the fraction of cascades to the continuum portion of these states
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wi]]. contribute to the formation of 1l(2s) atoms . Because of these competitions

we believe that the cascade contribution to formation of I1(2s) atoms is not

likely to be very substantial. Finally the experimental data of Vroom and .

de fleer may contain, in addition to process (2), contribution from excitation

through doubly excited states , i.e.,

112 ~~ 1l(2s) + 1I(nZ) , n~~ls
(at energies above the appropriate thresholds) which have been excluded in our

theoretical consideration. In the experiment of electron-impact dissociation

of H2 described in Ref. 22 , some of the l!~2s) a toms produced exh i b i t  a th reshold

of incident electron energy in the neig hborhood of ~~~~) eV , indeed suggesting a

possible dissociative mechanism such as

H2 ~~ H(2s) + fl(2p)

although no determination of the absolute cross sections for this process was

reported. In the experimental condition of Ref. 18, the measured cross

sections represent the sum of contributions from the processes discussed abo~e.

Therefore one would expect our theoretical cross sections to he smaller than

the experimental values.

The energy-dependence of the experimental cross sections18 shows that the

dissociating state is an optically allo~cd one. Our results are in agrecr:ent

with the experiment in this regard as the ~ajor contributor is found to be

the B’~E~ state. This characteristic energy-dependence will remain unchanged

when predissoc~ation of the ‘ ‘ 3
rT U 

states is considered . To sumnari:e, our

calculation indicates that the dissociative excitation of the ~~~~ ~~~~~~~~~~~~

and states accounts for as much as two—thirds of treasured cross sect ion~;
g

for production o jT I I . s )  atoms . The rc:~a i~tder is v~ rv Ii kel  V Jue to pre —

dissociation of ‘~::~ states and t o the e~c i tat  i on e’T dou~ l v  o~~ i od ~ t~~t os .

___________- ____
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V. CONCLUSION

The mechanism of electron - impact dissociation of molecules may he sub-

divided into (i) direct excitation of repulsive states (including excitation

of bound states above the dis socia t ion 1i r~i ts ) ,  (ii) excitation of discrete

levels of hound states followed by cascades to a dissociating state , and

(i ii)  exci tat ion of bound states which are predi ssociative ( i . e . ,  mixed with

dissociating s t at e s ) .  The method of Gaussian-type orh itals  has been proven

to be a very e f f i c i en t  means of dealing ~ith exc itation of discrete levels

of molecules . As the computation of cont inuum functions poses no d i f f i c u l t y ,

the method of Gil) can he readily extended to ab in itio calculat i ’ns of

processes (i)  and (ii). In order to make reliable calcul at i on of pre-

dissociation [process (iii)], accurate electronic ~avo functio ns and detailed

~~~~ledge of potential-curv e crossing are required. Once this inform ation

is available, the Gaussian technique can he applied to treat the problem of

excitation to the predissociative states .

In this report we have presented the results of the el ect ron - i mpact dissoc-

iation of the molecule into }I(ls) + H(ls), and into II(ls) • Ilt .2s) coitiputed

within the framework of the Born approxiin~t ion. In the former case ~e find

that the total dissociation cross sectionS receive about equal con~ r ihu t ions  H

from the direct excitation of the repulsive h 3
~~ state and from the excitat ion

of higher triplet states w i th  subsequent cascade to ~~~~ The present

theoretical cross sections are in a reasonably good agreement with the experi-

mental values of Corrigan when the latter are made conpatihic ’ so as to represent

the process leading to 1I(ls) + U(ls) only.

As to the process of II(ls) + II(2s), the excitation of the ~~~~~ e~~~,

and states (above the dissociation limit) maY account for a~nost t~O

thirds of the measured cross sections of Vroom and do fleer . ‘~‘~on~ the se

__________________—- - - 
---- ~~~~~~~~~~~~~~~~~~~~ 
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dissociating states the B ’~ E~ state is by far (95% or more) the most important
contributor at incident energies above 60 eV. At lower energies the e3l~
becomes important, particularly near the threshold. The balance (about one-

third) is expected (but not independently verified) to come from excitation
of the 1’3JI

~ 
states which are predissociated by the B’1E~ and e3Z~ states. It

is also likely that some contribution comes from excitation of some doubly
excited states. Although our results are consistent with the experimental

data, further studies concerning predissociation and the nature of some of the doubly
excited states are necessary in order to have a more complete understanding

of dissociation of H2 into H(ls) + }-J(2s).

L

______ 
-2 ~- ~~~~

-
~~~~~~~

- 
- ~~~~~~~~~~~~~~~~~~~ 
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Table I. Dissociation cross sections for production of H(ls) + }l(ls) via

excitation of the b3E~ state (repulsive) and the a3L~ , e3
~~, c3]1

~ , and d3fl
~

states (bound) in units of l0~~ ~ z

Energy Cross sections

b3Z~ a3E~
’ c311 e3f~ 

a 
d311(eV) u g u u u

10 1.76

13 4.47 1.07 1.96

15 4.18 1.22 1.98 0.334 0.408

20 2.69 0.854 1.19 0.286 0.311

30 1.10 0.342 0.433 0.122 0.120

40 0.525 0.160 0.196 0.0574 0.0532

50 0.287 0.0857 0.104 0.0309 0.0278

70 0.112 0.0328 0.0396 0.118 0.0103

100 0.0401 0.0116 0.0140 0.0041 0.0036

150 0.0123 0.0035 0.0042 0.0012 0.0011

aExcitation to discrete vibrational levels only.

_ - . _ _.- _ —‘-

~
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Table II .  Dissociation cross scction~ for production of l l ( l s )  + I I (2 s )  via

excitationa of the B’ 1~~, E
1
~~, and states in units of i0~~

8cm2.

Energy Cross Sections

(eV) B”~~ E1Z e3~~

15 0.0623 0.0290 0.151

18 1.33 0.113 0.860

20 1.98 0.141 0.800

40 3.91 0.166 0.163

60 3.75 0.133 0.0509

80 3.41 0.108 0.0217

F 100 3.09 0.0910 0.0112.1 ~ 150 2.50 0.0645 0.0033

200 2.10 0.0498

500 1.13 0.0219

1000 0.674 0.0108

a Excitation to these states above the dissociation limit only.

- 1

A
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H (Is) + H (2s)

\ I

- \  3~~
+ 

w

INTERNUCLEA R DISTANCE ( A )

Fig. 1. Potential-energy curves of the H2 molecule illustrating different
• mechanisms of dissociation by electron impact. Dissociation into H(ls) + H(ls)

results from direct excitation of the repulsive b3~~ state (la), and also from
excitation of higher triplet states such as a3f’~ state (lb) followed by radiative3+ g
cascade to the b E state (lb’). Dissociation into H(ls) + H(2s) results from
excitation of the B’ state (also E 

~g’ 
e E

ti
, and a~Eg states) above the

-

- 

- dissociation limit (2).
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~~~y the sot id curve , and those of Ret’. S b~ the dashed curve .

$ H

~~~~~~~~~~~~ jJ~~_ _A.~. ~~~~~~~~ 
_____________________________



25 I , :

‘O-
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e 
• H(Is ) + H(Is )
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8 —  
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II \ \
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• II \C) iI
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I• I

— —  — EXPT. (Corrected )

0 I I I
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INCIDENT ENERGY (eV )

Fig. 3. Theoretical cross sections of this work (solid
• curve) for the dissociation process 112~~ 

H(ls) + H(ls) as

compared with the experimental values of Ref. 17 (corrected

to represent the production of 1I(ls) atoms only as described

in Sec. h ID (dashed curve).

_ _ _ _ _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



—- - 
-. - 

~~~~~~~~~~~~~
-- - 

~~~~~~~~~ : _.._ ~~~~~~ . • - - — - - ________

26

IO~~ H2 
e H(Is ) + H(2s)

S . S
N -

E ~~~~~~~~~~~~~~~~~U - -‘-------
~~~~ .C f

- I —..-.- ..—, I ICl) 
/z .
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.
Ui
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U) 1O ” — S
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- THEORY (Th~~Wor Ic )
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I I 1 1 1 1 1 1 1  I i I t i i i i l
15 100 1000

INCIDENT ENERGY (eV)

Fig. 4. Theoretical cross sections of this work (solid curve) for the
• dissociation process H2~~ H(ls) + t1(2s) via  excitation of the

and e3~~ states. The experimental cross sections of Ref . 20 are
nultiplied by a factor of 0.8 as suggested by Ref. 19. The experimenta l
cross sections are for the rate of production of hI (2s ) atoms , thus they
also include other modes of dissociation (see Sec. IV B). 
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1. IwrI~)wcrIc}I
Excitation of the electronic states of molecule by electron impact is

one of the simplest basic processes in molecular collision phenamena. The

importance of such excitation processes in many areas of studies has stim-
ulated considerable experimental efforts in recent years. However, the
progress in the theoretical aspects of the problem has been much slower. In

fact the status of the theory of electron-impact excitation of the electronic

states of diatanic molecules is in a rather primit ive stage in cciuparison

with the corresponding electron-atom processes . For a few diatanic molecules
(E2,N2,a) ,  systematic studies1’8 of the excitat ion cross sections for a number
of singlet and triplet states have been made by means of the Born approximation

• and/or the modified versions of it. The modifications of the Born approximation
9 10as introduced by Ck±kur and by 1~idge enable one to handle the exchange

• interaction between the colliding and the target electrons in a simple way.
Excitation from a singlet to another singlet state can be treated either by

• the first Born approximation (referred to as the Born approximation in this

paper) , or by one of the modified versions when the exchange effect is included .
()i. the other hand one must resort to the Born-Ochkur or the Born-E~idge

approximation for excitation to triplet states. In Refs. 1 and 2, it is
suggested that Born-Ochkur approximation be used for singlet-singlet excitation,

but the Born-Th.idge scheme is recoiymended for singlet-triplet processes.

• Cc~iq arison with experiments shows satisfactory agreement for a few states,

but rather large discrepancy is fotutd for sane others. Viewed as a whole, one

• can only regard the Born-type calculation as a means of providing theoretical

estimates but not always cross sections of precise quantitative significance.
In the cases of singlet-triplet processes, the excitation ftmctions generally
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peak at a few eV above the threshold and decrease steeply with increasing energy.

For many applicatic*is, the major interest in triplet excitation lies in the

near-threshold region where the cross sections are large, but this is also

the region in which the validity of the Born approximation becomes questionable.

Recently a calculation based on “the first-order many-body fornvl.a” (a form

of distorted-wave approximation) was advancedli , which is yet to be tested

against more rigorous theory. Like the Born-(~ hkur and Born-Rudge approximations

before it, this method, too, takes advantage of relative simplicity in

caiputation but also falls short of serious theoretical justification.

Collectively, these efforts are a testimony that while the need for theoretical

cross sect ions is great, the means of obtaining them is restricted - no doubt ,
due to the con~utational ccinplexity involved in the molecular problems. •

The most rigorous and systematic formalism coninonly applied to the electron-

atom collision processes is the method of close coupling. 12-17 
~~out ten

years ago a very ambitious effort of applying the close-coupling metnod to

electron-H2 excitation was ~.nidertaken by Fajen)8 He calculated the excitation

cross sections of the B1E~, C’II.~, and E’ç states of H2 by a multi-state close

coupling scheme. To make the problem tractable, Fajen neglected the exchange

interaction between the colliding and target electrons. The emphasis of his
• 

~~rk is mainly focused on the problem of singlet-singlet excitation in the high

and intermediate energies, particularly the effect of multi-state indirect

• coupling on the cross sections of the E1E~ state. Black and Lane19’2° also
calculated the cross sections of the B~E~ ?tate by the close-coupling method.

The electron-exchange was approximated as an effóctive exchange potential by

the scaled Slater-Hartree-Fock form to simplify the computation.20 The latter

werk was primarily concerned with the resonant excitation of the B1E~ state at

low incident-electron energies (11-13 eV).
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• In this report we apply the method of close coupling to the electron-H.,

proble m with the projectile-target el ectron exchange included, and calculate

excitation cross sections for several triplet states as well as the B1t~ state .

The theoretical forimilation and the computational proc edures parallel closely

those of the atomic cases with two notable differences coming from the axial

syimnetry of molecule and the two-center nature of (homonuclear diato snic)

molecular wave functions . Fran the computational standpoint, these differences

translate into one additional t runcation of an infinite s~nn beyond the atomic

• calcul at ion. In our calculations this t runcat ion is fully justified with a

demonstrated convergence. Aside fran this point , all computation s are carr ied

cut to the same degree of re f inement as the corresponding electron -atom

probl ems.

1



up— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

31

II.  G~~ERAL T!~~ RY

The development of the close-coupling theory dates back to the

1950 , 3. 12 Since then this method has been applied with increasing frequency

to electron -atom prob lens,13
~~

7 so that the general theory of the close-

coupling method is rather well known now. Nevertheless , for the purpose of

later discussions , we specialize it to electron-d iatomic molecule collision

processes which result in an excitatiop of electronic states . The formulation

here parallels closely to those already published in conjunction with electron -

atom case , particularly, the work by Smith, Henry, and &irke.14

In the field of electron -molecule collision , when an excitation is made

from one electronic state to another , we are interested in the excitation cross

sections that are averaged over the initial rotational substates , and sunined over the
final rotat ional substates. In order to compute such cross secticns , it is

possible — in fac t desirable from the computationa l point of view — to

forn,jlate the problem in the molecule-fixed frame of reference ,21 ’22 thereby

ignoring the rotational structure completely. However, in its stead, we

average the direction of the incident electron with respect to the orientation

of molecule. (sly assisnption needed here is that the energy of scattered

electrons be much greater than energy-spacings of the rotational states .

As to the treatment of the vibrational motion, it is a cannon pract ice

to use the Franck-Condon-factor (FC) approximation, by which electronic states

of molecules are considered “vibrationless.” This simplifies t he calculat ion ,

since the vibrational wave functions now enter the canputation only through

FC factors so that the scatt ering equat ions can be solved without the

knowledge of vibra tional motion . The val idity of this approximation

has been exanuned .3 In this rep ort we will focus our attention to the

elect ronic mot ion and ignore the

_ _ _ _ _ _  - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
t •~i
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dependency of electronic funct ions on the internuclear distance. Thus , in what

follows, all electronic functions are those corresponding to the equilibri iin

separation of a ground state .

An electronic state of a diatom ic molecul e is defined by the angular

irmentum along the molecular axis A , and the spin (sm) . We use n to distinguish

differen t states which have the same quantum numbers (Asm) . Thus , we write an

N-electron electron ic wave function as

: $(nAsmlX l, .,XN) ,  (1)

where 
~~ 

represents the spatial (
~

) and spin (a’) coord inates of the i-th

electron. •‘s are fully antisyninetrized products consisting of one-electron

molecular orbitals •~ (n~A~ i~) with cx- or 8-spin , and they are assumed to satisf y

the Schroedinger equation exactly,

~II~OI
’
~ 

(nAsm) = E~~$ (nAsm) , (2) 1

N
Hno1. — + Z( F A-

~i I~~ 
+ IrB 1j I ) l

N- i N
+ E E i;.-

~~• i~~~~
, (3) H

i—i j—i+l ‘ ~

where Z is the nuclear charge, and and TB are the position vectors of the

two nuclei. The scattered-electron wave is characterized by angular momenta

(2m ’) and spin (s-½, m-±½) .

The essence of the close-coupling method consists of expanding the total

(N+l) -electron function of the collision system in tenns of a suitable set of

basis functions . Die to the axially symmetric field in which these (N+l)

electrons move , the total angular momentum projected on the molecular axis

A— A+ m ’ is a constan t of the collision process.
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As we deal only with spin- independent Hamiltonians, the total spin (~ ‘1) are

good quantum numbers. In fact the cross sections are independent of M.

Accordingly, we adopt a basis set which are eigenfunctions of (SMA) , i.e.,

*r(X~~
) 

~ ~~~~~~~~~ ,
r.aj , , xN+l)

— E~ C(s ,½, m,M~mI SM) Y L A X (r
~) E ( ¼ , M~m I a I)

x 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (4) 

J

where C(j 1j 2m1m2~JM) is the Clebsch-Gordan coefficient , is the spherical

harmonic, and ~ is cx- or 8-spin function . We also used two short-hand notations;

X 1 indicates that r~-coordthate is missing in the basis function as sho~.n and the

channel index u (nAt).23 The total (N+l)-electron wave function is now expanded

in an explicitly antisyninet rized form as

• .4.
‘I’ (x1, . . .  ,X

N+1
)

~~~

1 E~~~~W (x1, . .  . ~~~~~~
and 

- ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ (6)

where r
~~

F
~

,
~~

(r) are to be determined by solving the scattering equation

• In this paper we will not consider the bound (N+l)-electron states in the expansion

of Eq. (5). Inclusion of such bound states allows for the possibilit y of

electron-capture into the target molecule ,24 and would be essen tial in the

studies of resonance behaviors of excitation functions such as in Ref. 0. ~Ve

seek the solution of the Schroedinger equation ,

= o, (7)

___ — ~~~~~~~~~
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~~ re the (N+l)-electron Hamiltonian H is

H — 1
~flK)l ~~~~ + V(~1 .. , r~441) (8)

+ 4- 4- - + 4- -1
~~~~~~~~~~~ — -z ( I r A-r

~+l I + IrB rN+lI )

+ z ( . -
~~~~~~

( . (9)
1

In lieu of Eq. (7) we apply the variational principle to the integral (a

standard prescription here),

6jdX~. “~~N+l ~~~~~~~ 
~~~~~~~~~~~~~~~ . ~~~~~~~~~~~~~ 

— 0, (10)

with a subsidiary condition that the scattered-electron functions be orthogonal

to all the relevant target one-electron orbitals 4~ • (Imposition of this orthogonal-

ity condition precludes the possibility of electron capture into those orbitals.)

For electron-atom problems , because of the spherical syuinetry of the target,

~~~~~~~ this is equivalent to requiring orthogonality between the scattered radial

functions r 1F , and the target orbitals of the same 2.. This orthogonality

relation offers a great deal of simplification to the scattering equations. For

molecular systems, the requirement of r
~~
F
~i~ 

being orthogonal to the relevant

molecular orbitals would certainly ensure the orthogonality of the colliding-

electron wave function to the target states , but the fon~er is some~~at more

stringent than the latter. However, in this work we adopt the former version

in order to take advantage of the simplification in handling the exchange terms

in the scattering equation, i.e.,25

I ~~~~~~~~~~~ ,A~AP(~)r F
~
,
~ ,2.,(r)

}dr = 0. (11) -

Upon expanding

$3
(n3 x3 tr )  — 

~
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Eq. (11) becomes

~~ ~~~ ~~~~~~~~~~~~~~~ 
I ~ 2.(n~A~Ir) r~~Fn ,~~,t , ( r ) r 2dr - 0, (13)

for all molecular orbitals 4~ (n~A~ Ir) . This orthogonality condition may be

treated by means of the Lagrangian undetermined multiplier ~~~ ~~ 
which amounts

3 3
to adding to Eq.(l0), the following equation

~fZ ~E~ ~~~~ 6X~~ (A -A ’ )  .x~~ ~~~~~~~~~

—1 2r F
fl,A , .2.,(r)r dr 

= 0. (14)

From Eqs . (10) and (14), we obtain the familiar set of integro-differential

equations,

d t’(t’+l) 2
- 

r2 
+ k’ ]F~,~ (r) = 2 ~~ jU~ , ,,(r) +

+ E~zô~~,6~ ~~~~~~~~~~ ,t
(n?i Ir), (15)

where the direct (U) and exchange (W) potentials are

U~ ,~
,,(rN+l ) = I ~,~ 1A* (x~(N+l) ) V~~l,.. . ,r~~1)

* X ~~~~~) d
~l ...d

~~
d;N+l , (16)

W
~~

,,(rN+l) F
~
,,
~

(rN+l) - -N f ~~~A* (X~N)r~1F ( r )

X Ir N-rN+l I ~~~“(x~~~~~ )d;1.. .d~~
dcN+l (17)

and

k’2 — 2(E _ En t~~
) (18)

We will not attempt to simp1ify~~qs. (16) and (17) until we come to a

specific application . However , we point out here that these c~.ipling

potentials vanish between channels of differing parity~~ Parity of a channel

(nAt) associated with (nA ) electronic state may be defined as (~1) t for “gerade”

. • •~~ • • • • • •~~~~~~~ • • .~~~~~~~~~ . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • • .  ~~ . .~~~~~~~~~~~
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states (Ego flg~~~•)~ and (~1) t11 for “ungerade” states (EU ,flU , . ..) .  As a result ,

the scattering equations separate into two sets according to even or odd parity

just as in an electron-atom collision prob1~n. The solutions F~1~ (r) are subject

to the boundary conditions0

F~,~ (r) -. 0, as r-~O

‘
~ 

—1ç [6 , e (k ’ ’ir) e k’r t ’ TT)S t
~.J as r-’~’, (19)

where S~, is the scattering matrix. Following a similar analysis of Blatt

and Biedenharn ,~
2 the scattering am plitude is

2,i 
~~~

-
~~~~

‘ *f (nAts -.- n ’A ’2 . ’s ’ (k ,r) = 
~ A(kk’)

~ ‘k’t~A~A~~~ T~~ , (20)

where the transition matrix T is

= 6 , - S~~’~ . (21)
~L U  U U  1.L ’

~ .L

The differential cross section in r-direction is

I (nA s n ’X ’ s ’I k ,r)

~~z Es ~~~~ 
EAUt I \ t A... A (k) Y2. , A ... A ,( r) T~~~, 2 . ,~~ x9. I

2 
- (22)

Integration over the scattered angle yields a total cross section for a

• given incident direction (k) . As stated before , we are to average the cross

sections with respect to k , i.e.,

• Q(nXs -‘ n ’X ’ s’) = 
~~ f dk dr I (nXs -‘- n ’A ’ s’lk , r)

= 2 ~s L2S+i) E TSMA 2 
~23k 2(2s+1J AU’ n ’X ’ t ’ ,nAt

For the purpose of later discussions , it is convenient to have cross sections

expressed as

~~~~~~~~~~~ ~~~~~~~~ —~~~~~
-

~ ~~~~~~~~~ 

—
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n ’A ’ s’) = £s A~~~ t= IA-A ( L ’ - I A - A ’ I ~ 
n ’A ’ s’t ’),  (24)

Q~~A (nAs& -‘ n ’A’ s’t ’) = 

~2 LT~~~~t, ,&~~( 2 
. (25) 4

In accordance with the FC approximation , Eq. (23) is viewed as the cross

section from any one vibrationa l level of (nAs) to all vibrational levels of

(n’A’s’) state. Therefore, cross sections between a pair of vibrational levels

are to be scaled by the appropriate Franck-Condon factor 
~~~~~~~~~ 

i~~~,

Q(nAsv + n ’A ’ s’v ’) = 

~~~~ 1~,,~~Q (nA s -‘ n ’A ’ s’),
(26)

%v,n ’v ’ t fX ~ t v v ( R) ;~ (R) R2dRI 2 ,

where ~~~(R) is the vibrational wave function of (nv) state.

It is worthwhile to draw the contrast between the electron-atom and electron -

molecule systems . An obvious difference is that the eJectronic wave functions of a

diatomic molecule are centered around two nuclei. This causes difficulty in

computing the coupling potentials, which will be discussed in Sec. IV-A. The

other point of practical interest is the following. In an electron-atom

collision, the scattering equations are diagonal in t = + Z and ML L
and Z being the angular momenta of the atom and scattered electron

respectively) , and the cross sections are independent of M~. Accordingly, the

cross sections corresponding to Eq. (24) are (apart from the parity consideration)

given by

• 
Qatorn(fl~~S + n’L~s’) = 

~s ~~~~~~~~~~~ L=0 (2La+1) 
~~~~~~a I

L+t ’ (27)a Q~
•
~” (n2. ts -‘ n’z’ Z’s’).

t’— IL- &~I a

• _____________________ __________________________.-—~~~ 
.
-~~~~~~~~~~~~~~~ -- -

~~~‘-—-~~~ 
~~~~~~~~~~~~~~~~~~~ ~~~
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Thus , once the nunber of target sta tes 
~~~~ 

are decided on , one set of

scattering equations corresponding to a given pair of L ,ML are solved at

a t ime , yielding partial cross sections Q~~~~
. Further, for a given L,t and V

are restricted to a finite number of values as shown in Eq. (27). Strictly

speaking , L runs from 0 to ~~. In practice , since the part ial cross sections

Q~ diminish with increasing L for large L , the series in Eq. (2 7) may be

terminated after suming a finite rnniiber of Q~~~~ 
for L-0 , 1,. . . L~~ . The point

we like to emphasize here is that L1~~ is chosen - and may be increased l a t e r  -

accord ing to the knowledge of partial cross sections Q~~~~ already calculated for

L<L~~.

However, for the electron-excitation of molecule considered in this paper,

only A is a good quantum number. 27 Thus, the scattering equations for a g iven

A would in principle contain infinite number of channels corresponding to

& — I A - A l ,  I A - A I + 2  etc. as shown in Eq. (24) . Again , truncation of channels

(with respect to t) is inevitable. However, in this case the t runcation must

be made before the scattering equations are solved . In other words , whether or

not a sufficient number of channels were included in a calculation can be

ascertained only after the calculation had already been completed . This is an

additional burden in the calculation of molecular excitation . We will discuss

this further in Sec. I I I .
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III. APPLICATICt4 TO ELECrRa4-H2 COLLISI(V

Within the theoretical framework out lined in the previous section, we

made a series of two-state close-coupling calculations by including the

ground state X’E and each of the B’E~ , a3Z , b3E~ , c3fl~ , and e3E~ states .

With the number of electronic states thus limited to two, we must st ill decide

how n~ny partial waves (U’) are to be included in a calculat ion , as pointed

out at the end of Sec. II. After some test calculat ions we found that for the

singlet-triplet excitation it is quite adequate to include three partial

waves or less per electronic state in the energy-range (up to 40 eV) of

• inciden t electrons considered here . However , in the case of excitation to the

singlet state (B’E~), it appears that a very large number of partial waves

would be required. Therefore, we adopt the following practical scheme’8 to

carry out the close-coupling calculations with a limited number of partial

waves while maintaining sufficient degree of accuracy.

A. Special Treatment for singlet-Singlet Excitation

Let us denote the close-coupling (CC) cross section of (X1E + B~E~)

excitation by

Q(CC) (Blz4~) = Ett,EA Q(cc) A (t ,t~) . (28)

This is a short-hand version of Eq. (24) with S41½ and s—s ’=O. We assert

here that for sufficiently large (& ,L ’> L), Q~~~~’~(t ,t’) approach the corres-
-

• 
ponding partial cross sections Q~~0Th~~(& ,t~) by the Born approximation.

Barnes, Lane, and Lin16 verify this in their work on electron-Na collision

• with a qualitative physical reason behind it. Therefore , we may calculate

Q(CC)A ( t t ~) for (2., t ’)<L , and substitute Q (Born) A(~~~I) for Q (CC) A (&t ~) for - ‘

(t,&’)’L, viz.,

—
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Q (CC) (B1E+) E & L , EA Q(CC)A c& tt ) + Z &L~>LEA Q(Born)A (~~Z~)

(Born) L
— Q(total)+ ztt , {E A [Q ( 

~‘(t ,t ’) - Q(Born)A ( L L ~)] } (29)

We will substa ntiate this claim later .

B. Coupling Potentials

The electronic wave funct ions used in this work are as follows:

s=m=o) = [kYg~z(l)  lOg8( 2)]

s=m=o) = v~ {laj t (l) la~~(2)l - [lag8Cl) la
~

cz(2)] },
(30)

s=l ,m=o) vdT {[l agc~(l) 2cig8( 2)] + [lag~(l) 2a
gct(2)]}~

s=m=l) = [lagct(l) 2agc&(2) ]

and similarly for b3E~, e
3E~, and c311~ (A=± l) states with 2°g replaced

respectively by lan, 2%~ ai~~ 
]~~ (A=±l) orbitals. Here , we used the brackets

to represen t the norma lized determinants. The detailed form of the molecular

orbitals will be given later. The threshold energies of these states are listed

in Table I , which should be viewed in the context of FC approximation . Let us

consider a process in which an incident electron (s=m5=½) imp inges upon an H2
molecule in the ground state (s=m5=o) . Consistent with this , we construct basis

functions as in Eq. (4) , which are spin-eigenfunctions of S=M=½ with N=2. For

example, with the X1E state we have

— Y& ,A_ A (r 3)a (3)~~ X1z ;  s=m=o) , (31)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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and likewise for the B1E~ state . In the case of a3E we write

= A-A~~3~ 
{/ ~~B (3)~~(a~E ;  s=in=i)

s— i , m=o)}. (32)

The basis functions associated with other triplet states are obtained similarly.

With these explicit expressions [Eqs. (30)-(32)], the potentials [Eqs. (16),

(17)] may be reduced to the following:

U~~, (r) = 
~~~~~~~~~~~~~~~~~~ 

+ 

~~A~S f l ,A,~
,S,(r)1, (33)

where
= 

~~(nA) , (n ’A ’)  f dr 
~& ,A-A~~ ~t ’ ,A- A ’~~~

.4 +-i .4{j r A-r I + lr B r I  ) , (34)

and

~~~~~~~~~~~~ 
= f dr 

~~~A- A~~ A-)~~~

x ~ f~ f 4~(’) ~~~~~~ d ’  • (35) H

The Kronecker delta in Eq. (33) restricts the direct-coupling potentials to

those between channels belonging to electronic states of same spin, with the

obvious consequence tha t a singlet-to-triplet excitation is achieved only

through electron-exchange . The potential due to the nuclear charge is

diagonal in electronic states as shown in Eq. (34). The part due to the

molecular electrons Ve is a sun of integrals involving one-electron molecular

orbitals (?~J) •J,$~ with numerical factors f3
. Analogou s to this , we find

•1

_ _ _ _ _  --~~ ---—, ~~~ ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~
-
~~ •
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g~ f ~ .*(~~)y L, A A ,( ;~) i~- ’i -’

x •J( ) ~L ,A-x (’ ) (rr ’ ) F ~ ,~ ,,( r ’) dr d ’  . (36)

For convenience we use short-hand notations

($J ~~~ I ~~~
‘ I - ’ l J ~~’ d ’  (37)

(~J
’ ‘~j~ ~ 

* .4 

~
‘&‘ ,A-A’~~

’
~ 
l;~ ;il~~

l

x ) Y~~A A (r ) (rr ’)4F~,~,,(r’) dr d ’  . (38)

We display in Tables II-IV the coupling potent ials between channels with

respect to the electronic states to which they belong.

In order to express these potentials more explicitly we use the following

well-known expansions , with the origin of the coordinate system chosen at the

center of homonuclear diato nic molecule as shown in Fig. 1. That is ,

Ir A-rI =k. ZK (2K+ l~~~~~ 

:‘:~ A 

(39)

Ir B-r I = ~~ E~ (-l) 
~2x+l~ ~~~ 

YK ,O(r) (40)

I~~ ’ I ~ = 
~~~Eic ~z~~r) 

(~~) Em YK,m (1~
)YK,m(~

l
~
)
~ 

(41)

where and R< stand for the greater or lesser of r and (R/2) , and r> and r<
for greater or lesser of r and r ’. With these expansions we find

L+L ’
= ‘5(nA) ,(n ’x’) ~fl~ ~~~~~~~~~~~~

x cK ( L t A _ x 1 ,LA_ x) ( <) (42)
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— E~ f3 K I & t ~
x yX(~

.,
~
!Ir), (43)

where we used the notation of Condon and Shortley ,28 i.e.,

c1
~(& ’m ’~m) = [2~ f~ f dr Y~~(r )YK m m , ( r )Y & , m , (r) , (44) H

aM the function is

Yx(~j~~3Ir) 
= (~i) 3 J  [ ii]  f ~~~~~~~~~~

A r K  ‘.
x 

A A ’ (r) (1 ) (~i) ~! (n! A r ’ ) d ’
~~~~~~ ~ 

r> r> j  3 3

A . -A .  ½ r K- 1 2
= (-1) ~ 

~~~~~ 
[{r 

- f r ’ r ’ dr ’ + r f r ’ r ’ dr ’)
0 r

x {fdr ’ • ( n ~A~ I~~’) YK A A ~~ (r ’)~J 
(ii! A ! J~ ’) } ]  (45)

where A~ is the angular momentum along the molecular axis of a molecular orbital

$~. Similarly,

W~~,(r) ~~~~~~ - -E~g~ EK g  ~~~~~~~~~~~~~~ 

r Jdr YKg (r) 
~
‘&,A-A Cr)

( ) ( {r ~~~ 1
r r~K F~ 1~~ (r ’) dr ’ + r K 

f~r ’ F ~ ,~ ,,(r ’ )dr ’}

x r ’ f dr ’ Y~~(r ’) Y
~~ A ~

i(r ) (r’) 1. (46)

To simplify this we use the relation

• A 
L1+L2 (2&l

+l)(2&2+l) 
½

Y~~~~(r)Y ~~~~(r) 
L— I~1-L2I ~ 

4ir(2L+l) ] C(L1&2m1m,IL M=in1+m2)

c(L1&200l Lo) Y~~(;) , (47)

• 

• - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_ 
~~~~~~~~~~~~~~
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and define a function ZK, viz.,

½ A A

Z
~
($

J~
mlr) - [~~~ ] rfdr 

Ygg Cr) Y~~(r)~~ (~)

K+t ½
a T E [ —~~~

} C(KZgln~LM) C(K&OO 1 LO)
L — I K- & I

x J dr ~~~~~~~~~~~~ . (48)

The last integral in the above equation restricts M=A
J . 

which in turn sets

g1r~~-m so that the summation over g is merely formal in Eq. (46). Combining

Eqs. (47) and (48) into (46), we find

= -E~g~ E K 2K~~~ 
A-A I r)

x [{r ~~~~ f ~ r
P KF~,~,,(r~)dr

t + rK 
f~r~~~~

1FM ,~ ,,(r t )d r 1

x Z~(~J
VA _ x t l r~) ] .  (49)

We note that the parameter K in Eqs. (42) and (43) and L in Eq. (48) are limited

to a finite number of values so that those series [Eqs . (42) , (43) , and (48)]

can be summed without any omission as indeed done in this work. The exception

to this occurs in Eq. (49) with regard to K , where K has no upper limit. As

a practical matter this infinite series must be truncated, and we found it

sufficient to retain the three leading terms in this work.
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lv. ME~~OD OF Ca’1P~xrATIa4

In the usual approach of expressing the molecular orbitals (fl)) by

linear combinations of atomic orbitals (LCASI)), the molecular wave functions

are centered around the two nuclei . The greatest (if not the only) difficulty

with an electron-molecule calculation arises from this two-center nature of

molecular function, the consequence of which needs no elaboration here. In

this section we develop a computational technique suitable for the potentials

by exploiting the advantages offered by the Gaussian-type orbita ls (G1D) .

To begin with , we def ine Gaussian functions centered at A and B with

exponents a, b , (see Fig. 2),

G(a ,A) exp(-a [(x-A
~

) 2+ (y-A~)
2 

+ (z-A
~

) 2 J }

2 2
— exp{-a(~~

. + r + RrcosO)} (50)

2
G(b ,B) exp(-b(~4. + r 2 

- Rrcoso)}, (51)

The Gauss ians shown above are known as s-type , from which P~-~ ~~~~~

-
‘ 
and Py~t1e

GTO can be derived , i.e.,

G (a,A) = (z-A 2) G(a ,A) = (rcosO-~) G(a ,A),
(52)

G (a ,A) = (x-A
~
) G(a ,A) = rsin0cos~ G(a,A), etc.px

Crucial to our computational procedure is the fact that the exponent in Eq. (50)

is rational; in contrast , for the Slater-type orbitals (STO) the exponent

would be irrational. In terms of these Gaussian functions, the one-electron

molecular orbitals appearing in Eq. (30) are expressed as

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ - .~~~~~• 
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6

— E c . {G(a. ,A) ± G(a., B))0g’ u i— i 1 1 1

(53)
10 R R

+ E c. {(r coso- 2- )G(a . , A) + (rcos0 + 
~~
-) G(a . , B) } ,

j 7  1 .1 3

with og and ~~ 
taking the upper and lower signs respectively, and

+
. 10

~~~ E c. rsin0 {G(a.,A) + G(a.,B) }. (54)
u j7 3 -~

The expansion coefficients c’s are determined by the self-consistent-field

(SCF) calculations for each of the X’E , B1Z~, a
3E , b3E~, c

3fl~, and e
3E~

states at R = 0 . 7 4  ~ corresponding to the equilibrium separation of the ground

state (X 1 E~). These coefficients are listed in Table V along with the

corresponding exponents of six s-type and four p-type Gaussians .29 The

general procedure of SCF calculation is discussed in the literature.30

In case of (log)(2au)e
3E
~ 
which is the second lowest state of this symmetry,

the S~F procedure is applied to the second lowest root of the secular equation;

the 2a~ orbital so obtained is found to be orthogonal to the orbital of the

(lOg) (iau)b3E~ state. In all cases the orbital coefficients are converged with-

in ~~~~~~

~~~-~~ ji t
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A. Coupling Potentials

With a substitution of Eqs. (53) and (54), reduction of the last integral

in Eq. (48) becomes possible. For example, we have

A A 

*f dr Y~~(r)~~~(x.—lIr)

— j .  f ci~ e’~ ~~ x E . c. exp{-a(~--+r )}12•ff °

x f sinOd8 [~~.~1(cose ,sine)rsin0][exp( -a .R rcosO) + exp(a.Rrcose)], (55)

and similarly with other ~ID. Thus, a typical e-integral has the form of

f sinedO®~ 1(cose ,sino) f(cosO ,sthO) exp(yrcoso), y = ±aR . ( 5 6 )

In practice the products
~~L~l 

(cosO,sin0)xf(cosO,sinO) always turn out to be

an even function of sine (sin2’
~O) so that we have to deal only with the

following integral.

5 sinOdO cos~G e~~
05O 

= P ( e ~~ + Q~(x)e X , (57)

where

P~(x) = (_1)n+l ~ n! 
m+i.m=o tn-rn) !x

and (58)
Q~ (x) = (-l)~’P (-x). H

The angular integrat ions for function in Eq. (45) are performed in a

similar manner; the only difference is that there are two ~K) in the integrand

so that the number of terms are increased. However, the form remains

the same .

Thus, with the angular integration completed, r-i.ntegration is carried out

numerically by Simpson’s rule for y~ function in Eq. (45) . From this ~
e are

assembled in accordance with Eq. (43), and subsequently by combining ~~~~~ and

we obtain U~~,(r) in Eq. (33) in a tabular form from r—0 to 31a0, beyond

which U~~,(r) are fitted to a two term asymptotic form, i.e.,
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U~~, (r) ~~ + 

~~2 (59)

This curve-fitting is based on 50 data points between r=3l and 41a0 with a

maxinun error of 0.1% for the worst case . For numerical integration we start

with a mesh-size 6r=0 .0l25a 0 and double it after every 80 quadrature points

until 6r— 0.la 0 is reached as shown in Table VI. This quadrature scheme is

conu~n to all numerical procedures , i.e., with 
~K’ 2K’ and the scattered wave

~~ of the next subsection , so that the potentials are fed into the scattering

equation as they were calculated without further manipulations, except the

asymtotic fitting of U~~, described above.

Similarly, the functions are tabulated as prescribed by Eq. (48) from

r—0 to a suitable cut-off value rcut, beyond which the exchange potentials are

set to zero. The effective range of exchange is expected to be roughly the

extent of the molecular orbitals. In our t.est calculations we found no

appreciable differenc e (less than 0.2%) in cross sections when we used I 

-

rcut = 20,25, and 3la . For the sake of safety, however, we settled on rcut =

25a0, accepting the waste of “overkill. ”

To ascertain the effect of truncation in the summation over K of Eq. (49),

we performed test-calculations with the b3E~ state at E = 15 eV by retaining

one, three, and five ZK terms in Eq. (49). With five :~ terms , the partial

cross sections for A = 0 are .01807, .1204 x ~~~~ .1473 x io
6 a~ respectively

for (L,t’) = (0,1), (2,3), and (4,5) as shown in Table VII. The corresponding

partial cross sections with three terms are 0.01810, .1210 x l0~~, and

.1141 x io 6, and with one term, they are .01829, .1816 x l0~~, and

.272S x 10 10. The difference between the three- and five-term results is

quite negligible with respect to both the partial cross sections and the total

cross section. With regard to the one-term calculation, the larger discrepancy

in the (2,3) and (4,5) partial cross sections over the (0,1) may be understood
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in the following way. Namely, the last integral of Eq. (48) is nothing but

a decomposition of ~) by angular momentum , i.e. ,

•~,L (n
J

A
J I r) Jdr YL t,I(r)

~ J (n~A 1 l~ ) . (60)

For the ~U’ s of H., considered here , t~e f ind that the largest concentrations

are in •i 0 and ~~ 
etc. over other higher angular-momentum components.

u’
These large components will enter into the suir~ation of Eq. (48) only if

K 9.. , 2. ± 1 so that, viewed from this point , :K~~ 
and :K 2.÷l are important

terms . In the above example wi th  only K ’O term , other important terms

and :K 4  are not taken into account , and tnis omission may explain the un-

satisfactory results for ( Q , Q ’) = (,3) and (4,5). Since these higher partial

waves contribute much less to the total cross section than the lower ones , the

net effect on the total cross section is merel y 0.5% in this case even with

only one term. We expect some minor fluctuations in this discrepancy

(0.5 %) as we change the incident-electron energy , and consider different

electronic states. Therefore , in order to leave ample margin of safety to

cover such variations, we decided to retain three leading, non-vanishing K
terms in Eq. (49) (e.g., K0 ,2,4; 1,3,5; or 2,4,6, etc.) with K<9 in all

succeeding calculations presented in this report.

B. Scattering equations

For the purpose of discussion here, we re-write the integro-differential

equations in Eq. (iS) as follows

• 
. 2 £ . ( 2 . . +l)

- 
1 + k~] F~~(r ) — 2 E~ [U~~

(r) + W1~(r)JF~~(r)
dr r 

. .  
(61)

+ EJ(orbital)Y~(J) ~~~~~~~~~~ ~~~~~~~~~~~~~~

LI
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where we used i,j for the scattering and incident channels respectively . The

sumnation J is over the molecular orbitals, and 2.(J) covers even or odd values

as dictated by the orbital (JX~) .

Once the U(r) , W( r ) ,  and q
~ 2.

(r) are made available , the procedure of

solution becomes quite analogous to atomic case. We solve this set of integro-

differential equations by the noniterative integral equation method (NIE’1))~
5

Here , we give just a brief description of NI~ 4 as applied to our problem , while

the readers are referred to the paper by Smith and Henry15 for

details. We expect two sets of arbitrary constants which are to be determined

by the boundary conditions . For the moment we look for the solutions

~~~ . . (r) of Eq. (61) without regard to boundary conditions , in place of F~
.( r)

which satisfy the boundary conditions . By means of the Green’s-function

technique, the solution can be expressed in an integral representation, i.e.,

= 6~~ GF ( k 1r) + 2 f dx 
~~~~~~~~~~~~~~~~~~~~~~

- Zn Zp(j~)gp EK [Z K @
~ (fl) Ln A-A~ Ix)

x (x~~~
1 

1
x yKdy - xK jx y~K~ldy + ~

K y~
K
~
ldy)

X ZK (
~p(i) 2.i A-A~ Iy) ~~~~~

with 

+ Z~ Z2.(J) 
~~‘~ i ~XJ~(A-X ~) M~~J2. ~J,2.~~J

XJ’4, (62)

G~’~ (k~r) = k~ r j 2. (k~r) ,

Gc2~ (k~r) = k~ r y2. (k~r) ,  (63)

G~
2 ’~~ (r Ix)  = G~

2
~ (k . r)G~~ (k~x ) _  G~

1
~ (k~r) G~

2
~ (k. x ) ,

- - -...—- ~~~~~~~~~~~~~~ 
.— .-.., .,—.. -. . . .—.—-..‘.—

~
.. -.

~~~ - - ~~~~~~~ ~~~~~~~~~~ _ . . .  
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where j
~ 

and y2. are the sphe rical Besse l functions of the first  and second k ind

respectively. In Eq. (~ 2) the si.rnttion EP(in) indicates the l~ai r of ~cO

~p(n) and &~(~ ) app earing in the two K - func t ions are dictated by the electroni c

states to which channels i and n belong. Eq. (62) above corresponds to Eq. (12)

of the paper by Smith and Henry. As they point out , the ri gh t - s id e  of Eq. ( 6 2 )

are ~~own except the Lagrangian nN.Il ti p l i cr  M and the tenn ,

~~~~ K ’~ p ( i )  2.~ A-X ~ JY ) ~ fl) 1Y)d Y . (64)

Since Eq. ((~l )  is l inear in 
~~~ 

it is possible to t reat these unknown terms :
as inhomogeneity, and seek the complete solutions as appropriate l inear

combinations of the homogeneous and part icular  solut ions. There is no point

in at tempting to reproduce their elegant treatment 15 here. We might note in

passing that w i t h  K and p(in) each taking three distinct values and nine

channel s, th is  amounts to in excess of 80 inhomogeneities includ ing the

orthogonality terms. However, all part icular integrals as well as homogeneous

solutions are processed s imultaneously in the actua l computation .

From the solutions ~~~(r) the scattering matrix may be deterni~ined as

follows . For large distance r , we may write

(r) ~ k ;:[ sin(k jr~1:~ j~ ) A
~ 

+ 

~~~~~~~~~~~~~ , (65)

where we used the asymtotic form of the sphe r ical Bessel functions j
~ 

and y
~
, and

A and B are constant matrices to he determined . On the other hand the required

asymtotic form is

F . . ( r ) ~ .. k [sin(k .r - ’.,Z.1T ) ~5 . . + co s (k . r - ’.~~~) R . . )  . (6~,)

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Therefore ,

R - BA 1 , (67)
and •~~~~~~~~~~~~

S — (1. 4 iR)(1-iR)~~. (68)

A and B matr ices are deter mined numerica lly by matching (r) at two adj acent
points rM and rM+Sr , that is, by setting up two simultaneous matrix equations
for the two unknown matric es A and B. In practice we chose rM = 31 and 45a0
for the triplet cases , and rM = 45 , 55 , and 65a0 for the B

1E~ state to

observe the proper convergence of B matrix .

p

I

,
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V. RE~JLTS AND DI SCUSSION

We present the cross sections of the triplet states and the B’E~
state separately, as the two cases differ in trea bnent as well as in the

energy-range of interest .

A. Excitation to Triplet States

The cross sections of the triplet states have been calculated by including

partial waves (U.’)<S, and A=0,l,2,3 at several incident-electron energies.

Typical breakdown of cross sections by (U’) at two different energies are

shown in Tables vii and VI I I .  First , we note that the partial cross sections

are much larger when ~2.= (2. -2..’)=±l than others. This is reminiscent

of the dipole-selection rule applied to atomic excitation, in which cross

sections are again found to be largest when t2=± 1. Next , for a given sequence

of z~L , QA (2. ,V) decreases with increasing (U’), although the effectiveness

of large partial waves lingers on longer at high (40 eV) energy. There is no

surprise here; the present results merely conforms to the long-held view that

only the low partial waves are effective at low incident-electron energies.

In Table IX we show the breakdown of cross sections in terms of A , i.e.,

QA = E 2.~ , QA (~,R.t ) .  (69)

Since QA±fl are identical there is no need to repeat calculations with negative

values of A. The decreasing trend of Q1
~ 
with increasing A is assured by the

foregoing discussion as the low partial waves are eliminated with

increasing A. Overall , it is evident from these tables that we have included

sufficien t number of partial waves even at the highest energy (40 eV) con-

sidered in this report. We found a similar pattern in the partial cross

sections with other triplet states. The total cross sections of the four

- S 



triplet states are presented in Table X . We also included in this table

cross sections by other theoretical calculations for comparison. There are

some unexpected features as well as predictable ones in the excitation

functions of these states. We now discuss these points as we compare the

present close-coupling (CC) results with other theoretical calculations .

1. b~E~ and e3E~
The lowest excited state b3E~ is a repulsive state, which dissociates

into two H(ls) atoms. The cross sections of this state arc shown in Fig . 3.

We have previously calculated these cross sections by using the Born-Rudge

approximat ion; they are included in Fig. 3 for comparison . The wave functions

used there3 are identical to those employed in the present work. These

Born-Th.zdge (BR) cross sections are in an essential agreement with the earlier

calculation of similar nature by Cartwright and Kuppermann.4 A difference of

about 20% in magnitude was attributed to the usage of different wave functions.

Comparison of the present CC and the BR calculations shows that the former

gives an appreciably broader excitation function and much smaller (~30~,)

cross sections below 20 eV. However , these two sets are in good agreemen t

above 20 eV. We will not discuss the Born-type calculations of still earlier

days7’8 as the works described in Ref s. 3 and 4 are representative of the

Born-type calculations. Recently, Rescigno et al.11 calculated cross sections

of the b3Z~ state by means of the distorted-wave approximation with random-

phase approximation (IY.V-RPA) to compute the inelastic transition density.

Their results are shown in Table N and also in Fig. 3. (In this fi gure

the magnitude of their cross sections are reduced by a factor of two). These

authors~ attempt to account for the distortion of the incident electron by

means of the coulomb and exchange operators for the molecule in the ground state. 

-- -~~~~~~~~~~~~~~~~
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The same operators are used for the disto rtion of the scattered electron instead

of the operators appropriate for the excited state. They justify this procedure

~ sed on the previous application of DW- RPA to electron-atom cases. 31 Beside

this point , it is difficult to assess to what extent the static distortion

in tM-RPA can represent the dynamic process. At any rate , their excitation

function is rather similar to the BR calculation cited above, except the

magnitude is about twice as large.

In drastic contrast to the b3Z~ state, the excitation function of the

e3E~ state shows an extremely sharp peak as shown in Fig. 4, even though these

two states are of sane synluetry type. In fact with the threshold energy of

13.22 eV, we found no decreasing trend in cross section as the incident-

electron energy is reduced as low as 14 eV. Compared with these CC results,

the BR cross sections3 are much smaller (factor of four) near the threshold,

but the difference becomes smaller at high incident energy (%20% at 40 eV) .

The large difference in shape between the excitation functions of b3Z.~
and e3Z~ found he re , which is not revea led in the Born-R~tdge calculation, is

somewhat puzzling. One possible explanation is as follows: a singlet-triplet

excitation involves an exchange between the colliding electron and a molecular

electron . Its cross sections decrease drastically with energy if the

colliding electron is found in the vicinity of the target for less than a

certain critical time which may be viewed as the range of interaction divided

by the velocity of the colliding electron . The e3Z~ state has both electrons

in bonding orbitals whereas b~~~ involves one antibonding orbital. Thus the
3 +  . . .b state has a mere diffuse electron density distribution, hence a larger

range of interaction. This may account for the fact that the decline in the

b3E~ excitation function sets in at a higher energy. On the other hand when

— —- 
.-  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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the Born-C~hkur approximation is used, the 1/k
4 factor (k being the wave vector)

in the scattering-matrix element gives such a steep energy dependence that it -

obscures the difference in the range of interaction.

2. a3 and c3II~

Fig. 5 shows the cross sections of a3~~ computed by the close-coupling,

the Born-Rudge approx imations ,3 and DW-RPA)~
1 The difference in shape of

excitation function is not too severe for a3E ’ between CC and BR calculations.

Again , we see a large difference in magnitude at low energy (~40% at 15 eV)

but a better agreement at high energy (%20% at 40 eV). he cross sections by

DW-RPA are much larger than CC results (‘tSO%). However, the shift in the

position of peak may well be due to the different values of threshold energy

used in the calculations.

The cross sections of C311u presented in this paper are based on the three-

state close-coupling calculations technically, as we included the X’E and

c3rt~ (x=± 1) states in the scattering equation . However , at one energy (15 eV)

we also performed a two-state calculation, from which we obtained a cross

section of 5.95 x an2 as compared with 5.63 x l0~~ an2 from the three-

state calculation . The slight difference (6%) indicates that the mutual

interactions between channels belonging to the c3ll~
(X +l) and c3fl

~
(X=-l)

states have no great effect on the cross sections. The results of c3fl
~

cross sections by CC and BR are compared in Fig. 6. Here, the discrepancy is

mainly on the magnitude of cross sections. The BR cross sections3 are much smaller

than the CC counterpart. Although the discrepancy diminishes with in-

creasing of incident-electron energy, the BR cross section is only one-half of the

CC cross section even at 40 eV. We can offer no particular reason for this . 

-

discrepancy beyond the inadequacy of the Born-type approximation already dis-

cussed.
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3. Comparison with Experimental Dissociation Cross Sections

The formation of two I1(ls) atoms by electron impact on H2 arises from

direct excitation of b and from excitation of other triplet states followed

by cascade to b3~~. It has been shown in Ref. 3 that a3E and c37.~ are the

two major cascading states to b3~~ and that e
3::~ and d

3fl~,~ play only minor
- 3+ 3•+ 3roles. Thus we take the sum ot the cross sections of b a Lg~ c and

3 +  . .e as the theoretical cross sections for the dissociat ion process

H2 —
~~~ H(ls)  + 11(ls) which are shown in Fig. 7. Experimentally Corrigan~

has obtained dissociation cross sections (via the e.xcited states of the neutral

H, molecule) which cover the formation of the excited-state H(n Q) atoms as well

as H( ls) . In Ref. 3 efforts were made to subtract from Corrigan’s data the

experimental cross sections for producing the excited-states atoms . The

“corrected” experimental data given in Ref. 3 correspond to the formation of

two H(ls) atoms and are reproduced in Fig. 7 for comparison with the theoretical

values. The agreement is seen to be quite good. However, it must be cautioned

that there is a considerable uncertainty in Corrigan’s data (see Fig. of

Ref. 37) especially at the hig h-energy side. The close agreoment between theory - —

and experiment, therefore, should not be regarded as having much quantitative

significance.

4. Suimnary

With a limited number of case studies made here, only a tentative con-

clusion can be drawn on the performa!-ce of the Born-type approximations.

Nevertheless , we see a pattern emerging . First , at a moderate energy (say

20 cv or above) of incident electron the agreement between CC and BR results

is reasonable in most cases . ~thile this comparison reaffirms that the Born -

types are basically “high-energy” approximations, it also puts a l imit  of

their applicability on a more quantitat~vc basis as ~ell. The other is much

-4-- S. ——
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mere serious, that is, at low energy the discrepancy is not only large,
neither does it appear to follow any clear trend. We can say neither BR

overestimates, nor underestimates cross sections since the details of the
exchange-potential , which nhist reflect the characteristics of electronic

states involved , are lost amid the approximate procedures leading to the Born -

Ibidge or Born-Ochkur method. Imieed, the present close-coupling calculation

shows that the shape of excitation functions is not alike for all triplet

states whereas a much higher unifonnity was seen fran the BR results. ‘1
B. Excitation to the B1E~ state

U

As described in Sec. 111-A , xir close-coupling calculation for the

+ B’E~ excitation has been carried out with the aid of a parallel partial-

wave analyses of the Born approximation. The essential assumption made in

Sec. 111-A was that for large (L ,L ’)

Q(CC) (& t ,) Q(Borfl)(L,Lt )  (70)

with

Q(& ,V) — EA Q~(R.,t ’) . (71)

In order to discuss how this assumption may affect the total excitation cross

sections, we display in Tables XI and XII the partial cross sections of Eq. (71)

suiined over A — -6 to +6 at the incident-electron energies of 25 and 100 eV.

In addition to the Born and CC cross sections, we also included in these tables

a set of cross sections calculated by the close-coupling method without the -

electron-exchange (CC4E). It is evident fran these tables that the partial 
*

cross sections Q(L,L’) of the singlet state do not decrease with increasing

£ as rapidly as the triplet cainterparts. This is due to the presence of the

long-range direct potentials in the singlet-singlet excitation - hence the

necessity of a special treatment referred to above. We show in Tables XI and XII

4
- - - - .- ~~~~p-~~~--- ~-
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the Q(L ,V=&- l) and Q(& ,&’ =&+l) sequences only, since their contributions

to the total cross sections are about 90% and 10% respectively. For the

sequence L’=&-l, the three sets of partial cross sections merge to one another;

for example, within 4% at the last entry (~=7) . Furthermore , this error will

affect only the fraction (2,L’>7) of the total cross section so that the net

effect on the total cross section is expected to be much smaller . As to the

£‘ &+l sequence, the convergence is not as good as R..’=L-l sequence. However,

the entire Q(t,V=9.~+l) sequence occupies only 10% of the total, so that any

error there will be scaled down by a factor of 10. Therefore, we estimate that

the total error incurred by our procedure does not exceed 5% or so at 100 eV ,

and smaller yet at lower ~~ergies of incident electron. The important point

to note here is that the difference between the Born and CC calculations

manifests mainly in the partial cross sections of small 2~ as shown in Tables XI and

XII so that the partial cross sections of large 9~ may be computed by either

method without incurring much error. Therefore, we replace Q(CC) (t2~) by

Q
(Born)(~~L~) for (9~,9..’)>7 as prescribed by Eq. (29) to obtain the total CC

cross sections. The total cross sections by CCNE are obtained in a similar

manner.

These total cross sections are shown in Table XIII and in Fig. 8. For

comparison we also calculated the cross sections of this state by using the

Born-Ochkur approximation (BO). As expected the Born approximation grossly

overestimates the cross sections at low energy (by 55% at 25 eV) , but at high

energy (100 eV) the CC and Born cross sections are within 8% of each other.

The poor performance of CCNE should also have been anticipated, since it makes

no allowance for the electron-exchange. Nevertheless , it is somewhat

disappointing to see a substantial difference between CCNE and CC at energies

as high as 50 eV. The CCNE and Born approximation give essentially the same

cross sections even at 25 eV. It is more difficult to assess the performance

•1 
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of the Born-Ochkur approximation. While it tends to reduce the cross sections
below those given by the Born approximation , such a reduction is assured by the
fonnulation .33 Therefore, at this t ime we can view the “success” of the
Born-Ochkur approx imation only as qualitative and phenomenological.

On the other hand, much better agreement between the Born and CC at high
energy is encouraging; even at 75 eV the discrepancy is a mere 10%. With this

quantitative assessment, the Born approximation can be now utilized to provide
cross sections at still higher incident-electron energies.
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VI. CCTICIIJSION - -

While the basic formalism governing the collision process is identical

in electron-atom and electron-molecule cases, the theoretical advancement of

molecular collision lags far behind that of the atomic process. There is no

denying that this vast gap between the two is directly attributable to the —

conputational difficulties associated with molecules. In this work we

accomplished in devising a computational procedure capable of handling the

singlet-singlet and singlet-triplet excitations to the same level of refinement

as in the corresponding electron-atom collision theory. 
- :

With an application to H2 molecule , we demonstrated the importance of

treating electron-exchange properly, by which certain characteristics of each

molecular state involved may be brought out . In contrast ,only a qualitative

feature can be expected from the short-cut methods hitherto applied to electron-

molecule collisions such as the Born-type approximation.

Because of the scarcity of excitation measurements for the low excited

states of H2, we were not able to make a close comparison with experiment . — 

-

However, with this beginning, extension to homonuclear diatomics of the second

row is within our reach where greater abundance of experimental data are

available. Finally, in understanding collision processes , we believe theory

can offer more to electron-molecule processes than atomic cases as the

experimental analyses are more complicated and difficult with the former.

~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ 
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Table I. Threshold (vertical excitation) energies in eV.

B1E~ b3
~~ a3Z c3TI~ e3E~

0.0 11.37 10.50 11.80 11.96 13.22

_   

_ _ _
_ _ _
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Table II. Coupling potentials for (x 1E , B1E~) system. 
. 

-

~

X1Z + B1E~g U

- 

2(lag~lag) + (1Og~1~g} ~~
(l
~u~

1
~g
) +
~
{1au.lag

}

B 1E~ ~~~~~~~~ ~~
(la g~1ou } ~~Tg~lQg) 

1U 
2{l0g~

l
~g
} ~~~~~~~~

H

_ _ _  ‘(lii
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Table III.  Coupling potentials for (X 1E ,a3E~) system .a

X’Z a3E

1+X 2(lOg~lOg) 
+ UOg~1Gg /~{Za g~lag }

3 +  (lc~~,1a ) + ( 2 i ,2 a )a E g 1(10 ,2a } 1 
g g g g

g g 
1{10g~l0g

} _~(2Gg~20g
}

aTables for (X~~~,b3E~) and (X~~~, e
3
~~) systems are similarly

obtained by substituting ~~~~~~~~ and 2~~ orbitals respectively for ZG g
orbital.

I- _ _ _ _ _  _ _ _  -~~
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Table vi. Step-size of integration ~~~~~~ in a0. 
- 

- 

-

TA tSr r8

0.0125 0.0125 1.0

1.0125 0.025 3.0

3.05 0.05 7.0

7 .1 0.1 - —

rA and rB are the starting and final points of

a region.

k

$ H

_ _  _ _ _ _ _ _  ~~~~~~~~~~~1~~__________________ —-~~
-
~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~
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F Table VII. Partial cross sections5 Q~~
0(L ,t’) in a~ defined as in Eq. (2 S)

for the b3E~~state a t E = l S eV.

-
‘ 

V 0 1 2 3 4 5

£ 
L

0 .l81(-l) .779(—4) .l8l(-7)

1 .413(0) •l29(-l) .913(-5) :.
-

2 •583(-2) .120(-3) .180(-7)

3 .319(-2) .735(-3) .3l7(-S)

4 .l38(-4) .368(-4) .147(-6)

S .768(— 4) .597(-5) .30S(-S)

~1kambers in the parentheses indicate the power of 10.

~ 

I
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a fi=], 2 -Table VI I I .  Partial cross sections 
Q (2~,t ’) in a0 defined as in

Eq.(25) for the b3E,~ state at E 40 eV. 
.

£ 1 1 2 3 4 5£

1 .250(-2) .448(-5)
2 .475(-l) .244(-2) •308(-5)

3 .102(-1) .481(-3) F4 .278(-4) •145(-2) .675(—4)

S .372(- 5) .l92(-3)

aNuthers in the parentheses indicate the power of 10.

~

-

~

—-

~

- -
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Table IX. Partial cross sections Q~(b3t~) in a~
defined as in Eq.(69) at E 15 and 40 eV.

QA

A E - l S eV E~~~40 eV 
‘ p.

o .454019 .077405

1 .271013 .064906

2 .002737 .006672

3 .000038 .000721

1.001595 0.222003

a _A +A
Q 

- 
Q (A~0) are included in the sun.

Li
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Table XI. Partial cross sectionsaQ(t,2.F) defined as in -Eq.(7 1) for the

31E~ state at E = 25 eV in a~.

Q(L ,R. ’=t- l) Q(2.,L ’ =2.+1)

2. CC CQ’.~E Born CC CQ’.~E Born

‘.5 -0 .3S5(-2) .671(.3) .887(-2)

1 .287(-1) .943(-1) .370(0) .329(—l) .l6l(-l) .l59(-3)

2 .184(0) .468(0) .605(0) .248(-1) .169(-1) .320(-2)

3 .378(0) .674(0) .533(0) .213(-1) .162(-1) .341(-2) I’

4 .351(0) .432(0) .360(0) .639(-2) .738(- 2) .239( -2)

5 .234(0) .238(0) .217(0) .4l6(—2) .295(-2) .124(-2)

6 .114(0) .126(0) .122(0) .912(-3) .107(-2) .687(-3)

7 .685(-1) .660(-l) .676(-l) .384(-3) .344(-3)

8 .347(-1) .364(-l)

5Nuirbers in the parentheses indicate the power of 10.

- _ _ _

~
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Table XII. Partial cross sections5 Q(L,t’) defined as in Eq.(7 1) for the

B1E~ state at E = 100 eV in a~.

- Q(L ,2.’=L-l) Q(t5t ’.t+l)

£ CC CQ’.JE Born CC CC~IE Born

0 .948(—3) .lll(-2) .l27(-2)

1 .763(-2) .l02(-1) .1l3(-l) .441(-2) .113(-2) .987(-4)

2 .l97(-1) .146(—1) .334(-1) .625(-2) .192(-2) .405(-3) - - —
3 .223(—1) .349(-l) .583(-1) .574(-2) .498(-2) .l98(-2)

4 .437(-1) .ôlô(-l) .79l(-l) .576(-2) .758(-2) .368(-2)

S .667(—l) .863(-1) .920(-1) .1l8(-1) .870(-2) .488(-2)

6 .887(-1) .9l1(—1) .975(-1) .795(-2) .858(-2) .536(-2)

7 .943(-1) .935(-1) .967(-l) .733(-2) .532(-2)

8 .890(-l) .920(-1)

5Nunbers in the parentheses indicate the power of 10.

4 .. -
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Table XIII .  Total cross sections of the B ’t~ state in
units of io 17 ~~2

Energy CC CO~E Born 30
(eV)

25 4 .31 6.31 6.66 S.31

50 4.71 5.41 5.55 5.14

75 4.09 4.30 4.55 4.36

100 3.58 3.69 3.87 3.76

- 
~V-~~~~~~~~_j~ _—~~~~~~~~~~ 
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5.0 —
CROSS SECTIONS OF b’Z~

A

I, 
\ \

4.0 —

—

E3.O — I
p_
u I

‘0 1

ii  \‘
U) - i tz I f
2 i i

° — Iw 2.O
U) I 4

(I)
0 —

0
N’.’1.0 — — CC (THIS WORK ) N.

BORN-R(jDGE -(Ref .3 )  
S

— —- .— DW—RPA ( Ref . I I )  X~~

0.0 _l I I - 
-

10 20 30 40
INCIDENT ELECTRON ENERGY (eV )

Fi g. 3. Excitat ion crr’.ss sections of the h3~~ state calculated by means of
(i)  the close-coup l ing (sol id l ine) of this work; (ii) the Bom-~~~ge approx i-
mation ~mifom dashed line) in Ref. 3; (iii) l~ tWA reduced to one-half
(long-short dashed l ine) in Ref. i i .  
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1.5 —

- 
CR OSS SECTIONS OF e3Z~

P.O - I

1.0 — CC (THIS WORK )
- ———BORN-RUDGE(Ref .3)

0
I-
0w -

Cl)
Cl) -

(I)

—

- ‘S

- S.~ 
—

‘S
- .5-

‘.5
5-

0.0 1 I I I I
10 20 30 40

INCIDENT ELECTRON ENERGY (eV )

Fi g. 4. Excitation cross sections of the e3
~~ st a te calculated by

means of (I) close-coupling (solid l ine) of this work; ( i i )  the Born-

Rudge approx i mat ion (dashed l ine) in Ref. 3. - ‘

- —--5----——— —. —‘—-—-I . —.— - - - - 
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CC (THIS W0RKN~ N“S
— — — BORN-RU DGE C Ref . 3) “ -..‘.

— - — - DW-RPA (Ref I I )

0.0 1 I I I I I I
10 20 30 40
INCIDENT ELECTRON ENERGY (eV )

Fig~ 5. Excitat ion cross sections of the a3Z state calculated by
means of (i) close-coupling (solid line) of this work; (ii) the Born -

- 

- Rudge approximation (uniform dashed line) in Ref .  3; (iii) DW-RPA
(long-short dashed line) in Ref. 11.
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6.0 - CROSS SECTIONS OF c5fl1~

- CC (THIS WORK )
— — — BORN- RUDGE (Ref.3)

T0

-

0
I—

/ S..
(I)

S....
S....

.5%
5--

-.5

— — — a

0.0 I I I I I I
10 20 30 40

INCIDENT ELECTRON ENERGY (eV ) - 

-

Fig. 6. Excitation cross sections of the c3Il~ state calculated by means
of Ci) the close-coupling (solid line) of this work; (ii) the Born-Rudge
approximation (dashed line) in Ref . 3.
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- 

- 

CROSS SECTIONS FOR
H~, 

—
~~— ‘ H(Is )+H(Is)

1 0 —

/ \
-.5 /-

- I \
2

I \
Z \
2 5 —  \I-

THEORY (THIS WORK )~~~~~~
— — —— EXPERIMENT of Ref. 32

(Corrected )

I I I I I I
10 20 30 40
INCIDENT ELECTRON ENERGY (eV )

Fig. 7. Theoretical cross sections of this work (solid line) for the
dissociation process H2 -~”. H(ls) + H(ls) as ccmipared with experimental
values (dashed line) of Ref. 32 corrected to represent the production of
H(ls) atcins only as described in Ref. 3.
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8
CROSS SECTIONS OF B~~~

N

5%~~~~S.~
“5

%
0 —

c 
‘~~~~~~~~~~~-5-.

5
s~~~

_.
-

Cl) — — CC (w ith exchang e)
(0

———— CCNE (without exchange )
5 2 -  — - — BORN

— -- — BORN - OCHKUR

O I I I
0 25 50 75 100

-
, INCIDENT ELECTRON ENERGY (eV)

Fig. 8. Excitat ion cross sections of the B1z~ state calculated by means of
(I) the close-coupling with exchange (solid line): (ii) the close-coupling
without exchange (un iform dashed line) ; (iii) the Born approximation (long-
short dashed line); ( iv) the Born-Ochkur approximation (long-short-short
dashed line) . 
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I. INTROEZJCFIW

Inelastic collisions of electrons and molçcules with resulting excitation

and dissociation of molecules constitute a very basic kind of processes in

many different phenomena. The importance of the 0
~ 

molecules in the

a~~ spheric physics has long been recognized.1 ?i.bre specifically, the

Sthznann-Runge system of 02, to which this part of the report is directed,

has been extensively studied experimentally, both by the optical2 4  and

electron-energy loss spectroscopy .5’6 The upper state of the Schumann-Runge

system is the lowest dipole-allowed excited state , and it is a repulsive

state which dissociates into O(3P) and O(~t)) atoms (see Fig. 1). Thus, the

continua of this system is responsible for dissociation of 02 in the earth ’s

upper atmosphere by UV absorption of the solar radiation. The 02 molecule

may also be dissociated by electron- impact. In spite of the importance of

st~ h processes , systematic theoretical studies based on the first principle

calculations are sparse in the literature, and do not exceed the stages of

the optical oscillator strength. 7 The very complicated rnmerical procedures

required to evaluate the multicenter integrals had been the major source of

difficulty. However, with the introduction of the Gaussian type orbitals

(GTO) to the molecular wave functions, the evaluation of the multicenter

integrals has become a rather simple task, and the advantage of using GTO

for calculating excitation cross sections h~s been amply demonstrated by

the cases of H2, N2, and CO molecules .8 1 0

An additional complication arises in the theoretical studies of 02
molecule in contrast with other atmospheric molecules cited above . That is ,

the ground state of 02 has an incompletely filled shell. Therefore, a single-

configuration wave function is not adequate in describing the molecular wave

5- - -  —- - ---- — -- —---5- - - J



— -5--;---- - -
~
--

~~~

-5- -

88

fti~cticm, and one must enploy nulticonfiguration (MC) wave functions. We

shall examine in some detail the effect of the configuration-mixing on th.e

cross sections. Because of this additional con~lexity, our report will be

confuted to the level of the Born-type calculation. As with the N2 and CX) .

molecules,8’9 we shall rely on the Ochkur ’s11 modified version of the Born

approximation, and present the dissociation éross sections of the 02 molecule L

from the threshold to 1000 eV of the incident-electron energy.

iii

I

- — 
- - - -
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II. ThEORY

A theoretical formulation for the problem of electron excitation!

dissociation of diatomic molecules by electron impact has been presented in

Ref. 10 and Part I of this report. In this section the key steps will be

sketched only. We are concerned with calculation of excitation cross

sections to an excited state characterized by electronic and vibrational

quantum numbers (nW) fran the ground electronics-vibrational state (00).

It should be noted that the upper state of the Schumann-I~inge system
3 -B state is a repulsive state , so that the “vibrational states” are in

fact cont inua. Molecular rotation will not be included explicitly in the

formulation, but its effect will be taken into account by averaging the cross

sections over the relative orientation between the molecular axis and the

direction of incident electron. The total wave functions of molecule are I
written as a product of the vibrational part x (R) and the electronic part

,~
). It is convenient to couple the molecular wave functions with

the spin of the colliding electrons to form a set of basis functions , fran

which the direct-excitation (Born approximation) and the exchange-excitation

(Ochkur’s version11) collision amplitudes can be calculated. We

this has been done. Then the transition amplitude is8

£on(IC
~R~ ‘~~~~~ 

-f l 2,.. N,~
)E exp(i

~
.r
~
)

~~~~~~~ d~1d~2 .. . .d~~. (1)

The differential cross sections in (e’) direction for excitat ion from the

ground (00) to the upper (nW) state are

~~~~~~~~~~ — - _ _ ————---—.--- .--- -— -- --—5-5--—~~~---~ --- - - -- -~--~~~-5- - 
~~~~~~ ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ 
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(wnknW4wk~~) 
f xnwO~

)x oo(1
~
)

~~~~~~~~~~~~~~~~~~ 1
2 R2dR sir~~~i~ , (2)

where is the degeneracy of the excited state. Integration of the differential

cross sections over (0+) gives the cross section for excitation to a unit energy L
range about W of the repulsive state, viz.,

Q(0O-r.nW) a f I~w(e ,s) sinodod+ . (3)

It follows that the cross sections of the entire repulsive state, irrespective :
of the continuum levels are

Q(O.n) = f Q(0O.~nW) dW. (4)
0 L

Another quantity of physical. significance is the generalized oscillator 
p

strengths, which are related to the transition amplitude of Eq. (1) as

Fon(K
~

R) — (2WmAE/4nK
2
) 5 Ic on (K,R,e,

~)!
2 x sin€dOds, (S)

where ~E is the vertical excitation energy in a.u. (1 a.u. 27.2 eV) . In

particular, the optical oscillator strengths,

fon (R) Fon (lC=O
~

R) (6)

are closely related to the photodissociation processes of the 02 molecule

via the Schumann-Runge (X~Eg B3E
~~) system. Fran the foregoing discussion,

it is clear that the transition amplitude con in Eq. (1) governs the accuracy

of the theoretical calculation that fol lows, be it the excitation cross

section or photodissociation cross section.

In the usual approach of writing wave funct ions as an ant isynineterized

products of one-electron functions •, if the wave functions in Eq. (1) are

______ ______________ ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . ~~~~~_~~~~~~~
— -~~~~~ -—~~~~~~ 

—
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considered to be single-configuration functions, Eq. (1) reduced to

eon(K
~

R
~
€)p O) — - f ~~~~~~~~~~~~~~~~~~~~~~~ (7)

where and are the pair of “active” electron-functions . As we mentioned

iii SeC. I, a single coflfigUratiofl functions are not sufficient in the case

of the O
~ 
molecule; therefore, we adopt the wave functions in Eq. (1) in the

form of multi-configuration (M2) functions, viz.,

= z~ a1(R) 
~~~~~~~~~ 

,R) (8)

,R) = E~ b~(R) I
~J

(rl~
r2~~ 

. ,R) (9)

where 
~~~~~ 

p~ are the single-configuration wave functions, and a~
, b~ are the

configuration-mixing coefficients. The details of computing these MC wave

functions will be presented in Sec. III. In this scheme of using MC wave

functions , the transition amplitude becomes

con(K~R~O~~) = 
~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ ~~~~~~~ 

, (10)

where = 1, if the antisyrneterized product 
~~ 

differ by one one-electron

orbital from that of 
~~~ 

i.e., 4~ and respectively; otherwise = 0.

Corresponding to this, the optical oscillator strength may be computed by

substituting Eq. (10) into (5), and taking the limiting value as K-~O , with

the result,

f0~(R) 
= (Zwn~

E/3) I 
~~~~ 

a
~

(R)b
~

(R)

f t.(r,R) z +~(r~R) drl . (11)

For the purpose of studying the effects of configuration mix ing , it is

sufficient to examine the dipole transition amplitude , i. e.,

- -  ______________________



_ _ _ _  - 

-

92

~13 ~~~~~~~~~~~ f 
~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ (12)

In Sec. IV we shall examine in detail how ~ varies and converges as we include

more and more configurations.

As shown in Eqs. (6) and (11), the optical oscillator strength varies

with the internuclear separation R. Therefore, in order to obtain the

optical oscillator strength of the entire Sch~.nnann-Runge system, we must

integrate f0~ (R) with the vibrational functions x (R) , i.e.

~SR = f R2dr x(X I R) f0~ (R) x (B I R) . (13)

In principle P1 and P.2 should be 0 and ~, but since x ’s are locali zed so that

f inite limits may be used.
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III. t4ilti-configura tion (!‘t) wave functions

The dcmtinant configurations of the gr~ .u~d ar~ the upper
• states are 12

• X: (lOg) 2 (lOu)2 (20g) 2 (20u) 2 (30g) 2 (lWu)4(lwg)2 
. (14)

B: (1og)
2(lau)2(2ag)2 (2ou)2 (3c

~g
)2(lnu)2(1ng)3. (15)

with in the single-configuration approximati on, each of the molecular orbitals.

(MO) may be expanded in a suitable Cr0 basis set, and the expansion coefficients

are determined by the standard self-consistent-field (SC?) method)3 Ho~~ver ,

as these configurations have partially filled shells , they are subject to

severe configuration mixing. Therefore , the refined wave functions must be

taken as linear ccinbinat ions of different single-configuration functions as
.

sho~ai in Eqs. (8) and (9) .

In our investigation ~~ adopted the nulticonfi guration self-consistent -

field method (MCSCF) to determine the configuration-mixing coefficients. The

tCSCF method offers greater flexibility than the more restricted configuration-

interaction (CI) method in that the configur ation-mixing coefficients as well

as the orbital expansion coefficients are optimized simultaneously. Therefore ,

at the present M2SCF is considered to be the best theoretical means of obtaining

accurate wave function s for the molecules. We have developed a canputer

program to handle the M SCF procedures for diatanic molecules, and applied

it to the molecule .

• Although, in principle , there are an infinite nunber of configurations

that may be incltzled for a given synlnetry of electronic state , as a practical

matter thi s ninnber must be restricted to a manageable size. In constructing

different configurations , we have considered the following shells

- —- ~~~~~~~~~ 
- - • •  ~~• • 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — --

________________________ a——— —— .—-— — —•-“ • -
~~~
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(20g)(20u)(30g)(30u)(lltu)(llg
) (16)

We restricted (lag) and (lan) shells to be always doubly occupied, since
the electrons in these shells are very tightly bound to the nuclei, and are
relatively ijmmme to perturbation. However, in order to gain greater
flexibility we included C3°

~ 
shell , although it does not appear in the

dominant configuratio ns shown in (14) and (15) . By permuting the assignment

of 12 electrons in the shells shown in (16) , there arise 30 configurations

consistent with : z~ syninetry (groun d state) and 28 conf igurations for

synunetry (upper state of the Schtinann-Ringe syst~ n). In Table I and II , we

present these configurations along with the mix ing coefficients at the equilibrium

internuclear separation for the grc*md X3E~ state , and for the B3E~ state
respectively. Configurations are specified by the occupation number of

electrons in each shell. It is noted that, when three or more shells are
partially occupied , we have more than one configuratio n from such occupancy.

This is due to the different way three spin functions may be coupled to yield

a triplet function. It is possible and pr obably necessary to include more

configurations than shown in Tables I and II , if our goal is to construct the

potential-energy curves of the 02 molecule . However , with the present

objective of studying electron -impact excitat ion and dissociat ion, we believe

we have considered sufficient number of configurations.

• 

________________ ___________
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IV. RE~ JLTS MID DISa~ SIa4

A. (~ tica l Oscillator Strength

With the nulticonf iguration functions for both the ground X3Z~ and
• 

- 
the upper B3E states as shown in Tables I and II , the dipole transition

a~~1itude ~ of Eq. (12) is reduced as follows

I — ~~ £jj a1(R) b
3

(R) (<ln u I z I lwg

+ (30g I2130u> + (3O
g I Z I  °u> + <2ag Iz~

3au>

+ •C2og IZI2 ou
>}
~ (17)

with 

<ln~IzIlwg> 
~ 

f $*(1wg I~~~) z +(1~uI~~
)
~~ etc. (18)

In Table [II we list these five matrix eloments cosiçuted at the equilibri um

separation of the ground state (R-l.2.~).  In Eq. (17) for a given pair of

conf iguration (i ,j) , at most one of the five elanents is nonvanishing.

In Tables IV we present some of the significant contributions, i.e.,

the products f a~(R) b~ (R) , R - l.2~ from various pairs of ccnfiguraticms

Ci ,J ) .  The factor f covers the normalization of detex,ninantal functions and

±1 sign coming from the interchange of coluim~s in the determinantal function.

It is readily apparent fran these tables that only a few configurations are

Important as far as the studies of electron-excitation or photo absorpt ion
a processes are concerned . In fact a few (less than five) well-chosen con-

• figurations give a sufficiently accurate oscillator strength as shown in

Table IV. Cons idering the large amount of numerical work yet to be processes

before the final goal of the cross sections , we decided to limit the number

of configurations to five (configur ations 1,2 ,3 ,7 ,13) for the ground state

and to five (1,4 ,8 ,12 ,10) for the upper state. By using these five-configuratio n

—~~~~~~~ —~~~~~ -— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~--a-
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wave functions we have caiçuted the transition amplitude, oscillator strength,

etc. at R — 0.9 , 1.0 , 1.1, 1.2 , 1.3 , 1.4 , ~~~ 1.5 L Finally, since the

Sclunann-Thmge system is a contintnjn, by integrat ing the transition amplitude

with the contintun “vibrational” functions as shown In Eq. (13) , we obtained

the oscillator streng th of the entire system. The continuum vibrational

functions are constructed from the potential curve~
2 , and the integration

In Eq. (13) was carried out numerically R1, R2, and ~R corresponding to

W - 7.0 , W - 10.0 , and W - 0.1 eV,’respe ctively. In this manner we obtained

the theoretical optical oscillator strength of 0.131 . This value is somewhat

~naller than experimental data2 5  ranging from 0.142 to 0.162 by the optical

method , and 0.161 by the electron-energy loss method . Recently, Julienne,

Netnnann , and Krauss7 reported the oscillator stre ngth of this system as

0.18 at the equilibrium separation of the ground state. These author s included

in their calcul ations 2ir orbita ls as well as d-type orbitals in the basis

set . C)i the other hand , they did not go through the averag ing process of

Eq. (13) . Beside the optical oscillator stre ngth ,Huebner , et. al. measured

the oscillator strengths as a function of vertical excitation energy from

their electron-energy loss exper iment . Since the veritca l excitation energy

~E is a function of internuclear separation R, we convert our theoretical

oscillator stre ngths in terms of ~E , and compare them with the experim ent

in Fig. 2. We see a very good agreement F~tween theory and experiment

up to ~E 9 eV. Beyond AE a 9 eV the experimental values may contain

contr ibution fran anothe r repul sive 311
~ 

state )4 This may cause the experi-

mental values to appear larger , since , in the electron-energy loss experiment ,5

the distinction of different electronic states was not made . (ki the theoretical

side , the potential curve of the B3E state rises very rapidly as R decreases

in thi s region so that the continuum function becomes less reliable . Those

_ _ _ _ _ _ _ _ _ _  L
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factors could explain the discrepancy between theory and experiment above

OE — 9.O eV.

B. Dissociation Cross Sections

In order to obtain the dissociation cross sections , the transition

amplitude in Eq. (1) nust be computed at a number of values of K as well as

R. (kir numerical procedure consists of comput ing the t ransition ampl itude

at 32 distinct K-values for each of the seven internuclear separations

ranging from 0.9 to 1.5 ~~~. Next, the differential cross sections are

computed by the angular averaging procedure as shown in Eq. (2). Finally,

the total cross sections are obtained by means of the Born-C~ hkur method ,

indicated in Eqs . (2) - (4). In evaluating Eq. (4) the limits are taken to

be W a 7.0 to 10.0 eV as before (See Sec. TV-B) . The total cross sections

are presented in Table VI . We find the peak cross section of 7.3 x 1047an2

at 20 eV. There are no extensive experimental measurements for excitation

• (dissociation) of this state. By extrapolat ing the differential cross

section data , Trajma et ~~~~ reports a cross section of 8.6 x l0~~
7an2

at 20 eV, which is in fair agreement with our calculation. But their cross

section (11.5 x l047cm2) at one other energy (45 eV) is nuch larger than

the present result.

-

~~~~~~~~~ 
_ _  

_ _
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V. cx ,Cu~Ia~

In spite of the importance of the 02 molecule in aeron orL ical studies ,
laboratory measurements of electron- impact cross sections of excitation
(dissocia tion) of have been very meager. As with other molecules ,
overlaplng of molecular spectra due to different states makes the experime nt
a difficult task.

In this report we have presented the Born-Ochlcur cross sections of the
electron- impact dissociat ion of via the Sclunann -lbinge system . As with
other diatanic molecules the comput ing procedures have been facilitated

by the G1X) technique we have developed past several years. However , for this
particular dissociat ion process , two additional obstacles are encountered .
Q~e is the continua of the vibrati onal states as opposed to discrete states.
We treated this prob lem by generat ing numerically a tab ular funct ion for the

continuLin functions fran the potential -energy curves . The other has to do
with strong configurat ion mixing of the electronic wave functions peculiar
to 02 molecule. Although as many as 30 configurations have been examined,

• by a careful analysis , we have been able to these configurations to mere

five so as to keep the computation pra ctica l, while still maintaining the

over -all accuracy of theoretical calculati ons.

In view of the exper imental difficul ty of direct measurements of cross
sections, we believe our theoretical cross sections are valuable in tmder-
standing the aerono unical phenomena.
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Table I. Configurations for the Statea 
100

2a~ 2a~ 3Cg 3aU lll~ 1n~ 1n l1I~ Coefficients1’

1. 2 2 2 0 2 2 1 1 .956082 L
2. 2 2 0 2 2 2 1 1 - .072058
3. 2 2 2 0 1 1 2 2 - .199331
4. 2 2 0 2 1 1 2 2 .039208
5. 0 2 2 2 2 2 1 1 - .029427
6. 2 0 2 2 2 2 1 1 -.014419
7. 2 1 2 1 2 2 1 1 .122624
8. 2 1 2 1 2 2 1 1 - .037672
9. 2 2 2 2 1 1 1 1 .021566

10. 2 2 2 2 1 1 1 1 - .000094
11. 1 2 1 2 2 2 1 1 - .041254
12. 1. 2 1 2 2 2 1 1 .000191

• 13. 2 2 1 1 1 2 2 1 - .127933
14. 2 2 1 1 1 2 2 1 .008548
15. 2 2 1 1 1 2 2 1 - .009622
16. 1 2 2 1 1 2 2 1 .055217
17. 1 2 2 1 1 2 2 1 -.008658
18. 1 2 2 1 1 2 2 1 .002904
19. 0 2 2 2 1 1 2 2 .008228
20. 2 0 2 2 1 1 2 2 .003764
21. 1 2 1 2 1 1 2 2 .022654
22. 1 2 1 2 1 1 2 2 -.000504
23. 2 1 2 1 1 1 2 2 - .031174
24. 2 1 2 1 1 1 2 2 .006808
25. 2 1 1 2 1 2 2 1 .025786
26. 2 1 1 2 1 2 2 1 - .000533
27. 2 1 1 2 1 2 2 1 .005620
28. 1 1 2 2 1 2 2 1 .002310
29. 1 1 2 2 1 2 2 1 .001286
30. 1 1 2 2 1 2 2 1 - .002463

8Configurations are specified by the occupation numbers.

bMixing coefficient at R - 1.2g. 
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Table II.  Configuration for the B States

2a~ 2°u ~°g ~~~ 1n~ ln1 in; in~ Coefficientsb

1. 2 2 2 0 2 1 1 2 .903183
2. 2 2 0 2 2 1 1 2 - .012380
3. 2 0 2 2 2 1 1 2 - .027354
4. 2 1 2 1 2 1 1 2 .079494
5. 2 1 2 1 2 1 1 2 -.000534
6. 2 1 2 1 2 1 1 2 - .036249
7. 0 2 2 2 2 1 1 2 - .021400
8. 2 2 1 1 2 2 1 1 .374944
9. 2 2 1 1 2 2 1 1 .049311

10. 2 2 1 1 1 1 2 2 .109441
11. 2 2 1 1 1 1 2 2 .003832
12. 1 2 2 1 2 2 1 1 - .077988
13. 1 2 2 1 2 2 1 1 - .025139
14. 1 2 2 1 1 1 2 2 - .066132
15. 1 2 2 1 1 1 2 2 -.000042
16. 2 1 1 2 2 2 1 1 -.079394
17. 2 1 1 2 2 2 1 1 - .015914
18. 2 1 1 2 1 1 2 2 - .015732
19. 2 1 1 2 1 1 2 2 - .004150
20. 2 2 2 2 2 1 0 1 - .042689
21. 2 2 2 2 0 1 2 1 .022660
22. 1 2 1 2 2 1 1 2 - .003645
23. 1 2 1 2 2 1 1 2 - .000996
24. 1 2 1 2 2 1 1 2 .001298
25. 1 1 2 2 1 1 2 2 -.004650
26. 1 1 2 2 1 1 2 2 .002139
27. 1 1 2 2 2 2 1 1 - .013389
28. 1 1 2 2 2 2 1 1 .004883

aconfigurations are specified by the occupation numbers.
bMixing coefficients at R - l.2~.

- 

.
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Table UI . Dipole Matrix Elementsa

1. <lflu IZ~1flg
> 1.182825

2. c3ag IZI3 au
> -1.117884

3. c3ag I Z I 2au> -1.253562

4. c2a g I zj 3o~> 0.141830

5. 
~
2ag IzI2cu

> -0.887668

j aDefined in Eq. (18) ; R -

11

_ _ _
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Table IV. Contribut ions to Dipole Matrix Element

Configurations Typea Contribution

X B
1 1 1 1.444464
1 8 2 - . 566726
3 1 1 - . 301152

13 1 2 . 182671
13 8 1 - .080239

7 8 3 . 057635
2 8 2 . 042713
3 10 2 .034488

13 10 1 .023421
7 4 1 .016306
1 12 4 - .014956

13 4 3 .012749
7 16 2 .010883

• 2 16 3 .010142
16 1 4 - .010003

7 12 5 - . 008489
16 12 1 .007203
4 10 2 - . 006784

16 14 1 .006108
16 4 5 - .003896
11 12 2 .003597
11 16 5 - .002907

3 14 4 .002644
13 2 2 .002504
8 9 3 -.002329
8 6 1 .002284

11 8 4 .002194
2 2 1 . 001492
4 18 3 .001094
9 20 1 .001089• 5 7 1 .001053
others .001998

total .873282

Iypes are as listed in Table III.
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Table V. Excitation (Dissociation) Cross Sections

02 (X
3t B3E~) in ~~~ ~~

2

eV Cross Section

10 3.13

15 6.57

20 7.29

25 7.21

30 6.91

40 6.20

50 5.56

75 4.40

100 3.64
• 150 2. 74

200 2.21

300 1.62

500 1.08

1000 0.93

.
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e + O2(X
3Z~)— O2(B

3E~) + e

O2(B3Z.~) O (3P) + O (’D)

12 — -

- B3~~ -

8 -  w~-
- I 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
O( 3p)+o( ’D.l

SCHUMANN-RUNGE 
_ _ _ _ _ _ _ _ _

— 
O( 3P) 4 0(3P)

~ 0 X 3E~~
7

_ _

25 3.6
INTERNUCLEAR DISTANCE (

~~
)

Fi g. 1. Potential-energy curves of the 02 molecule illustrating the
• 

dissociation of 02 via electron-impact excitation of the Schumann-
Ibinge system.
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Fig . 2. Optical oscillator strength of the Schunann-Runge system
as a function of vertical excitation-energy .
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