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A rigorous derivation of the T matrix is presented to study the effects of direct and indirect reac-
tive scattering processes of e + AB— A +B~, involving electron(e)-molecule( AB) systems.
Analysis of dissociative attachment processes e + H,—>H + H™ and e + HCl—H + Cl~ is present-
ed, with emphasis on the individual role of the direct and indirect processes in affecting the total
cross sections. Marked differences among different electron-molecule collision systems are found
from this analysis, and the cause of such differences is explained.

I. INTRODUCTION

Recently, various levels of progress in the theoretical
studies of resonant scattering processes' ~*’ have been
made. The use of energy-dependent nonlocal potential
was found to be necessary for the accurate evaluation of
both the inelastic and reactive scattering.!~!1:3¢37 Com-
putation of the matrix elements of Green’s functions have
been greatly facilitated partially due to the use of the sim-
ple recurrence relations' — that are derived from the tri-
diagonality of a Morse Hamiltonian in the Lanczos basis
by construction.*® =% For the analysis of dissociative at-
tachment processes, we compute e +H,—H + H™ and
e +HCl—H + CI7, by using the energy-dependent non-
local potential mentioned above. The present work
differs from previous studies’? in that we focus our atten-
tion primarily on how the indirect (resonant) process
competes with the direct process in causing the dissocia-
tive attachement processes. In addition, manifest
differences in the structures of the direct and resonant
scattering cross sections among the different electron-
molecule collision systems mentioned above are explicitly
pointed out.

In short, the objectives of the present study are two-
fold: (1) a rigorous description of reactive scattering
transition amplitude applicable to the study of dissocia-
tive attachment processes, e + AB— A +B~ and (2) an
analysis on the individual role of the direct and indirect
(resonant) processes in reactive scattering.

II. FORMAL EXPRESSION
OF REACTIVE TRANSITION AMPLITUDE
(TMATRIX) INVOLVING ELECTRON-MOLECULE
COLLISIONS

In our earlier studies,”~>* we presented the formal

descriptions of transition amplitudes in both the
distorted-wave®"*2 and coupled-channel-wave>** repre-
sentations in order to treat reactive scattering (rearrange-
ment collisions) processes involving atom-diatomic mole-
cule collisions systems, 4 +BC—B + AC. For such sys-
tems, the use of the target molecular states as a complete
basis set for the expansion of the total wave function was
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found to be convenient.>»** On the other hand, in treat-
ing reactive collisions involving electron-diatomic mole-
cule (e + AB) systems, electronic states describing rela-
tive motion between electron e and target diatomic mole-
cule 4B yield a convenient basis set for the expansion of
the total wave function.

The Schrodinger equation for the electron-molecule
system of interest is written

H|V)=E|¥), 2.1
where

H=H;+H, . (2.2)
Here Hy is the Hamiltonian for the target molecule,

Hy=Kp+Vr(R), (2.3)

with K the nuclear kinetic energy and Vr(R) the intera-
tomic potential at internuclear separation R. H,r is the
effective electronic single-particle Hamiltonian (H, in the
symbolism of Mundel, Berman, and Domcke!), and it is
atomic units,

H,=—1V24V,(5;R), (2.4)

where ——%V% is the relative kinetic energy and V,r(r;R)
[equivalent to = of Eq. (6) in Ref. 1(b)] can be chosen to
be made of the energy-dependent, nonlocal self-energy
and the static-exchange potential®*>3¢ to represent
effective interaction between the electron and the target
molecule as a function of interparticle displacement r be-
tween the electron and the target molecule at a given in-
ternuclear displacement R of the molecule AB.

Following Feshbach®”"*® we define the projection
operators,

P=[de, |EES]

for projection onto the Hilbert subspace of electronic
continuum states | £&,7’), and

Q=1-P
=2 ‘djl)(lpl] ’

(2.5

(2.6)
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for projection onto the Hilbert subspace of electronic
discrete states | ¥;). g, in (2.5) is the energy of the con-
tinuum electronic state k. The total wave function | W)
is then written as

|W)=(P+Q)|¥)
=3 [EONED W+ 3 | ¥ . @D
k i

For simplicity the summation symbol 3, in the first term
above and other places below is used to represent integra-
tion over €.

The plane wave |®) in the initial arrangement is de-
scribed by

(—iVI4 K +Vy)|®)=E|®), (2.8)
by setting V,r=0in (2.1). ® is formally
| D)= |ENNCEL W)= |E0) | 42) 2.9)

where | £2) for the relative motion between the electron
and target molecule at r — oo satisfies

(—1vi-g)|E)=0, (2.10)

and |¢%) represents the unperturbed molecular state of
the target molecule at » — o defined by

|2y =(& | W) . 2.11)
We rewrite Schrodinger equation (2.1),
(Hy+V,p)|V)=E | V), (2.12)
where
Hy=—iV24 K +Vy. 2.13)

Using the projection operators (2.5) and (2.6), we write
V,r in (2.12) above,

V=33 [E7CES | Vor | E7CED |
k k'
FZZIEES Ve 14|
+ 33 190G | Ver | £ CES
i k

+ 33 19U | Ver | 9| (2.14)
i
We define the row matrices
=), 1), .. ) (2.15)
for the electronic continuum (unbound) states and
Ya=v), | ¥),...) (2.16)

for the electronic discrete (bound) states, and the column
matrices

(&' |w)

é.= [(E7 W) 2.17)
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for the molecular states associated with the continuum
electronic states and

(%" | W)

XH= (it w) (2.18)

for the molecular states associated with the discrete elec-
tronic states. Using (2.15) through (2.16), we rewrite
(2.14) above,

(+) (+) (+) (+)
VeT= §c+ vcc§c+ ++§c+ Vcd'p;}- +'pdvdc§c+ *
+¥avaa¥d -

Here the matrix elements of v, between the electronic
states are defined as follows:

(2.19)

Vel =CEF | Ver 1 €D (2.20)

Veali =< [ Ver [ 4:) (2.21)

Vae I =<t | Ver | € (2.22)
and

(Vaadio={; | Ver | ¥:0) (2.23)

The use of (2.15) through (2.18) for ¥ in (2.7) leads to
V=¢E g+, X . (2.24)

The insertion of (2.24) into the Schrodinger equation
(2.1) and the introduction of proper inner products using
| 7)) and | ¢, ) lead to the matrix representation of the
resulting coupled Schrodinger equations,

He Vo |[8 ] (%

Vie Ha | (X075 25 ] 2
where

H, =K;+Vp)lc+e, , (2.26)

with 1, the unit matrix and the matrix elements of €,
[ec]kk’:<§5c+) ! HeT | g(k-'*_)) ’
Hdd=(KT+ VT)1d+£d s

(2.27)

(2.28)

with 1, the unit matrix and the matrix elements of €,
leq)ir=<W; [Her | ¥:) .

Finally, V and VLC are the potential matrices. They
represent coupling between the continuum and discrete
states, and thus allow resonant scattering. Their matrix
elements are defined as follows:!

(2.29)

(Vealii=CE&F | Hor | ¥:) (2.30)
and
[vjic]ik=<wi |HeT'§(k+)> . (2.31)

It is of note that the potential matrices in (2.30), and
(2.31) above are denoted by V and the expression (2.20)
through (2.23), by v.
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We readily find the Hermitian adjoint to V, from
(2.30) and (2.31) above,

[Viele=[Vealti -
The formal solutions to the coupled Schrodinger equa-
tions (2.25) above are then

- 1

$e= E* . —H,

(2.32)

Vo Xyt (2.33)

and

1

XH=——--—Viés. . (2.34)
4 T El1,—Hy %“7°

The use of (2.33) and (2.34) for (2.25) leads to the form
of a block diagonalized matrix,

Hee O é .
0 -ﬂdd iii_F) =E iii_'_) > (235)
where the effective Hamiltonians are
1
H,.=H,+V ~——V'
cc cc + cd E ld “Hdd dc (236)

for the continuum states, and

1

Hag=Hy+V), ————v
dd dd d E(+)1C_Hcc cd

(2.37)
for the discrete states.
Applying (2.26) through (2.34) we now obtain the fol-

lowing uncoupled Schrodinger equations equivalent to
(2.35):

1

(EV-Hob =V i g1y Vid., 39
with
V(R)=V4(R)1;+¢g4R) (2.39)
and
[El,—K71,—V (R)IX
—v!, ! VXS . (2.40)
El, —(Ky+ V)l —¢g,
The complete solution to (2.40) is, in closed form,
T = Fo+ 4 lt —
El;—K;1,—V,—V} (E1,—H,)" 'V,
XVZc—ﬁc%ﬁ;—VchZ‘“ , (2.41)
where X ' is the solution of
[E1,—K;1,—V,(R)IX%*'=0. (2.42)
The insertion of (2.41) into (2.33) yields
$‘:W1:_—H“v“‘( 1, +Q)%9+ (2.43)
where
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1
T El,—Kl,—V,— Vi (E1,—H,_)" 'V,
XV}, E(+)1:_H“ V., . (2.44)
By defining'
F=V}, E‘+’11 Ve (2.45)
c cc
and
G\t'= S 1 ; (2.46)
ld_KTld—vd
we rewrite (2.44)
Q=G{"'F(F—FG\{*'F)"'F . (2.47)

The introduction of (2.44) and (2.47) into (2.41) leads to
X H=X%"+G{"'FF—FG{"'F)"'FXJ* .  (2.48
Using (2.47) we rewrite (2.43)

- 1

=——V_[1,+G{T'F(F—FG{"'F)"'FIXJ*+ .
(4 El —H cd d 1
c cc

(2.49)

The matrix element or transition amplitude for reac-
tive scattering from an initial arrangement channel a to a
final arrangement channel S is formally

Tpo=( V5| Ver | @) - (2.50)
By consideration of

(& €0 =By (2.51)
and

(¢ | €82 =0, (2.52)

the use of (2.9) and (2.19) and the substitution of (2.48)
and (2.49) into (2.24) for the expression of the T matrix
yields

Tpo= (X3 | (147G Vg (60

0(—) (et 1 70
+<Xd |(1+TG1+ WVac E(+)1_Hcc vcc1¢c> ’
(2.53)
where 7 is defined as">’
r=F(F—FG{*'F)"'F . (2.54)

X%~ in (2.53) above is the row matrix for the scattering
state of the final arrangement particles 4 and B ~ obtain-
able from (2.42) and ¢ is the column matrix for a free
(unperturbed) state of the target molecule 4B corre-
sponding to (2.7) at r = «. For a direct comparison with
the transition amplitude of Mundel, Berman, and
Domcke, by realizing
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(Ve l =<t | —%V3+Ver | €2)

=(; | Ver | g?c Y=[val (2.55)
we rewrite (2.53)
Tpo= (X5 | (147G Vi | 62)
0(—) ()t 1 70
+<Xd (1+7G{H)WV], EC_H. \ ¢c> s
(2.56a)
or
Toa= X3 | (147G [82), (2.56b)
where
F 1
Vi=vi | 2.57)

R va—
E*1-H, °

Equation (2.56b) is now seen to be equivalent to Eq. (40)
of Mundel et al.'® except the fact that (2.56b) above is
formally more general in that (2.57) the nuclear kinetic
energy operator is included in H,. The first term in
(2.56a) above is expected to yield major contribution to
the total cross section. The second term represents the
contribution of intermediate states owing to coupling po-
tential v, between the electronic continuum states. We
rewrite (2.56b)

Tp= X4 | V5 D)+ [7GIV VL 182) .
(2.58)

Obviously the first term in the expression (2.58) above
represents the direct reactive scattering process and the
second term, the indirect process (decay processes due to
the effect of short lifetime of resonance) in reactive
scattering.

II1. DIRECT AND RESONANT REACTION
SCATTERING FOR e +H,; AND ¢ + HCl

Using computational procedures similar to those Mun-
del, Berman, and Domcke,! and of Domcke and Mun-
del,? we were able to reproduce their reported cross sec-
tions for e +H,—>H + H™ and e + HCl-H + Cl™. In
the following, we examine the individual contribution of
the direct and indirect (resonant) processes to the total
cross sections, including interference effects between the
two processes. In this regard the present work supple-
ments the earlier studies of Domcke and co-workers, ?
who examined only the sum contribution of both process-
es.

Figures 1(a), 1(b), and 1(c) show the predicted results of
the dissociative attachement process e + H,—>H + H™
associated with the low vibrational states v =0, 1, and 2
of H,. The total (denoted by TOTAL) cross section in
the figures represents the sum of the direct and indirect
(resonant) processes and the interference effects between
the two. Note from the figures the marked differences in
magnitude scale among different total cross sections. It is
quite interesting to see that both the direct and indirect
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(resonant) processes yielded the maximum cross sections
at almost the same electron collision energies and with
nearly indistinguishable structures (shape) in the cross
sections. Thus in e +H,—>H + H™, the two processes
are equally important in their contribution to the total
cross sections. Interference between the two processes is
seen to be destructive at all collision energies. This im-
plies that the transition amplitudes tend to be in opposite
phase between the two.

In all the reactive transitions examined above, the peak
positions of the combined (total) cross sections were
found to occur at lower electron collision energies com-
pared to the peak positions which are contributed by the
direct and resonant reactive scattering. Further, the fre-
quency of oscillation in both the direct and indirect pro-
cesses increases as the initial vibrational excitation energy
of H, increases. Indeed, this trend is seen to persist in
the cross sections of much higher vibrational states, as
shown in Fig. 1(d), for e + H,(v =10)—-H + H™. Both
the direct and resonant processes yielded identical oscilla-
tory structures for all the vibrational states of H, investi-
gated. In addition, the peak cross-section position of
both processes tends to converge as the vibrational quan-
tum number v of the reactant molecule increases.

To make a comparison with e +H,—H + H™ above,
similar cross sections for the reactive transition of
e +HCl—H + CI™ are plotted in Figs. 2(a), 2(b), and
2(c). The first peak positions of the indirect (resonant)
scattering cross sections are observed to agree with those
of the total cross sections in all the reactive transitions in-

80 80
(@) e+Hy(V=0) -> H+H™

RES

(b) esHy (V=1) -> HeH™

40 4
TOTALN oIR > . 0 TOTAL—]
x108) x10%)
o] < 0
< -40 -40
INTERFERENCE INTERFERE
=z
2 -80 -80
—
w 2 3 4 5 6 2 3 4 S 6
» 80 80
a (C) e+Hp(Va2) =-> HeH™ (d) e+Hy (V=10)-> H+H™
o TOTAL
& 40706104 40
0 0
-40 -40
INTERFERENCE INTERFERENCE
-80 -80
2 3 4 5 6 o] 1 2 3 4

ELECTRON ENERGY (eV)

FIG. 1. Total (TOTAL), indirect (resonant) (RES) and direct
(DIR) cross sections, including interference effect for dissocia-
tive attachment e +H,(v)—>H + H~ as a function of electron
collision energy. (a) v=0, (b) v =1, (c) v=2, and (d) v =10.
The total cross sections in v =0, 1, and 2 have been magnified
by factors of 10°, 10°, and 10% respectively. The indirect (reso-
nant) cross sections are seen to coincide with the direct cross
sections in (a), (b), and (d).
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0.0 0
o<
=~ INTERFERENCE
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e ch) €+HCI|(V=1) -> HeCI™
-
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w
o
(723
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(C) e+HCI (V=2) [-> H+CI™

-50

0 1 2 3
ELECTRON ENERGY (eVv)

FIG. 2. Total (TOTAL), indirect (resonant) (RES) and direct
(DIR) cross sections, including interference effect for dissocia-
tive attachment e + HCl(v)—H + Cl~ as a function of electron
collision energy. (a) v =0, (b) v =1, and (c) v =2. The total
cross sections are seen to coincide with the indirect (resonant)
cross sections in the peak position area.

volving the initial low vibrational states v =0, 1, and 2 of
HCI. This is quite different from the reactive system of
e +H,. The resonant scattering process is found to dom-
inate over the direct scattering process (in the region of
the first peak collision energy e +H,—H + H™). How-
ever, common to both e +HCI and e +H, is the univer-
sality of the destructive interference observed at all the
collision energies. In both systems the destructive in-
terference tends to reach the maximum at the collision
energy where both the direct and resonant scattering con-
tributions are the largest. This implies that the phase of
transition amplitudes for the two processes are opposite
(180° apart), particularly at this collision energy.

In e + H,—~H + H™, the peak position of the resonant
scattering cross section tends to coincide with that of the
combined (total) cross section only for the high vibration-
al states (e.g., v =10) of H,. This implies that the closer
the vibrational state of the target molecule to the dissoci-
ative limit of the compound state molecule AB ~, the
greater the contribution of the resonant. From Figs. 3
and 4 we observe marked differences in both the structure
and depth of potentials"2>%~%2 between the two
electron-molecule collision systems, e+ H,—H + H™
and e + HCl-H + Cl~. In e +HCl—H + CI—, the po-
tential well>¢"2 of the target molecule HCL in the initial
arrangement is much closer to the dissociation limit of
the compound state molecule HC1~ for the final arrange-
ment, compared to the interatomic potential*®® of H,.
This promotes coupling to resonant states. This is the
cause of why the resonant reactive process dominates
over the direct reactive scattering process in the case of
e+ HCl—H + Cl~ despite the low vibrational states
v =0, 1, and 2 of HCL
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FIG. 3. H, (solid curve) and H; (dashed curve) potential en-
ergies (taken from Refs. 60 and 61) as a function of interatomic
distance Ry.y. The horizontal lines are the vibrational energy
levels of H,.

IV. SUMMARY

In the present paper, a rigorous derivation for the reac-
tive transition amplitude of e + AB— A + B ~ is present-
ed. We studied the two different reactive scattering sys-
tems of dissociative attachement, e +H,—~H + H™ and
e +HCl—H + C1~. For analysis emphasis was placed
upon the examination of competition between the direct
and indirect processes to explore the importance of un-
derlying ‘“subprocesses” associated with the dissociative

Vi-ce

(eV)

POTENTIAL

12 3 4 5 6 7 8
RH_C((B-U.)

FIG. 4. HCI (solid curve) and HC1~ (dashed curve) potential
energies (taken from Refs. 62 and 63) as a function of interatom-

ic distance Ry ¢;. The horizontal lines are the vibrational ener-
gy levels of HCI.
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attachement processes. From this study, we found
marked differences in the contribution of the direct and
indirect (resonant) processes among electron-molecule
collision systems. In summary, we find the following.

(1) In e +H,—H + H™, the maximum contribution of
both the direct and indirect processes occurs at electron
collision energies other than the peak position of the total
(combined) cross sections in the case of the low vibration-
al states of the target molecule H,.

(2) In e +HCl—-H + Cl—, the maximum contribution
of the resonant scattering (corresponding to the first
peak) coincides with the peak value of the total cross sec-
tions, while the contribution of the direct process is negli-
gibly small in the region of the peak value.

(3) In both systems, interference between the direct and
indirect processes is destructive at all the collision ener-
gies investigated and this manifests a tendency to iave
opposite phases in the transition amplitudes betwern the
direct and indirect reactive scattering, particularly in the
region of collision energy where both the direct and reso-
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nant scattering parts of contributions are equally dom-
inant.

4) In e +H,—H + H™, peak positions for both the
direct and indirect (resonant) scattering cross sections
tend to converge to the peak position of the total cross
section as the vibrational excitation energy of the reac-
tant molecule H, increases.

(5) Finally, in e + HCl—H + CIl—, the contribution of
resonant scattering process is dominant over the direct
scattering process (in the region of the first peak posi-
tion), contrary to the case of e + H,—H + H™, and this
is caused by the relative closeness of initial vibrational ex-
citation energy to the dissociation limit of HC1~ (see the
interaction potential of HC1~ shown in Fig. 4), compared
to the case ofe +H,—~H + H™.
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