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Dissociative recombination of electrons and molecular ions
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The existing techniques for the calculation of the dissociative recombination (DR) of
electrons and molecular ions were compared. The advantages of the method of multichannel
quantum defect (MQD), in which equations are formulated directly for the T-matrix of
collisions and the unitarity of the scattering S-matrix is thus ensured, were demonstrated.
The effect of molecular rotation and of the nonadiabatic electron-rotation coupling on the
e + H,* — H* + H reaction was investigated. A procedure was suggested based on the use
of the adiabatic approximation (with respect to the nuclear rotation} in the near-threshold
area while taking into account the contributions of the excited vibronic states of the Rydberg
complex formed in an intermediate stage of the reaction. It is notable that the partial rate
constants (and the corresponding cross-sections) arc very sensitive to the initial rotation
excitation. However, the temperature-averaged rate constants under equilibrium conditions
are only slightly affected by rotation.
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Introduction

Dissociative recombination (DR) of electrons and
molecular ions, i.e., the formation of neutral fragments,

XYt +em 5 X+ Y, h

is one of the fundamental phenomena of atomic and
molecular physics. The DR reactions are known to play
an important role in the chemical processes occurring in
the upper layers of the Earth atmosphere and during
combustion and thermonuclear synthesis, in the phe-
nomena characterizing the properties of steady-state and
decaying weakly ionized plasma, and also in the chemi-

cal processes occurring in gas lasers. It is these facts that
account for the considerable interest of researchers in
DR reactions. In recent years, particular attention has
been concentrated on the study of the processes occur-
ring in the hydrogen plasma and in the noble gas
plasma, which is due to the necessity to solve such
problems as transformation of electrical and nuclear
energy into light, the search for new active media, and
the development of a new generation of recombination
lasers.

Researchers who study ionized states have to solve
problems relating to various fields of physics. Many of
these problems are associated with the microscopic prop-
erties of plasma, ie, with the states of atomic and
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molecular species and with the elementary processes
involving them. These properties depend substantially
on the presence of positively charged molecular ions,
since reactions involving these species even at low con-
centrations can lead to a noticeable increase in the rate
of disappearance of the volume charge in a decaying
plasma. The latter is accompanied, as a rule, by the
formation of excited atomic fragments followed by emis-
sion. Thus, the recombination of electrons and ions
determines the ionization structure of a plasma, and the
recombination spectrum, in turn, provides the necessary
information on the physical conditions in the medium in
which the emitting species are located.

The history of the investigation of DR reaction (1)
dates back several decades. By now extensive informa-
tion on this subject has been accumulated in the litera-
ture;!—18 hevertheless, many important aspects still re-
main scarcely studied. This refers, for example, to the
question of the effect of the vibrational and rotational
excitation of ions on the rate of the DR.

The experimental studies dealing with electron-ion
recombinations can be divided conventionally into two
main types: determination of the rate constant for the
recombination based on the observations of the decay of
separate components of the plasma and the measure-
ment of the cross-section of the process using the tech-
nique of intersecting beams.” However, the measure-
ment of partial cross-sections of recombination is com-
plicated by the fact that, for beams, no reliable methods
for detecting the initial and final states of a recombining
system exist. Therefore, the cross-sections observed are
averaged over the energy spread in electron beams and
over the initial distribution of ions over vibrational and
rotational states, which hampers the direct comparison
of experimental and theoretical results.

The development and perfection of lasers that can be
modified and the development of new methods for the
measurements suggest that the microscopic parameters
of reaction (1) will be studied in detail in the near
future. This imposes heavy demands on the existing
theory, and, especially, on the studies of processes in-
volving simple diatomic ions XY*. The positive ion H,*
is the most promising in this respect, since the hydrogen
molecule has only one low-lying doubly excited repul-
sive state '£,*(2po,)?, whose term intersects the ion
potential near the equilibrium state. In addition, the
molecular ion of hydrogen is apparently one of the few
objects for which precise quantum-mechanical calcula-
tions are possible. Note that before the development of
the methods of intersecting beams, it has been extremely
difficult to obtain reliable experimental data concerning
the reactions involving Hz*, because this ion is chemi-
cally reactive and efficiently forms heavier cluster ions
H,* (n 2 3) in a plasma.? Therefore, the chemical
nature of the ions participating in reactions should be
specially checked.

The overall cross-sections of the e~ + H;* recombi-
nation have been measured repeatedly using the beam

method;"" =24 the results obtained!?—22 differed from
onc another within an order of magnitude and did not
reflect the resonance structure of the energy dependence
typical of reaction (1). The latter was discovered for the
first time in more recent studies,23—24 carried out using
the technique of combined beams. To explain this ef-
fect, it has been suggested?’ that the resonance structure
is due to the indirect DR process, whose model de-
scription has been reported in a number of known
studies.26-28 According to these views, an incident elec-
tron loses its cnergy due to the vibrational excitation of
the ion core and is captured to the Rydberg state of the
neutral molecule, which can either become autonomous
(inelastic electron scattering), or predissociate (DR
reaction). In later studies,2®3 it has been shown that
narrow resonances are formed within the energy
dependence of the cross-section of DR, their widths
being much less than the distance between the Rydberg
levels.

A further important feature of reaction (1) is the
jumpwise decrease in the cross-section on passing over
the threshold of the vibrational excitation. This effect is
due to the crowding of resonance levels near the thresh-
old of the closed channel and is associated with the
disappearance of the resonance contribution on going to
the open channel, which is typical of Coulomb interac-
tion.31-35 Experimental evidence for this effect has
been reported more recently.36

An alternative approach to the description of the
e~ + H,* recombination, corresponding to a direct
mechanism of trapping of the electron to the diabatic
repulsive state of the neutral molecule, has been sug-
gested by O Malley.3? Since the repulsion term inter-
sects the set of Rydberg states, the latter are predis-
sociative states and can be treated as resonances, i.e.,
they can be described within the framework of the
theory of resonance scattering.3-42 This fact is very
significant for the elucidation of the mechanism of the
DR reaction and, in particular, for the determination of
relative probabilities of the formation of final states.
However, the approach developed by O Malley3? can be
regarded as acceptable only in the case where the cou-
pling of the Rydberg states with the ionization con-
tinuum is extremely weak and self-ionization occurs via
the dissociative state (double transition).

In the general case, the DR reaction occurs both as
the direct transition to the dissociative continuum and
via the formation of intermediate complex XY** fol-
lowed by its decomposition to the dissociative state. The
amplitudes corresponding to these transitions interfere
with one another, which results in a fairly complex
dependence of the reaction cross-section on energy. If
the molecular ion XY* exists in the ground vibrational
state (v = 0), the nearest closed channel (v = 1) plays
the crucial role in the formation of the resonance struc-
ture of the dissociation spectrum in the energy region
below the threshold of its vibrational excitation. Due to
the states of this channel, an infinite set of Fano-
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Feshbach resonances arise, which are described by the
following equation (near an nth resonance E,"):

L AE-Ep)

Uy ’

(Jr+q)2
E) = ag( £y ——47_
o(E) = o¢(E) ! (2)

Here T, is the width of this resonance and ¢ is the
profile index. The sequence of the resonances is clearly
regular: the same multiplier #? characterizes the de-
crease in the widths I, in the intensities /, =
(n/2)q%0o(E,)T,, and in the distances between the reso-
nances following an increase in the number n of the
level of the closed channel. This regularity can be vio-
lated due to resonances of far Rydberg series (v > 1) or
of the quasidiscrete states of valent (non-Rydberg) con-
figurations. The channels of self-ionization and predis-
sociation compete with each other.

The next important aspect, whose investigation is
needed to understand the mechanisms of the DR reac-
tions, is the dependence of the cross-section on the
initial vibrational excitation of the XY™ ion. The picture
of the phenomenon depends substantially on the mutual
arrangement of the ionic and dissociative terms and is
largely determined by the behavior of the Franck—
Condon factors, incorporated in the expression for the
amplitudes of the direct transition. Thus, the task of the
theory amounts to adequate description of these two
mechanisms of recombination, i.e., to a correct calcula-
tion of the main parameters included in expression (2).
This problem can be solved most systematically in terms
of two approaches to the DR theory, namely, the method
of configuration interaction (CH4%4! (and its subse-
quent generalization4344) and the method of multichan-
nel quantum defect (MQD). In the latter case, two
principally different variants should be distinguished: the
two-step procedure?®45 and its modifications#—48 and
the procedure of the collision T-matrix. 4954 The latter
method, as shown below, is much simpler for calcula-
tions and combines the advantages of the two above
approaches. At first glance, the approaches developed
are not related to one another, or a relationship can be
followed only between some of them. To develop a
unified concept, these approaches need to be analyzed
from a certain general standpoint.

The present paper is devoted to a comprehensive
description of reaction (1) and to the study of the effects
of various factors on the dynamics of this process. The
existing theories are discussed in detail, and a rigorous
correlation between them is established. In view of the
necessity to take into account a large number of
rovibronic closed channels of motion, a special proce-
dure has been used that allows successive refinement of
the results obtained by including additional closed chan-
nels. Note that none of the theories considered took into
account the rotational motion of the XY* ions, which is
especially significant for hydrogen-containing systems.
Investigation of the temperature dependence of the rate
constant of this reaction under essentially nonequilibrium

conditions, in which rotation is significant, is no less
important for understanding the physics of the processes
occurring in the low-temperature plasma. The main
attention is devoted to these problems. It should also be
noted that our calculations (unlike those carried out
previously4?) take into account both the direct transi-
tions caused by the dependence of the quantum defect
on the interatomic distance and the transitions via the
dissociative continuum. The latter were found to be .
fairly significant for the e™ + H,* system. Our results
obtained for this system are compared with the numeri-
cal data obtained previously by other researchers?3:44.47
and with experimental results.23—24

The integral variant of the MQD theory

The general properties of scattering processes and
reactions are normally described using the S-matrix
relating the initial i-states of the system (when the
colliding species are separated by an infinite distance) to
the final f-states corresponding to the removal of reac-
tion products to infinity. The modules of the elements of
this matrix squared |[<{S|f>|? determine the probabilities
of transitions from states / into states £ The sum of the
probabilities of all the possible transitions is strictly
equal to I, which is ensured by the condition of unitarity
of the S-matrix (§S* = ).

Along with the S-matrix, for the description of reac-
tions (or inelastic transitions), it is convenient to intro-
duce the T-operator of collisions, related to the matrix
by the expression § = I — 2/T. The Tﬁ elements, like Sﬁ,
are symmetrical with respect to the /7 and f indices and
do not depend on the choice of the coordinate. They are
related to a physically observable value, viz., the effec-
tive cross-section of the reaction (or scattering), which
is defined as the ratio of the number of transitions per
unit time to the density of the flux of the incident
species (in the system of the center of inertia), i.e.,

=X 2
S -Z;ISJ‘ .

where k; is the initial momentum of the colliding
species.

In the quantum theory of collisions, two main mecha-
nisms of the interaction of species, viz., direct and
resonance mechanisms, are clearly distinguished. The
former is characterized by short times of interaction (of
the order of time 1, required for the flight through the
characteristic reaction area). The latter (resonance)
mechanism is accompanied by trapping the species by a
target and is characterized by longer times 1 > 1. In
conformity with the uncertainty principle, the func-
tional manifestations of these mechanisms, in particular,
the dependences of the cross-sections on the energies of
the colliding particles, are essentially dissimilar. The
direct mechanism is described by a smooth energy de-
pendence, whereas the resonance mechanism accounts
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for sharp outbursts in the cross-sections, which is caused
by the existence of special conditions for the formation
of the intermediate complex.

The formation of the intermediate complex may be
due to various reasons. On the one hand, the complexes
are formed due to excitation of the inner degrees of
freedom of the target by the incident species, so that the
incident species is trapped by a potential well. In the
literature, the state of these complexes is usually re-
ferred to as Feshbach-type resonance. On the other
hand, this may be due to overcoming the tunnel barrier,
which separates the reactants from the region in which
the intermediate complex is formed. The state of the
latter is referred to as shape resonance. In this case, the
energy of the incident species should correlate with the
energetic structure of the intermediate complex, and
this finally leads to the sharp resonance dependence of
the cross-sections of the processes.

The previously suggested®9—54 approach to the solu-
tion of the problem of movement of a slow (or weakly
bound) electron in the field of the XY™ ion can be called
the integral variant of the MQD theory, since it is based
on the rearranged Lippman—Schwinger equations for
the collision T-operator. Owing to the separable struc-
ture of the Coulomb Green function, these integral
equations are reduced to a set of algebraic equations for
the elements of the T-operator, for which the dissocia-
tive channels are taken into account just as the scatter-
ing channels. These significant properties automatically
ensure the unitarity of the scattering S-matrix in any
basis set of the motion channels taken into account,
which guarantees a controlled accuracy of calculations
in the method of strong coupling.

In this case, the fundamental set of equations as-
sumes the following form (h = m, = ¢ = 1)

, l
T= =i o)p[T + X |e)e| 5 T &)
S -

where |p) and |c) are wave functions for open (p) and
closed (c) motion channels; E is the total energy of the
system (with respect to the ground state of the XY*
ion); A(E) is the diagonal matrix that specifies the
spectrum of eigenvalues of the energy for closed chan-
nels and the discrete energy levels for isolated valence
configurations, i.e., k. = tannv (E) for the Rydberg
channels and . = E — E_ for the valence configura-
tions (v, is the effective principal quantum number, and
E. are characteristic energies of the valence configura-
tion levels). The |p) wave functions {or the open channels
are normalized by the conditions (plp’) = n8(E — E).
The real t-operator describes the electron scattering on
the ion core with allowance for the interaction with
valence (non-Rydberg) configurations and obeys the
equation

t =V + VGy(E, (4)

in which the Green operator (Gg) is a slow function of
energy E and contains no pole features of a Coulomb

center. The operator V includes the interaction with the
ion core and configuration interaction.

It should be noted that equations similar to (3), both
without and with allowance for the dissociative channel,
have been obtained previously (see Refs. 49, 50 and
Refs. 5153, respectively). The spectrum of the eigen-
values of energy is specified by the poles of the T-matrix
and is determined from a uniform equation whose right-
hand side contains no free term t. [n this case, the
scattering T-matrix is replaced by the operator of the
displacement of levels 1. The solution of Eq. (4) can be
represented as follows:

1 DI
t=19 +;Pjvl_—_)—<z_[-‘“va£,,. (5)
(symbol P means integration in terms of the principal
value). The t© operator in Eq. (5) describes the electron
scattering on an isolated ion core without allowance for
the configuration coupling, and the wave functions |B)
specify the adiabatic basis of the dissociative con-
figuration.

Equation (3) are formally exact and describe all the
types of nonadiabatic coupling in the Rydberg states of
the XY** complex. However, if the Kc|VIB) << 1 in-
equality holds, which is the case for most diatomic
molecules, and the £ = ag/R, parameter is small (qq is
the amplitude of the zero vibrations, R, is the equilib-
rium interatomic distance), one may restrict the consid-
eration to a finite number of vibronic states in the set of
Eq. (3) by using the method of strong coupling. The
allowance for the relationship between the electron mo-
tion and rotation is, in the general case, quite cumber-
some. Therefore, in the analysis of the solutions of
Eq. (3), it is expedient to use methods involving the
successive inclusion of the vibrational and rotational
degrees of freedom into the general scheme, ie., to
separate the problem into two stages. [n the first stage, a
traditional adiabatic statement of the problem should be
considered, without account of the relationship with
rotation, while in the second stage, the rotational mo-
tion should be included in the general scheme. On the
basis of the characteristic features of the adiabatic pic-
ture of the phenomenon, the overall number of rovibronic
channels of motion, needed for adequate description of
reaction (1), can be efficiently reduced.

Comparison of various versions of the theory of MQD

To establish a relationship between the existing theo-
ries of MQD, it is convenient to use the integral variant
outlined above. First of all, let us show how the correla-
tion between the approaches of Seatond555 and FanoS$
can be elucidated from Egs. (3) and (4) and let us
analyze the possible ways for combining these approaches.
If we restrict ourselves, for convenience, to a single-
channel case (the elastic scattering ¢~ + XY?1), the
amplitude (which is related, by definition, to the t-matrix
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by the equality T = t{1 +it]7!) can be expressed in
terms of the scattering phase §:

T = —sindc’.

The known Seaton relationship between the scatter-
ing phase and the magnitude of the quantum defect § =
w35 follows from the above expression.

To derive the Gaitilis—Seaton34:55 equation, which
rclates the S-matrix to the generalized X-matrix for
open channels

See = Xoo = XoclXee = c—)ixvc)—lxcw (6)

we introduce, by analogy, a generalized T(®)-matrix,
which can be written, using our designations, as follows

T(o) -t “ZquqlT(o)
q

(all the g-channels of the system are assumed to be
open). Using the general idea of modification of set
(3)—(4), we obtain the following operator equation:

T=T + T‘“’Z}q)(ql{cotnvq +ilT
q

Then, if we use the relationship between the X-matrix
and the collision T-matrix (X = I — 2/T®) and take
into account the fact that the expression in square
brackets is equal to 2i[1 — e~2%v]~! it is an easy matter
to obtain relationship (6).

By using the same formal expedient, the operator
Eq. (3) and (4) can be replaced, on the other hand, by
the equivalent set of equations:

qoxqo

qquc ‘cotn v.R .

T-R-iRY T,
q

R=t+lA§lj
q

In this case, the summation is taken over both open
(¢”) and closed (¢°) channels. The matrix R thus intro-
duced coincides, to accuracy of the sign, with the reac-
tance Seaton matrix.55 Compiling then a sequence of
relationships for the R,,, R,., and R, matrices based
on the second equation we obtain the expression

Rool B) = tog + tocltanave = te] e

Equation (3) and (4) can also be written in the
following form:37
qoxqo

T'=t—itNi T
1

T=T+T %lqquc leotrv, T
q

Thus, we obtain the relationship between the required
T-matrix and the T, (of the Nyx N, rank), T"_. (of the
N XN rank), and T’ . (of the N, x N_ rank) submatrices:

Too = Toot Tocltannv, — T 7T, 7

where T = to — it,,Ty.. This relationship follows
from the equation constructed on the basis of physically
open channels. Expression (7) is apparently the most
compact way of writing the formally general matrix-
relationships in the MQD theory. In addition, the reso-
nance structure of the transition amplitudes can be more
clearly followed here. At the same time, expression (7) is
also more general, since it takes into account the reac-
tive channels and interacting quasi-steady states of arbi-
trary type; for example, this equation makes it possible
to describe processes occurring in the presence of an
external field, periodic in time.5?

Note also that in the complete basis set of rotational
and vibrational states, other forms of Eq. (3) also exist.
In the system of coordinates connected with the axis of
the molecule, which we consider here for the sake of
simplicity, the basis set of the channel functions is
represented by the vibrational states |v) and is complete,
i.e., the condition Ziv)}(v| = 8(R — R is fulfilled, where
R is the interatomic distance. In this case, the t-matrix,
in conformity with the foregoing, is represented by the
function —tannfi(R). If we formally introduce the matrix
T = T sin~! a¥ (here ¥ = # — {) and multiply the left-
and right-hand sides of Eq. (3) by the matrix cosnii,
then for the problem of the eigenvalues of the energy of
the e” + XY* system (with a fixed rotation axis), we
obtain the following operator equation:

Yo[sin njicos nv, + cosmisinwv, || viv] =0,
v

which is wholly equivalent to the set of algebraic equa-
tions obtained in the MQD method¥—48.58 for the
vibronic spectrum of a Rydberg molecule.

In the determination of the scattering T- or
S-matrices and of the wave functions of a continuous
spectrum, substantial methodological differences arise.
In previous studies,¥—48 the set of homogeneous equa-
tions for the fundamental scattering phases has been
solved, and the results have been used to construct the
complete S-matrix and the wave functions. In our ap-
proach this task is much simpler. The T-matrix and the
discrete spectra are determined directly from Egs. (3)
and (4), and the wave functions of the continuous
spectrum are constructed on the basis of simple (linear
with respect to T) relationships. In a complete basis set,
both approaches lead, naturally, to coinciding results.

Note also that the operator Eq. (3) involves an ap-
proach ¢! in which the technique of continued frac-
tions has been developed; this technique is used for the
inversion of the Jacobian matrices arising during the
description of the rovibronic interaction. This approach is
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based on the use of the generalized adiabatic principle.8?
To pass to the expressions obtained previously, 5961 it is
sufficient to multiply the right- and left-hand sides of
Eq. (3) by t7! and to takec into account the relation

T = Y7 |v)(v|T obeyed in the complete basis set. The

possibili;y of the reverse transition has been noted in a
study published previously.5!

Thus, it can be claimed that all the above statements
of the theory of MQD for the e~ + XY* system (in the
complete basis set of the inner states of the XY™* ion) are
wholly equivalent and differ only in the method of
parametrization. From our viewpoint, the integral vari-
ant of the MQD method*?—54 is the most universal: it is
more complete than the Seaton method,s since, along
with the S-matrix, it makes it possible to determine the
wave functions and the Green function of a system, and
is simpler than the Fano method3% (in particular, be-
cause when the integral equations (3) and (4) are used,
boundary conditions are automatically taken into
account).

Thus, on the one hand, the integral variant of the
MQD method (with allowance for the dissociative chan-
nel) used in the present study combines the merits of the
two main approaches considered above 43.44:46—48 5,4
on the other hand, it is more general and more compact,
since it:

— permits allowance for the direct coupling between
discrete states (¢f. Refs. 43, 44);

— uses the S-matrix (¢f. Refs. 47, 48), which is
unitary at any number of the channels taken into ac-
count, and requires no cumbersome procedure for the
determination of the fundamental phases;

— takes into account, in the t-matrix (5), thev — v’
step-by-step transitions through the dissociative con-
tinuum and the d — d transitions through the Rydberg
state.

Dissociative recombination of electrons
and molecular jons

Let us juxtapose quantitatively the approaches to the
DR theory under consideration and compare the nu-
merical results obtained using these approaches in rela-
tion to the reaction

Hyt(v) + e7 - Hy** "5, " (2pay)?] - (8)
- H*(2h) + H(ls),

where v; is the initial vibrational state of the ion. We
chose exactly this (the simplest) quantum-mechanical
object since, for this species, all the necessary param-
eters of the theory are rather well known. Therefore, this
comparison can serve as a sort of test for the reliability
of the theory.

The H, molecule is known to possess one low-lying
doubly excited state '5,*(2ps,)2, whose properties have

E (au)
J
S5
4
0.1 F
0 L i \ —L
1\ 2 3 R (au)
\ ,
? J\ //
-0.1 |-
0 1 1 i
1 2 3 R (au)
1
=017
._02 -

Fig. 1. Potential curves of the H, molecule near the ionization
threshold4?: H, (X'Zg) (N; Hy' (Isay) (2); H, ('Zg(2pog)2)
(3); Hy ('2,(2po250,) (9); Hy* (2poy,) (5).

been rather comprehensively discussed in the litera-
ture.863 [ts potential curve Up(R) intersects the ion term
ULR) in the vicinity of the R.* = 2.65 au point (Fig. 1),
located between the right classical turning points of the
ground and of the first excited vibrational states (near
the v = | state). This means that the cross-section of
reaction (8) should be small for v, = 0 and should
increase substantially with increase in v,

It is also known that in the Rydberg H,** complex,
formed in an intermediate stage of the process, it is
mostly the ndag(‘Xg*) series, in which the angular mo-
mentum of the electron / = 2 is a "good" quantum
number, that predissociates.4” Since the previous calcu-
lations carried out for this reaction (sce, for ecxample,
Refs. 29, 30, 40, 42—44, and 47) were based on the use
of the adiabatic (with respect to the rotational motion)
approximation, we shall initially pattern our behavior on
this situation, /.e., consider the molecular axis during
the collision to be fixed and operate in the coordinate
system linked to the molecule. Therefore, the main task
of our study is to elucidate the role of the vibronic
exchange through the dissociative continuum in the
formation of the resonance structure of the cross-section
of reaction (8).
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Cross-section of the e~ + I,;* reaction. The com-
plete cross-section of a DR reaction under the condi-
tions considered is written in the following way:

2 (A}, )2
cr,fv,.(c)z_;_gf?;hnv‘.(ﬂf . (9)

where ¢ is the energy of the electron (related to the total
energy of the system £ =¢ + E), £, is the energy of the
vibrational excitation of the ion; g% is the statistical
weight of the initial state with the specified spin §, and
Tﬂvi(”" is the partial reaction amplitude for the /A wave
of the incident electron, determined, in conformity with
expression (3), from the following set of equations

TUM ((/M + Zt('Mcotn(v + u,A)T“ )

vy s
1
TE = () & 3 (Bloot(v, + T -

- (10)
- n‘v’,’,‘*ﬁfﬁ’,

in which, owing to the weakness of the configuration
coupling,* the matrix elements have the following form
(hereinafter, the indices /A are omitted):

1 VooV
(0} VB’ pv
t, =@ L _p[ B gp
W e WIE~E o

Vuv

Vg +— P}:j de,

—E

(n
where

9 = (v [tan{xGu — nf)Ev)-

The T,,-elements in Eq. (10) are symmetrical with
respect to the indices and characterize the amplitudes of
inelastic scattering of electrons. The diagonal tg, ele-
ments, which are quadratically small in this basis set
with respect to the configuration coupling, are absent.

The t,,- elements in Eq. (1) are presented as sums
of two addends, one of which is due to the interaction
with the ion core, and the other describes mixing of the
Rydberg series with the dissociative continuum. To de-
termine its explicit form, it is convenient to use the
quasi-classical approximation and to write t,,- as

VE(R)xy (R)xv (R

((0) PJ- g( My (Rl )dR (12)
E—Uy(R) :

where V3(R) denotes the electronic part of the configu-

ration interaction, and y, stands for the vibrational wave

function of the ion. According to Eq. (12), the adiabatic

* The magnitude of the configuration coupling is determined
by the particular featuces of the electronic structures of mol-
ccules. Examples of thoroughly studied €™ + XYt systems
(XY* = H,*, Nz* NO*, 0,*, efc.) indicate that it is actually
small (i.e., the V vnlucs are small compared to unity). 17

quantum defect {i 4, far from the point of intersection
R.* of the Rydberg and dissociative terms, differs from
the diabatic onc p,, by the following value:

l VIR
Ay = '; mmm{:UZER;}

which leads to a downward shift of the position of the

Rydberg term along the energy scale. The magnitude of .
this shift is ~Ap/n3; therefore, the allowance for the

coupling with the dissociative continuum should be

most clearly manifested for resonances with small prin-

cipal quantum number, i.e., for the series corresponding

to the vibrationally excited states of the ion core.

The off-diagonal matrix elements t,,- in expression
(12) describe the amplitudes of the v — v’ transitions to
the ionization continuum and the vibronic coupling in
closed channels. Since the vibronic transitions are char-
acterized by a small £ = ag/R, parameter, it can be
shown that, to accuracy of the second derivative p,
and to terms that are second degree with respect to Vj,
the greatest contribution is made by single-quantum and
two-quantum transitions. An important role is played by
the second addend in expressions (11) and (12), caused
by the interaction with the dissociative continuum. For
example, for the first six vibronic Rydberg series, do, of
the H, molecule (v = 0 to 5), the elements of the
(@) matrix calculated on the basis of the data reported
previously47-84 are equal to

(13)

o1 = =0.006, t5(® = —0.008, t,;
t34© = =0.012, t45® = —0.013

= —0.015, (14)

(the diagonal elements are smalil). The effect of the
dissociative continuum is clearly demonstrated by
Table 1, which presents the elements of the t-matrix for
these series. It is seen that their absolute magnitudes
increase with increase in the vibrational excitation, the
diagonal elements t,,- being changed to the greatest
degree.

Table 1. Matrix clements t,,- for the do,-scries of the H,
molecule calculated from formula (11)*

v v
0 1 2 3 4 5
0 ~0.169 —0.089 -0.045 — — —
I -0.089 -0.233 -0.125 -—0.078 - —
2 ~-0.045 —0.125 -0.472 -0.230 —0.110 —
3 —_ -0.078 —0.230 —0414 -0.177 -0.143
4 — —_ -0.110 —0.177 -0.424 —0.198
5 — — - —0.143 —0.198 —0.488

Note. Data from Refs. 47 and 64 and € = 0.02 ¢V were used.
* The dashes mecan that the values arc small with respect
to 1073
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Let us proceed now to the calculation of the cross-
section of reaction (8) and compare the existing numeri-
cal data with one another. Since the electronic part of
the configuration interaction ¥ depends only slightly on
the interatomic distance R, the atrix elemenis V,
{describing the coupling of the states of the Hy** Rydberg
complex with the dissociative continuum) can be repre-
sented as ¥, = Vp(R)o,, where avpz = (v|}? are the
Franck—Condon factors depending on the energy E,
which have been calculated in the quasi-classical ap-
proximation. The Morse potential with the previously
reported® parameters was used for the vibrational wave
functions of the H,* ion, and the data obtained by
Nakashima er af/.47 were used for the dissociative term.

A comparison of the results of calculations carried
out previously¥3:44.47 with experimental results?3 and
with the dependences obtained by us using Egs.
(9)—(12) is presented in Fig. 2 (see a—c). It follows
from Fig. 2 that with increase in the initial vibrational
excitation (v; = 0 to 2), the cross-section actually mark-
edly increases. The continuous thick line denotes the
cross-section for the direct transition to the dissociative
'Zg“ state, while the continuous thin line corresponds to
the results of our calculations carried out in the seven-
channel approximation (see Fig. 2, lines 7 and 2, re-
spectively). In Fig. 2, d (curve 6), we present a com-
parison with the experimental dependence,?? for which
the distribution over the initial states forv; =0, |, and 2
was specified as the 1 : 2 : 2 ratio. The results of the
calculations were added according to this (in other
studies,#347 an additional averaging over the energy of
electrons was carried out). The same figure (curve J5)
shows the results obtained by Hickman with the use of
the Bardsley formalism (Hickman#4 did not take into
account the interaction of closed channels).

In the MQD theory, 4347 this interaction is taken
into account; however, the calculation of the t - ele-
ments in Eq. (11) does not take into account the contri-
bution of the second term, responsible for these transi-
tions. For this reason, the dependences shown in
Fig. 2, a,b (curves 3 and 4, see Refs. 43 and 47) have a
clear-cut "antiresonance” character, which is consistent
with the small values of the profile index ¢ in Eq. (2). In
the integral variant of the MQD theory used by us, the
vibronic transitions through the dissociative continuum
have been successively taken into account. Therefore,
our results are closer to those obtained previously4? in
terms of the Bardsley formalism (which contain typicali
Fano—Feshbach maxima, along with dips).

Despite the fact that the results of the calculations
discussed differ from one another, they all reflect the
most typical feature of DR, namely, the presence of
clear-cut resonance structure of the cross-sections. The
resonances are so narrow that they have been virtually
imperceptible in the experiment with combined beams.23
The dependence obtained by Hus er al.24 looks some-
what more graphic; however, they gave no clear infor-
mation on the distribution function of the ion beam over

. ~16 2
oyt 107%/cm |’ @ ©0

(8.2) 9.2) (6.3  (5.4)

YT

TR Y

(6.4) (9.3) (5.9) (10.3)

-~ d

TTTTTIY

T TN

0.05 0.10  gfeV

Fig. 2. Dependences of the cross-section of the e + Hjyt(v))
-» H*(21) + H(ls) reaction on the encrgy of the electron e:
vi = 0 (a); v; = | (b); v; = 2 (c); cross-section averaged in
the 1 : 2 : 2 ratio for v; = 0, 1, 2, respectively (d): cross-
scction of the direct transition to the dissociative state (/);
calculation in terms of the integral variant of the MQD
method (2); calculation in terms of the two-step MQD method??
(3); the samed” (4); calculation by the Cl method44 (5);
experimental results?3 (6). The arrows denote the resonance
n,v-states.

the vibrational states with v; = 0 and 1. The fact that the
initial state of molecular ions in beams is difficult to
detect results in the experimental pattern being more
complex and in the specific features being smoothed.
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Nevertheless, the dip in the experimental curve?? (sce
Fig. 2, o) indicates that the (5,5), (6,3), and (10,3)
antircsonances contribute to the formation of its struc-
ture.

The effect of the dissociative continuum. To cluci-
date the characteristic features of the effect of the
vibronic mixing with the dissociative channel on the
formation of the resonance structure, let us compare the
partial cross-section agg(e) found previously4? (we have
used the results of this study) with the dependence
calculated from Egs. (9)—(12) without allowance for the
second term in Egs. (11)—(12) (when the elements
given by (14) are taken as t..-). The results of this
calculation are shown in Fig. 3, in which line / denotes
the cross-section found without taking this coupling into
account, line 2 corresponds to the results of our previous
calculation (see Fig. 2, a), and line 3 represents the
dependence taken from the literature. 47

The greatest interest is aroused by the (4,4) reso-
nance level, whose position is defined as

|
E,, = EX) + —arctan t,, (15)
nn

where E, () corresponds to the resonance Rydberg
level, not perturbed by interaction with dissociative con-
tinuum, the energy of which is 0.1264 eV. Allowance
for the configuration coupling gives E; 4 = 0.0685 eV.
Thus, the presence of the dissociative continuum results
in a displacement of the resonance level by 0.0579 eV.
This interaction also has an effect on the shape of the
contour of the resonance line, leading to its deformation
caused by a variation of the resulting self-decay width.
The total width may be both smaller or greater than the
nonperturbed one, depending on the ratio of the param-
eters of a particular system.!? In the case of an isolated

Eq 4 ESQ

l0—|5

rarenl

1046

10—17

fododaatitl

lO-!S

il

P
o —_——

i
10-19 ’ 1 1 7
0.02 0.06 0.10 e/eV

1

Fig. 3. Comparison of the cross-sections of the ¢” + Hy*(v)
- H*(21) + H(ls) reaction calculated with (/) and without (2)
allowance for the vibronic coupling with the dissociative con-
tinuum with the results obtained previously.47

resonance (for example, for the (4,4) level), the result-
ing width increases. According to Eq. (15), the magni-
tude of the shift of a level rapidly decreases with in-
crease in n; therefore, the positions of the perturbed E,, ,
and nonperturbed £, !9 resonances for the (n,1) serics
(with the principal quantum number n 2 8) differ only
slightly from one another.

The analysis carried out by us indicates that the
theory of MQD (including its various modifications) is
the most consistent procedure for the mathematical®
investigation of reaction (1). The main drawbacks of the
two-step Guisti method??45—48 are due to the violation
of the unitarity of the S-matrix in a limited basis set,
which substantially hampers the investigation of the
whole set of processes occurring in the e™ + XY* system
in a unified concept. The integral variant of the theory
of MQD,#%—54 which was formulated directly for the
collision T-matrix and requires no additional cumber-
some procedures for the construction of the scattering
S-matrix is free of this drawback. The question of the
unitarity of the matrix is crucial, because it is associated
with the strict correspondence between the various reac-
tion channels rather than with the inaccuracy of the
theory. At the same time, in relation to reaction (8),
none of the theories under consideration give a consis-
tent description of the phenomenon, since they do not
take into account the rotational motion of the H,y" ions,
which is rather significant for this reaction.

The role of nonadiabatic cooupling with rotation
in the DR reaction (8)

Let us consider the nonadiabatic coupling between
the electronic and rotational motions in the general
Scheme (3)—(4) and its role in DR (8). We will take
into account that the contributions of channels with v =
0 and v 2 | can be considered in various approximations.
For states with v = 0 below the threshold of the rota-
tional excitation of the ion, Bng? > 1, where B is the
rotational constant (for H,*, B=1.3-107% and ng 2 30).
Here we come across an essentially nonadiabatic situa-
tion. Conversely, for v 2 | at low energies, B3, < |, i.e.,
the adiabatic approximation is properly fulfilled.

Therefore, the calculation can be divided into two
stages: in the first stage (when states with v 2 | are taken
into account) we shall consider the traditionally adia-
batic statement of the problem (with no allowance for
the coupling with rotation), and in the second stage, we
shall include the rotational motion. Based on this ap-
proach we obtain

T=TY + TV | NoXNolcot rvy, T (16)
& ,
T = t + 1] AvAv[cot xv, T —
val
- it pYpT®. an
B
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According to Eq. (16), the allowance for the rotation
(N is the rotational quantum number) in the channel
with v = 0 requires the preliminary determination of the
adiabatic submatrix; however, the latter is not a true
adiabatic scattering T™ matrix, because Eq. (17) con-
tains no term corresponding to the input open channel.
Note that Eq. (16) is transformed into an equation for
T in the above-threshold region (regarding the rota-
tions in the channel with v = 0), in which the relation-
ship cotnvy, = —7 holds for all N. Therefore, a simple
correlation exists between T(!) and T expressed by the
operator relationship:

T = T — i TUAoXA0[T.

The T and T4 matrices are determined in the
system linked to the axis of the molecule. The transition
of the matrix elements to a laboratory system of coordi-
nates is carried out using the unitary matrix U (see
Refs. 56, 58).

The set of algebraic equations based on Eq. (16) for
the required T, 3 matrix with allowance for the molecu-
lar rotation has the following form:

TNO.B = ANo B + %}BND,NO‘ cot KVNO’TNO'.[} R (18)

in which the following designations have been intro-
duced:

Anop = (/\00 |T(”| m) Unags
Brone = 24N T AGY U ppU oy -
A

Here Ay is the projection of the angular momentum of
the electrons in the B-channel.

Expressions (18) have a clear physical sense. In fact,
the value Ay, describes a purely adiabatic process in
which the projection of the electron angular momentum
A onto the molecular axis is retained, ie., A = A,
Mixing of states with different A occurs as a result of
nonadiabatic coupling with rotation (which is due to the
second term in Eq. (18) with coefTicients qu»), when
scattering channels with a different symmetry (A = Ap),
which are not predissociative under the adiabatic motion
conditions, are involved in the reaction. Their contribu-
tion to the process is determined, according to Eq. (18),
by the elements of the rotation matrix U and depends
substantially on the total angular momentum J and
on N

The complete cross-section of reaction (1) giving
atomic fragments in a specified channel |f}), averaged
over the initial rotational states of the XY* ion, can be
written as

BN,(N, + 1
UB = NZSO(T:)CX‘{— _’—‘_—(—7-}_+_l}dg.v"N;(e), (lg)

where the partial cross-section U‘Sﬁ,v;N,- depends on the
energy of the electron ¢, on the total spin of the system

S, and on the initial vibrational v; and rotational N,
states. The averaging is carried out in terms of the
Boltzmann distribution at the rotational temperature T,
(B is the rotational constant). The normalization con-
stant 0 = 1/Z25 (T,), where Z5,,(T;) is the rotational
statistic sum,®5 depending on the temperature of the
ions T;. We studied the case of low temiperatures T; <
(o is the frequency of vibrations of the XY* ion):
therefore, the state with v = 0 is the only open channel
in the {x,} vibrational basis set.

The partial cross-section of the DR reaction for the
initial state of the XY* ion (v; = 0, N,) is expressed in
terms of the elements of the T-matrix of multichannel
scattering:

s Un .
Ug,ON,‘ :—C—'g %(2/ + I)ITON;.[](E){ X (20)

Here J is the full angular momentum of the system
comprising the orbital momentum of the electron / and
the rotational angular momentum of the nuclei N in the
XY*ion, and E = [c + BN(N + 1)] is the total energy of
the system.

Figure 4 presents the partial cross-sections for reac-
tion (8), calculated using the data’? on the diabatic
quantum defect py, and the dissociative 'Eg+~tcrnl ac-
cording to Scheme (18) and Eq. (20), as well as in the
adiabatic approximation with respect to rotation. The
calculation was carried out in the six-channel approxi-
mation taking into account five vibronic (v = 0 to 4)

10-16

Ak iiadal

10717 o

10«‘8

WETEITII

—
L]
|
5
i

0.09 e/eV

0.01 0.03 0.05 0.07

Fig. 4. Dependence of the partial cross-sections of reaction
(8) on the clectron energy ¢ calculation taking into account
the rotation for the initial state (N; = 0) (/); adiabatic ap-
proximation (2); published results4? (/). The vertical dashed
lines mark the excitation thresholds for the rotational states
with N = 2 and 4.
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and one dissociative channel. In addition, rotation in
the channel with v = 0 was taken into accout. Thus,
seven channels with N; = 0, eight channels with N, = 2,
and ten channels with N; = 4 werc included in scheme
(18). It follows from Fig. 4 that the cross-sections cal-
culated both taking and not taking into account the
molecular rotation are close to each other, although
their resonance structures are dissimilar. The cross-
section found with allowance for the nonadiabatic cou-
pling with the rotation is characterized by the presence
of additional Fano-Feshbach resonances converging to
the excitation thresholds for the rotational states with
N =2 and 4 (i.e., 6 Band 20 B, respectively). Figure 4
(curve J) also shows the cross-section calculated in the
ten-channel approximation®” (neglecting the inelastic
vibronic transition through the dissociative continuum).
Furthermore, the Guisti formalism,*3 in which the con-
dition of unitarity of the S-matrix is violated in a limited
basis set, was used in this study.

The effect of the initial vibrational excitation is
shown in Figs. 5 and 6, which present the temperature
dependences of the partial cross-sections and the corre-
sponding rate constants

2 1/2
£
kﬁ(n* N,) = (;—7?'] IEG‘LUN" (8) CX%"’ ‘7—.;'}16 .

T. is the temperature of electrons for three rotational
quantum numbers N; = 0, 2, and 4. As N, increases, the
dependences shift to the left along the electron energy
scale by the value of the threshold of the vibrational
excitation BN(N + ). In addition, for N, = 2, the
cross-section and the rate constant increase by an order
of magnitude compared to those for the nonexcited
state. 1t is also noteworthy that for N, = 4 at T, ~ 102K,
in the region of energies making the main contribution
to Eq. (21), where the cross-section og o4(€) increases
(see Fig. 5), the partial rate constant follows a tempera-
ture dependence which differs appreciably from the law
~ToI2,

In Fig. 7, the overall cross-sections of reaction (8),
averaged over the initial rotational states with the
Boltzmann equilibrium distribution (19), are compared
with those measured previously.24 This comparison is
presented as an illustration and reflects the main charac-
teristic feature of the cross-section of this reaction,
namely, the presence of resonance structure, since in
the study cited,?¥ no sufficiently clear selection over the
initial vibrational states of the ion beam (containing a
mixture of states with v = 0 and 1) or checking of the
impurity with v = | was carried out. For a more detailed
comparison, information on the real distribution func-
tion over the initial vibrational states, found in the
previous paper,24 is required and the initial vibrational
state (v; = 1) needs to be included in the calculation
scheme.

The dependences of the overall rate constant for
reaction (8) on the ion T, and electron T, temperatures

2y
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Fig. 5. Partial cross-scctions of rcaction (8) for N; = 0 (/),
2 (2), 4 (3). The vertical dashed have the same meaning as
those in Fig. 4.
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Fig. 6. Temperature dependencces for the partial rate constants
(kB (T,, T)) of reaction (8) calculated from formula (21) for

; = 0(N,2(2,.4(03).

are presented in Fig. 8, which indicates that the higher
the temperature of the electrons, the less pronounced
the dependence of the rate constant on 7; and that the
initial rotational excitation has only a slight effect on the
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Fig. 7. Dcpendences of the overall cross-sections of reaction
(8) on the clectron energy (). The continuous line corre-
sponds to averaging over the initial rotational states with the
Boltzmann distribution (19); the dots show experimental re-
sults.24 The vertical lines denote the errors of the measure-
ment.

profile of the curve. The maxima of these curves lie at T;
= 200 K. After that, smooth decay is observed, which is
due to a specific feature of the behavior of the rotational
statistic sum in Eq. (19):

th(Ti) = z

BN(N + 1)}
N=02.. '

T;

(2N + I)cxp[—

which is proportional to T; starting from ~102 K for the
para-modification of the molecular hydrogen ions.55

Let us consider the dependences presented in Fig. 6
in terms of the generally accepted views, approximating
the partial rate constants of recombination (21) in a
finite temperature range T, (as is usually done%6:67) by
an exponential function:

T —x{N;}
k(Te, N;) = aNi(m) : 2)

and use this function to carry out numerical estimates
for particular types of transitions. The values of the
coefficient « and the exponents x for N; = 0, 2, and 4,
together with the T, ranges in which approximation (22)
is applicable, are listed in Table 2. It is seen that with
increase in N, the partial constants kp( T., N;) markedly
increase. The exponent x for the overall constant kg
(averaged over N;) is close to the experimental value,
although the a value calculated by us is ~3-fold smaller
than the observed one, which is explained by the pres-

kg(T;, T,) - 1078/cm? 57!

1.8 T
16 |- /’—_—~\.‘\\6
14 F
T TS
1.2 +
/ ) !
T / 2
T sy
h——d—.//’
06 H i i
0 100 200 300

T/K

Fig. 8. Two-temperature dependences (7, T;) of the overall
rate constant of reaction (8) calculated from the formula

o ¢
aged cross-section (19) and for the initial data taken from the

literatured”? at 7./K = 300 (/); 250 (2); 200 (3); 150 (4);
100 (5); 50 (6).

1/2
2 b € .
kn(Tt,Ti) = [-;Fc]—] jcn(Ti,f:)cxp(~-7—,—] ede with the aver-

Table 2. Cocflicients ay. and exponents x(N;} in-
corporated in expression (22) for the Hy* (o, N) + e~
- H*(21) + H(Is) reaction

Ny w1077 emd 5! x T./K

0 0.07 0.28 100—300
2 0.44 0.50 100—300
4 0.76 —0.11 100—150
4 0.76 0.04 150—300
* 0.80 0.44 100—300

* The values for the overall recombination constant
averaged over the initial rotational distribution (19)
at 7; = 210 K.

ence of vibrationally excited states with v; = | and 2 in
ion beams used in the previous paper.23 Therefore, the
parameters given in Table 2 make it possible to carry
out kinetic calculations, using expression (22) as a work-
ing formula.

Conclusion

The process of formation of neutral fragments in the
interaction of electrons and molecular ions (DR (1)) is
in some sense an analog of a chemical reaction, since it
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is accompanicd by reorganization of species. The pro-
cess involves intermediate formation of a Rydberg XY**
complex characterized by an extremely complex and
rich structure of self-ionization and predissociation states.
The diversity of forms of the nonadiabatic coupling and
of the interference structure in various physical manifes-
tations of the Rydberg states of the XY** complexes
makes them especially significant. For this reason, DR
is not only of interest in itself but is also a tool that can
be used for testing modern methods of the quantum
theory of scattering and of chemical reactions.

The critical analysis of the existing calculation meth-
ods and the comparison of the results obtained by various
methods carried out in this study indicate that the method
of MQD, in which equations are formulated directly for
the "observed” collision T-matrix and the unitarity of the
scattering S-matrix is checked at each step of the calcula-
tions, is the most consistent and efficient technique for
the investigation of DR and of the whole set of processes
giving Rydberg complexes. The unitarity (as the con-
stancy of the number of species before and after scatter-
ing) is one of the most important criteria of the reliability
of the theory. Many approximations (for example, Born,
pulse, adiabatic, efc.) do not possess this property. The
unitarity of the S-matrix has also not been ensured in the
previously developed theory of DR 43

Within the framework of the unitary theory of MQD
we studied for the first time the effects of rotation and of
the nonadiabatic electron-rotational coupling on reac-
tion (8); we suggested a procedure that makes it possible
to simplify substantially the calculations, while main-
taining the main specific features due to the molecular
rotation. The partial rate constants (and also the corre-
sponding cross-sections) were found to be fairly sensitive
to the initial excitation. At the same time, the time-
averaged rate constants are affected only slightly by the
rotational motion under equilibrium conditions.

The next stage of the development of the theory is
the need to study high ionic temperatures at which more
highly excited rotational states are involved in the pro-
cess and the Coriolis interaction with the dissociative
configurations begins to be manifested. One more stage
due to the current state of the theory is also necessary,
this is the allowance for the effect of the medium on the
Rydberg complexes and on the processes involving them.
The Rydberg molecules are characterized by large sizes
(R ~100 A at n ~10); therefore, their interaction with
their own gas or a buffer gas is manifested even under
conditions of high rarefaction.

This work was carried out with the financial support
of the Russian Foundation for Basic Research (Project
No. 93-03-4700).
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