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Calculations of the dissociative-recombination rate for diatomic molecular ions and elec-

trons are reported for various arrangements of the potential-energy curves.

The tempera-

ture variation is shown to be different for the two possible heating mechanisms: selective
electron heating or total gas heating. An attempt is made to correlate the afterglow and

shock-tube measurements of the recombination rate for nitric oxide and neon.

This attempt

fails, and this suggests the need for further studies.

I. INTRODUCTION

For molecular ions in plasmas, the dominant
electron-ion recombination mechanism is often
dissociative recombination. Considerable progress
has been made in recent years in the measurement
of dissociative-recombination rates. ' Particular
attention has been given to the temperature depen-
dence of the rate. A knowledge of this dependence
is required for the analysis of ionization in the up-
per atmosphere. Theoretical studies have so far
shown little success in ab initio calculation of the
dissociative-recombination coefficient but have
contributed to the discussion of the temperature
dependence.

The simplest theory of dissociative recombina-
tion3~ suggests that the recombination rate for
ions in the ground state should vary with the elec-
tron temperature according to the law

ay(T,)=C T . (1)

This prediction can be tested in afterglow experi-
ments by applying a microwave field for selective
heating of the electrons. Most recent experiments
of this type give results close to this simple law.%"°
In other situations, the whole gas is heated and
a different dependence of the recombination rate
on temperature might be expected. The results
of shock-tube experiments'®~!? and the analysis of
atmospheric recombination®® suggest that for some
ions, the rate may decrease more rapidly with in-
creasing temperature than is predicted by Eq. (1).
The shock-tube data on neon and argon are of par-
ticular interest. At low temperatures, the rate
varies as 7% and 7% respectively, in agree-
ment with the afterglow results. At higher tem-
peratures, the behavior in both gases is as 77!*5,
The transition between these two variations isnear
900 °K for neon and near 700 °K for argon. The
experimental results for neon are shown in Fig. 1.
The difference in the results of afterglow and
shock-tube measurements has been attributed to a
strong dependence of the recombination rate on the

2

vibrational state of the ion. O’Malley**!® has sug-
gested that the results on neon and argon are con- -
sistent with a simple model in which the recom-
bination rate is taken to be zero for all excited
vibrational states. We will try to determine
whether this model can be justified.

II. THEORY OF DISSOCIATIVE RECOMBINATION

In this section we will outline the results of the
theory which has been described elsewhere. ' We
will consider the recombination of a diatomic ion
AB" in its ground electronic state. The recombin-
ation reaction can be considered as the formation
and dissociation of an intermediate state AB’’:

e +AB*~AB'"'~A+B . (2)

The initial capture of the electron can be caused
by the transfer of energy either to the nuclear or
electronic motion of the target. The transfer of
energy directly to nuclear motion leads to the for-
mation of a Rydberg state in an excited vibrational
or rotational level. This capture mechanism will
be discussed briefly in Sec. V. We assume here
that in the capture step a target electron is excited
and the incident electron drops into an unoccupied
orbital. Thus, it is most likely that the state AB”’
will have two electrons in excited orbitals.

The strength of the configuration interaction re-
sponsible for the formation of AB"’ is expressed
in terms of the capture width T',."*'* I accord
with the Born-Oppenheimer separation of electron-
ic and nuclear motion, the capture is most likely
to occur near the nuclear separation R, at which
the difference in the electronic energies for AB”’
and AB" is equal to the kinetic energy € of the in-
cident electron. The capture cross section, then,
must be proportional to the probability of the nu-
clear separation being close to R, in the initial
ionic state. The cross section can be expressed

as
e 7 |§¢,,(Rc)|’2
Gm(f)—mg r”I_U7(Tc)I— ) (3)
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FIG. 1. Measured recombination
coefficients for neon as a function of
temperature; xxx denote afterglow
data of Frommhold, Biondi, and Mehr
using selective electrons heating;
¢ ¢ ¢ denote shock-tube data by
Cunningham and Hobson with shock
heating of the ions and electrons.
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where m is the electron mass, 7 is the ratio of

the multiplicities of the states AB’’ and AB*, ¢, (R)
is the nuclear wave function for the initial ion, and
U'(R) is the slope of the potential curve for the state
AB",

For recombination to be completed, the state
AB"’' must decay by dissociation rather than by
autoionization. The potential curve for AB’is
almost always repulsive, and the nuclei will be
forced apart after the formation of the intermedi-
ate state. As the nuclei move apart, autoioniza-
tion can take place but the autoionization rate de-
creases rapidly once the separation is greater than
the range of the vibrations of the initial ion AB",
The probability of dissociation without electron
emission is called the survival factor and is de-
noted by Si(€). If we assume a Maxwellian distri-
bution of electron velocities at a temperature 7,,
the recombination rate can then be expressed as

2
o 1)= 451t [ ae T AT

X Sy(€) exp(-k—eT—) (4)

The subscript v on the recombination rate denotes
the vibrational state of the initial ion. For a gas

of molecules with a Boltzmann distribution of vi-

brational states appropriate to a temperature T,

the effective rate is

E,

kT,

a(Te,T,,)=[_U7‘_, oz,,(Te)exp(— )J

[penl-2)]"

The vibrational energy levels of the ion are here
denoted by E,,.

For most molecules, Eq. (4) can be simplified
by making the following assumptions. (i) The sur-
vival factor S(€) is close to unity. For atmos-
pheric gases, the stabilization time is typically
107 sec, whereas, the autoionization rate is only
of the order of 10 sec™. (ii) The incident elec-
tron energy is small, say less than 1 eV. For
such energies, the capture width varies little with
energy. This condition implies temperatures be-
low 10000 °K. (iii) The slope of the potential curve
for AB"'is sufficiently large so that the variation
of the capture point R, with incident energy can be
neglected. We will replace R, by R, its value at
zero electron energy (R, is the separation at which
the potential curves for AB* and AB’’ cross). For
atmospheric ions, typical slopes are 25 eV/A and
this implies a difference between R, and R of order
107 A for electrons of energy 0.025 eV. Withthese
approximations the energy integration in Eq. (4)
can be carried out and gives

P ALS
av(Te) = (2171’}’13 kT)U.S Fc

E,

kT, (6)

I£o(R)I2

U (R

(6)
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This expression gives the contribution of one state
AB'’ to the recombination rate. It can be seen that
the most important states are those whose potential
curves cross that of AB* within the range of the
initial nuclear vibrations. For most molecules,
there are probably several suitable states and their
contributions should be summed. However, for

H, and He,, there seem to be no states with opti-
mal potential curves. Thus, the following dis-
cussion does not apply to these two molecules.

This qualitative theory predicts the simple de-
pendence of the recombination rate on electron
temperatures that was discussed in Sec. I. In
Sec. III, we report numerical calculations of the
recombination rate in which we relax conditions
(i) and (iii) and assess the deviations from Eq. (6).
In addition, we discuss the dependence of the ef-
fective recombination rate a(T,, T,) on the ionic
vibrational temperature T,.

I1I. NUMERICAL SOLUTION

The computation of recombination rates can be
divided into two parts. First, the important inter-
mediate states AB '’ must be identified and their
properties evaluated. This aspect of the problem
will not be discussed here. Instead, we will ex-
amine how the recombination cross section depends
on the properties of the intermediate states. When
the electronic structure of the intermediate state
is known, the wave equation for the nuclear func-
tion £(R) is set up in the form®

[- (#%/2M) V2+ UR) - E]£(R) =J,; (R) +JAR) . (7)

The left-hand side of Eq. (7) has the usual form
for a nuclear wave equation with a potential energy
U(R). The two terms on the right-hand side of Eq.
(7) represent the formation of the state AB’" and
its decay by autoionization. The first term is pro-
portional to the initial ionic nuclear function ;a(ﬁ)
and to the configuration interaction matrix element
Ve which is responsible for the capture of the
electron

Ji(R) =V, 2L, R). (8)

The decay term contains a contribution from all the
possible final states of the ion {,.(R). It has the
form

J{R) =2 Barsta(R) [dR ¢ (R)ER) ,  (9)
with
y Vg I?
Ba'E=de 19'__E—E’+'7Es , (10)

where 6 is an infinitesimal positive number.

In order to evaluate this decay term, we need to
know the matrix element V., for all @’ and E’,
and so we will replace B,.z by B,z and take only the

contribution from the pole at E'=E - 5. However,
in making this approximation, we lose the property
that J ,(ﬁ) describes only the decay and not the gen-
eration of the intermediate state. To recover this
property, we modify the argument of J4(R) leaving
its magnitude unchanged. The result of these two
operations is
JAR) =71V o5 12 %[— i? £or(R)

xfdii'g,,.(ii')g(ﬁ')l . (11)

The capture width T', discussed in Sec. Iis given
by

T,=2m | Vygpl? . (12)

Thus, the autoionization rate is of the order of
T./7, but varies with the internuclear separation.
Typical widths are of the order of 0.1 eV. With
such values, the survival factor is close to unity,
and the approximation made above introduces er-
rors of the order of 1%.

The nuclear equation (7) can be solved by the
standard integration techniques. The results in
Sec. IV were obtained by using the Numerov meth-
od for solving second-order differential equations.
The integral in the decay term was treated by iter-
ation. The first solution was obtained by neglecting
autoionization and three iterations were usually
sufficient for convergence to four significant fig-
ures.

IV. RESULTS

The important features of the potential curve for
the intermediate state AB’’ are the position of the
stabilization point R, and the slope U’(R,). These
quantities have been treated as variable parameters
and U(R) was taken to be linear close to R,. The
other parameters in the calculation were the cap-
ture width I'; and the ionic vibrational spacing 7w,
These parameters were chosen to represent the
atmospheric ion NO* and the rare-gas ion Nej.

A. NO*

It has been suggested® that there are four states
of NO that may contribute significantly to the re-
combination of NO*. There is sufficient spectro-
scopic data on two of these states B®II and B2 A
to determine their potential curves. The stabiliza-
tion points are characterized by the dimensionless
variable p defined by

p=(Rs=Ry)/a .

Here R is the equilibrium separation and a is the
classical amplitude of the ground-state vibration
for the ion NO*. The value of the parameters sug-
gested by the spectroscopic data is given in the
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TABLE I. Parameters for the calculations for NO.
Case P U’ (Ry) T,
ev/A) V)
A +0.5 30 0.075
B +0.5 30 1.2
C -1.0 30 0.075
D +1.0 30 0.075

first row of Table I. The recombination rate ap-
propriate to these values is shown on a logarithmic
scale in Fig. 2A. At each temperature 7, the rate
a,(T) for the ground-state ions is shown together
with the effective rate «(T,, T,), with T,=T,=T.
Since our purpose is to examine the dependence on
temperature, the absolute magnitude of the rate is
not given. To aid analysis of the results, straight
lines have been drawn to indicate simple power-
law variations 777. It can be seen that over the
range of temperatures studied a,(7,) behaves ap-
proximately as T;*°, as predicted by the simple
theory. However, the presence of excited vibra-
tional ions reduces the effective rate «(T,, T,) be-
low ay(T,).

By analysis of the iteration procedure, it was
found that the survival factor was always greater
than 0. 95. In order to see the effects of increased
autoionization, the capture and decay widths were
multiplied by a factor of 16, and the results are
shown in Fig. 2B. Both &y(7T,) and a(T,, T,) de-
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crease more rapidly with increasing temperature.

The dependence of the recombination rate on the
position of the stabilization point was studied by
varying the parameter p. In Figs. 2C and 2D, the
results are shown for p=-1and p=+1, corres-
ponding to intersections at the left and right ex-
tremes of the Franck-Condon region for the ground
state of the initial ion. In Fig. 2C, it can be seen
that the excited vibrational states lead to an in-
creased recombination rate a(7,, T,). This be-
havior is to be expected for most negative values
of p and also for large positive values.

None of the results in Fig. 2 show the rapid de-
crease of the rate with temperature as 77!*° that
has been suggested by some authors. Further-
more, it is not possible to correlate the low-tem-
perature afterglow measurements'’!® with the high-
temperature shock-tube data'®? by any of our tem-
perature variations. In Fig. 3, the experimental
results are compared with the theoretical estimates
of the contributions of the two states BZII and B"”A
to the recombination rate. Since the nature of af-
terglows is understood to a greater extent than that
of shock-tube gases, we conclude that the shock-
tube measurements give recombination rates which
are too low.

B. Nej

For the rare gases other than helium, very
little is known about the potential curves for either
the ions or neutral molecules. In particular, the
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FIG. 3. Theoretical and experimental recombination
coefficients for nitric oxide. O, Gunton and Shaw (after-
glow; '[[], Weller and Biondi (afterglow); &, Stein et al.
(shock tube); ¥, Lin and Teare (shock tube). The curves
represent the calculated contribution of two intermediate
states of NO to the coefficient. The broken line refers
to selective electron heating and the unbroken line to
total gas heating.
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TABLE II. Parameters for the calculations for Ne.

Case p U’ (Rg) T,
(ev/A) (eV)
A 0.0 5 0.075
B 0.0 2.5 0.075
C 1.0 2.5 0.075

spacing of the ionic vibrational levels is not well
established. Quantum-mechanical calculations
quoted by Wahl et al.?! suggest a spacing of 0. 08
eV. This value was supported by Cunningham and
Hobson!!'!? since it is close to this energy that the
shock-tube measurement of the recombination rate-
changes from a 7°%° to a 775 dependence. Our
primary purpose, therefore, was to see if we could
reproduce the afterglow and shock-tube results
with this value of the spacing.

O’Malley**'!® has suggested that the experimental
results can be explained by assuming that the re-
combination rate for excited ions is negligible. The
most rapid decrease of the recombination rate with
increasing vibrational energy is found when the po-
tential crossing is near the equilibrium nuclear
separation (p=0). Such a crossing was assumed
in our first two calculations with the results shown
in Figs. 4A and 4B. The parameters appropriate
to these results are given in Table II. With a po-
tential slope of 5 eV/A, the variation of ay(T,) re-
mains close to 7°%% up to around 1500 °K. The
effective rate a(T,, T,) decreases more rapidly,
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but at 1800 °K the decrease is only as 7%, mn
order to obtain a faster rate of decrease, the slope
was reduced to 2.5 eV/ji. Although this produces
the desired effect in @(7,, T,), it is accompanied
by a significant deviation of ay(T,) from the 7705
law. A similar effect is found if the autoionization
rate is increased.

Again, we find that we cannot correlate the after-
glow and shock-tube results, even with a potential
crossing at the center of the Franck-Condon re-
gion. Furthermore, since there are very many
states of the molecules Ne, and Ar,, it would seem
surprising that the significant states for recom-
bination all cross the ionic curve near its minimum,
The rate appropriate to a crossing with p=1 is
shown in Fig. 4C. I there are significant states
with crossings outside the Franck-Condon region
of the ground state but within the range of excited
vibrations, these should contribute more to the
effective rate a(7,, T,) than to ay(T,).

There seem to be two possible conclusions from
these results. First, the vibrational spacing for
Nej, could be much smaller than 0.08 eV. For val-
ues below 0. 05 eV, the rate at around 2000 °K could
conceivably behave as 7.%*° under electron heating
and T7'*° under total heating. Alternatively, one
must conclude that in the shock tube the vibrational
temperature was not as stated and that the vibra-
tional and translational degrees of motion were
not in equilibrium when the recombination mea-
surements were made.

V. CONCLUSIONS

We have confirmed earlier predictions that a
significant difference can exist between the effects
of electron heating and total heating on the recom-
bination rate. For the atmospheric ions this dif-
ference should be small below 1000 °K, since at
such temperatures the ions are predominantly in

N. BARDSLEY 2

the ground vibrational state. At higher tempera-
tures, also, the difference does not seem to be
large enough to explain the measurements of re-
combination coefficients in shock-tube experiments.
A similar situation is found in neon, although the
difference between the results for the two heating
methods becomes apparent at lower temperatures.

This incompatibility of theory and experiment
suggests that further study should be given to the
distribution of vibrational states in the ions under-
going recombination. This is of particular impor-
tance for shock-tube experiments but is probably
also necessary for afterglow and atmospheric con-
ditions.

Some experiments have indicated the possibility
of significant deviations of the recombination rate
from the 7% dependence, even at low tempera-
tures. One explanation for such deviations would
be the occurrence of indirect recombination® in
which a vibrationally excited Rydberg state is
formed and subsequently decays by predissocia-
tion. However, there is so far no firm evidence,
either from experiments or theory, for the im-
portance of this alternative recombination mech-
anism.

Further theoretical work is needed to test the
validity of the approximations made in this treat-
ment. Of particular interest is the effect of the
Rydberg states on the direct-recombination pro-
cess.® O’Malley'® has suggested that the presence
of these states could lead to a significant reduction
in the survival factor. This point should be in-
vestigated since it is not yet clear whether this is
an important effect or whether a smaller survival
factor could lead to better agreement between the-
ory and experiment. In the calculations reported
here, the survival factor was kept above 0. 4, since
smaller values led to deviations from the results
of the experiments using selective electron heating.

*Research supported by the Advanced Research Pro-
jects Agency of the Department of Defense and monitored
by Army Research Office, Durham, under Contract No.
DA-31-124-ARO-D-440.
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Delayed-Coincidence Study of O + Ne Collisions at 50-200 keV*

Felton W. Bingham

Sandia Labovatovies, Albuquevque, New Mexico 87115
(Received 11 May 1970)

Delayed-coincidence techniques have provided measurements of the distributions in values
of @, the energy transferred to inelastic processes, during O*+Ne collisions at 50—200 keV.
The average values 6 of the @ distributions remain almost constant as a function of 79, the
distance of closest approach of the colliding particles. For fixed #,, the Q values vary slowly
with bombarding energy and lie, for example, approximately 40 eV higher at 100 keV than at
50 keV. The flatness of the é(ro) functions is reflected in a similar independence of 7, found
in measurements of the average charges of the particles after collision. These results in-
dicate that the collisions produce excitations only among L-shell electrons. However, some
data describing the widths of certain @ distributions indicate that K-shell excitations may
occur infrequently among collisions that produce O**¢ jons. Supplementing the data for in-
elastic energy transfers are determinations of average ionic charge states after collision,
measurements of angular distributions of scattering cross sections, and calculations of in-

elastic energy-loss cross sections deduced from the @ data.

I. INTRODUCTION

A number of recent papers =3 have presented
data describing features of close-encounter atomic
collisions. During these collisions, an interesting
variety of phenomena occur as the electron shells
interpenetrate and readjust to their rapidly chang-
ing environment. The complexity of the interpen-
etrating-shell phenomena has made them difficult
to explain in detail, and further understanding re-
quires systematic experimental studies. Several
such studies, aimed at various aspects of close-
encounter phenomenology, are continuing at a num-
ber of laboratories. Two papers have already
presented some studies of O* reactions: an investi-
gation? of O*+Ar and a recent report3 by Knystau-
tas, Kessel, Del Boca, and Hayden describing
O*+Kr. In an effort to describe more clearly the
systematics of O* collisions with noble gases, this
study examines O*+ Ne reactions at 50-200 keV.

Section II is an exposition of the four types of
data obtained in these measurements: inelastic
energy transfers, scattering angular distributions,
ionization probabilities, and energy-loss cross
sections derived from the energy-transfer data.
Section III contains a discussion of interrelation-
ships among these data and a comparison of the

data with the earlier studies of O* collisions with
noble gases.

II. EXPERIMENTAL RESULTS
A. Methods and Notation

The experimental technique used in accumulating
most of the data reported here is the method of
delayed coincidences, described in detail in sev-
eral earlier publications.'? The particular appa-
ratus and nearly all the procedures used in this
study are described in Ref. 2. This section con-
tains merely a review of notation for the reader’s
convenience and a description of one new proce-
dure.

In this report (as well as in Ref. 2) a “10/mn”
process is a scattering reaction in which a beam
particle of charge +1 strikes a neutral target par-
ticle and scatters, with charge +m, into a detector
while the target particle recoils, with charge +#,
into another detector. The angles through which
the beam and target particles scatter are, respec-
tively, 6 and ¢, both measured from the beam
direction. The symbol @,,, denotes the amount of
of energy transferred to inelastic processes dur-
ing the 10/mn collision. A simple kinematic ex-
pression, which neglects thermal motion of the



