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A 3-mode microwave apparatus is used to study the dependence of the dissociative re-
combination coefficient a(Ar2+) on electron temperature T, over the range 300°K < T
<10000°K while the ion and gas temperatures remain at 300°K. A high-@ cavity mode is
used to ionize the gas periodically, a second high-Q mode is used to determine the decay of
electron density during the afterglow from the change of resonant frequency of the cavity,
and a nonresonant waveguide mode is used to apply a constant microwave heating field to the
electrons. At T,=300°K, a value a(Ary*) = (8.5 £ 0.8) X 107 cm®/sec is obtained from anal-
ysis of recombination-controlled electron-density decays using a computer solution of the
electron continuity equation which includes recombination and ambipolar diffusion terms.
Over the range 300°K< T, < 10000°K, the coefficient oz(Ar2+) is found to follow a simple
T, variation. This result is reconciled with Fox and Hobson’s 7 ~!-* variation, obtained
under conditions where T,=T; =T, on the basis of their changing Ar, * vibrational-state
populations with changing temperature. Finally, it is noted that our T =0.67 yariation may
be evidence for appreciable electron capture via the indirect as well as the direct disso-
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ciative process.

I. INTRODUCTION

It has been established! that the very efficient
capture of electrons by argon ions is the result of
dissociative recombination, i.e.,

Ar2+ +e :—_(Arz* )unstable ~Ar* 4 Ar +KE, (1)

where the superscripts * and + indicate excited
and ionized states, respectively. Highly simpli-
fied theories? of the direct dissociative process
indicate that, for a favorable potential curve
crossing between the molecular ion and the un-
stable excited molecule, the two-body recombin-
ation coefficient @ varies with electron tempera-
ture Te as Tp~/2, if the initial capture step
[left-hand portion of the reaction (1)] is rate
limiting, while o varies as T,~%2 if stabilization
by dissociation [ right-hand portion of the reaction
(1)] is rate limiting.

In our earlier studies? of dissociative recom-
bination between electrons and Neg *ions over the
range 300°K < T,<11000°K, a variation of o as
T,~%* was observed, suggesting that the initial
capture step is rate limiting. The present study
is an extension of this earlier work to the case of
argon in order to provide further insight concern-
ing the electron temperature dependence of the
dissociative recombination process inasmuch as,
at present, ab initio theoretical calculations are
not available.*

II. MEASUREMENT TECHNIQUES

The recombination coefficients are determined
by measuring the rates of decay of average elec-
tron density from an initially ionized gas. The
microwave afterglow techniques used in these
measurements have been described in detail pre-
viously?; consequently we shall only outline the
method. The three-mode microwave system is
shown schematically in Fig. 1. The gas sample®
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to be ionized is introduced by means of an ultra-
high-vacuum gas-handling system into the quartz
bottle within the cylindrical microwave structure.
Pulses of microwave energy (repeated 10 times/
sec) excite either the TM,,, or TE,,, resonant-
cavity mode to ionize the gas. The average elec-
tron-density values during the afterglow are de-
termined from measurements of the change of
resonant frequency of the TM,,, cavity mode by
means of a very low energy probing signal. The
electrons are heated above the ambient gas tem-
perature by means of constant microwave heating
fields propagated in a nonresonant TE,, circular-
waveguide mode.

The “microwave-averaged” electron density
n ,uw(t) defined by

n (%, )E2(F)d
(= /c= e T)dv
: fcaV.Ez(r)dv,

is determined from the measured frequency shifts
4f, (). The quantity C represents a group of
measurable quantities and physical constants,
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FIG. 1. Highly simplified diagram of microwave after-
glow apparatus employing microwave electron heating.

322



176 ELECTRON-ION RECOMBINATION IN Ar 323

n_(7,1) is the electron density, E(¥) is the ampli-
tude of the microwave-probing field, and the in-
tegrations are carried out over the cavity volume.
The electron temperatures are calculated from the
measured values of the microwave-heating field
using the method discussed previously, 3 which is
based on Margenaw’s distribution-function cal-
culations. ¢

In the present afterglow studies in argon, ex-
perimental conditions are arranged so that Ar,"
should be the dominant positive ion present and no
negative ions are expected; thus the quasineutral-
ity of a plasma permits us to set n, ~n,, and the
electron- continuity equation reduces to

&~ 2 V2
ane/at ane +Da Ny (3)

where, in the absence of afterglow ionization pro-
cesses, theloss processes of two-body recombina-
tion and ambipolar diffusion (coefficient D a) account
for the rates of change of electron concentration.

It has been shown’ that, when recombination loss
greatly outweighs ambipolar diffusion, the solution
of Eq. (3) indicates that 1/%,,, increases approxi-
mately linearly with time; therefore we display
our measurements as graphs of 1/7 wversus t.

In order to obtain accurate values of the recom-
bination coefficient, @, Eq. (3) has been solved
numerically® 8 to obtain values of n, (¥, ) using the
known value of T, and a value Dgp ="76.6 cm?/sec
Torr at 300°K and treating o as a parameter, It
is interesting to note that the best-fit computer
solution of Eq. (3) also permits a good selection of
the appropriate D, value, since this value is in
good agreement with the one obtained from mobility
measurements of Ar,* in Ar.° The computed val-
ues of e (T, t) are used to generate curves of
l/ﬁuw(t), versus afterglow time for various values
of @ and of the initial density 1/%,,(0). These
curves are compared with the measured values of
1/7 4 (t) in order to determine the value of a at
each electron temperature.

IiI. RESULTS

The computed curves which best fit the experi-
mental data at several electron temperatures are
shown in Fig. 2. The gas temperature is 300°K
and the argon pressure is 20 Torr. As predicted,
at the lower electron temperatures, the experi-
mental values of 1/7 4 at first increase linearly
with time and then, as a result of the increasing
importance of diffusion, increase more rapidly.
At the higher electron temperatures the linear
region is diminished, but in all cases, the com-
puter solutions of Eq. (3) provide a satisfactory fit
to the data. The deviations at late times for the
T, =3000°K curve can be explained in terms of
the effect on the value of Dy of the +10% uncer-
tainty in Te.

The values of a(Ar,*) deduced from the pure-
argon data of the type shown in Fig. 2 are shown
as a function of T, by the solid circles in Fig. 3,
which is plotted on a log-log scale. Represen-
tative estimates of the errors in the determina-
tions of the values of T¢ and of a are shown by
crosses on two of the data points. In order to
provide an additional check on the calculated
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FIG. 2. Variation of 1/ﬁ“w with afterglow time
(“recombination plot”) for several electron temperatures.
The points represent the experimental data, the solid
lines the “best-fit” computer solutions of the recom-
bination-diffusion equation.

electron temperature scale, various argon-neon

mixtures have also been used, as indicated by the
open triangles, open circles, and crosses. Inall
cases, a sufficient argon pressure (>5 Torr) has
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FIG. 3. Comparison of the various measurements of

the recombination coefficient a(Ar, ") and its dependence

on electron temperature.
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been used to assure that Ar,* should be the domin-
ant positive ion. The energy-distribution calcula-
tions® of the T, values involve consideration of the
relative collision rates of electrons with neon and
with argon atoms, while the D, values used in the
computer solutions of Eq. (3) involve use of
Blanc’s law'® to determine the diffusion of Ar,+
ions in neon-argon mixtures, !

Good agreement among the a(Ar,*) values over
the range 300°K < T, < 10000°K is obtained for
the pure-argon data and for the argon-neon mix-
tures involving 35 Torr of neon. However, the
data obtained using the 5-Torr argon — 25-Torr
neon mixture are approximately 25% lower than
the other data at 300°K, the difference becoming
progressively smaller and falling within the esti-
mated experimental error above~1500°K. We
have no explanation for this discrepancy at low
electron temperatures.

It will be seen that a simple power-law tem-
perature dependence, a~ T~ %7, fits the pure-
argon data rather well (and the data for mixtures
containing 35-Torr neon satisfactorily), starting
at a value of 8.8% 107 cm3/sec at T, =300°K and
decreasing to a value of 8.5X1078 cm3/sec at Ty
=10 000°K. Also shown in Fig. 3 are afterglow
data obtained by other investigators at 300°K and
some recent shock-tube measurements obtained
under conditions such that T¢ = Tjop = Tgas over
the range 1000-3000°K. A discussion of the
various results is given in the next section.

IV. DISCUSSION AND CONCLUSIONS

The present experiment yields a value a(Ar,*)
=(8.5 + 0.8) X 10~7 cm3/sec at 300°K, which is in
reasonable agreement with the results of measure-
ments by Biondi!? (~7X10"7cm?3/sec) and by Oskam
and Mittelstadt*® (6.7+0.5X%10"7 cm3/sec).

Early studies of argon, ** using gas samples of
lower purity, gave substantially smaller recom-
bination coefficients (~3x10 -7 cm3/sec) which
may have applied to N,* ions,” since nitrogen was
believed to be the principal impurity in these
samples.

The major source of error in the present ex-
periment (approximately +5%) arises from the
range of a values in the computer solution of
Eq. (3) which provide reasonable fits to the ex-
perimental data. Other sources of error, in
such experimental determinations as frequency
shift and afterglow time, are smaller, so that
we assign an over-all error of +10% to our re-
sults. The earlier experiments 2-13 have as-
signed comparable error limits; therefore all
the results are in agreement, within their prob-
able error limits.

Very recently Fox and Hobson'® have studied
recombination in argon over a wide temperature
range, using shock-tube and electrostatic double-
probe techniques. In these studies, it is assumed
that the kinetic temperatures of the electrons,
ions, and gas atoms are all equal. It will be seen
from Fig. 3 that their results disagree with the
present experiment both as to the magnitude of the
recombination coefficient and its dependence on
temperature, although a rather extensive (and
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therefore uncertain) extrapolation of their measure-
ments to 300°K yields a value of @ which is in

good agreement with the present room-tempera-
ture value.

There is a rather straightforward explanation of
the apparent discrepancy between the two sets of
measurements, which we can only present
qualitatively, inasmuch as certain key pieces of
information concerning the Ar,* ion and the un-
stable molecule state of the reaction (1) are not
available. In the present experiment Tion re-
mains at 300°K as T, varies, while in Fox and
Hobson’s work Tjoy and T, vary together. The
attendent effects on the dissociative recombina-
tion process can be understood with the aid of the
highly simplified potential diagram of Fig. 4,
which shows a single stable potential curve of the
Ar,* ion and a single repulsive branch of the un-
stable excited molecule, which is assumed to cross
the ion curve at its minimum. (The curves shown
are hypothetical; e.g., neither the binding energy
nor the vibrational spacing of the ion is known. )

In the direct dissociative process the initial
electron-capture step [ left-hand member of Eq.
(1)] depends on the overlap between the Ar,* ion
state and the unstable molecule state, This over-
lap depends on the vibrational state of the Ar,* ion
and for the case shown probably decreases!s with
increasing vibrational quantum number v. In
addition, the fraction of unstable molecules which

V (R)

ion

unstable

‘ /molecule
\Y
\\

internuclear potential energy ,

internuclear separation, R

FIG. 4. Hypothetical potential-energy curves involved
in the direct dissociative recombination process showing
a single stable Ar, ¥ ion curve and a single branch of
the unstable excited Ary* molecule. Inset: enlarged
view of the curve-crossing region.
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dissociate before autoionization occurs also de-
creases with increasing v, as a result of the in-
crease in the time required” to reach the stabil-
ization point X (see inset of Fig. 4). Thus, if as
Tjon increases in the shock-tube experiments the
vibrational temperature follows, the electron-
capture rate decreases, even if T, is held con-
stant. From this, one can use our experimental
results to make plausible both the stronger tem-
perature dependence observed by Fox and Hobson
and the reasonable agreement at 300°K between
our experiment and the extrapolation of their re-
sults. +

Our measured variation of a(Ar, ) with T, prob-
ably applies to ions in the v =0 state (since Tjgn
=300°K). Our results are indicated by the
medium-weight solid line in Fig. 5. If now all the
Ar,+ ions were in the =1 state, a similar vari-
ation with T, would be expected, but with smaller
o values at each point. Thus, if one were to plot
a versus T, for fixed values of T;,,, a series
of curves such as shown by the dashed lines in
Fig. 5 might be obtained. (As the ion temperature
is increased, successively higher vibrational
levels become substantially populated, and by our
previous arguments, the a values decrease.) The
results obtained by Fox and Hobson are then
represented by those points on the graph, where
Te =Tjop (circles). In addition, our data at
T ,=300°K and the extrapolation of Fox and
Hobson’ s results to 300°K would be expected
to agree, since in this case our data also apply to
the situation where T¢ = Tigp.

From Fig., 3, it will be seen that our values of
a(Ar,+) vary as Te-2/3, which is somewhat more
rapid than the T,~1/2 variation predicted when the
initial capture step is rate limiting in the direct
dissociative recombination process (refer to the
discussion in the Introduction). Fox and Hobson’s
result that o varies as T-!-3 should not be taken as
an indication that dissociation is the rate-limiting
step in the reaction (1), since the theoretical pre-
dictions? consider only the effect of the electron
energy on the reaction rate, Thus, in the two
cases where T, alone has been varied, the ex-
perimental results for Ne,* (a~ 7, ° %) and for
Ar,* (@~ T, 57) indicate the inadequacies of the
present simplified theories of the energy depend-
ence of the recombination, 2

Recently several theoretical calculations of dis-
sociative recombination rates have appeareds, 17—18
which represent interesting blends of ab initio
calculation elements, use of spectroscopic infor-
mation, and application of simplifying assumptions
in order to obtain estimates of the recombination
coefficients at 300°K. Of these, probably the
most interesting for our purposes are the calcu-
lation of Bardsley, 7 who discusses quite clearly
not only the direct dissociative process of the
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FIG. 5. Effect on a(Ar,™) of varying T ¢ While holding
Tjon constant (medium-weight solid line and long dashed
lines) and of varying T, and T, together (heavy solid
line).

reaction (1) but also the possible effect of an in-
direct dissociative process.

Referring to Fig. 4, directly below the molecu-
lar-ion state there may be stable, Rydberg states
of the excited molecule Ar,* (not shown). In the
indirect process, the initial capture step involves
a “resonant” capture of the electron into a vibra-
tionally (or rotationally) excited state of Ar,*,
which coincides in energy with the Arg* +e, state.
This state then quickly predissociates into the
(Arz* Junstable State shownin Fig. 4, and the remain-
der of the reaction proceeds asinthe directprocess.

The interesting features of the indirect process
are that it may contribute significantly to the total
dissociative capture rate and that it may exhibit
quite a different electron temperature dependence
from that of the direct process; for example,
Bardsley estimates that variations up to T,™':® are
possible. Thus our observed variation of a(Ar,*)
as Te~ 957 may indicate the importance of both the
direct and indirect processes in determining the
over-all recombination rate.
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The radial distribution function for a plasma is calculated for small interparticle separa-
tions. Quantum effects are taken into account by using either a modification of the path-inte-
gral technique or the equivalent sum-over-states expression under the assumption that the
charged particles interact via a shielded Coulomb potential.

1. INTRODUCTION

The problem of finding the radial distribution
function (r.d.f.) for a plasma is beset with many
difficulties. For example, a purely classical cal-
culation results in essential singularities for
small interparticle separations, the long-ranged
interactions are shielded by many-body effects,
and at low enough temperatures, the radial distribu-
tion function of two electrons is affected drastical-
ly if one of the electrons is in a bound state with a
proton. The latter situation obviously involves the
solution of at least a three-body problem, and we
will not consider that problem here. However, we
will make some progress towards the solution of
the first two difficulties mentioned. We consider
a gaseous hydrogen plasma at temperatures high
enough for the hydrogen molecules to be dissociat-

ed, say above 10¢°K, and study the radial distribu-
tion function of only those sets of two particles
which are not bound to other particles in the plas-
ma. We are not, however, excluding the possibil-
ity that they may be bound to each other.

Quantum effects for fully ionized plasma have
been studied previously by several authors,1-3
mainly with a view to obtaining corrections which
would be valid in the high temperature region. Re-
cently Matsuda® has also obtained approximations
to the sum-over-states expressions which are val-
id over a wider temperature range. In this paper
we take account of the classical many-body effects
by making the assumption that the interaction be-
tween two charged particles in a plasma can be de-
scribed by a screened Coulomb potential,

V(r)=+e? exp(—r/AD)/r.



