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A microwave-afterglow/mass-spectrometer apparatus which employs microwave heating
of the electrons is used to determine the recombination coefficients, e(02) and o. (N2), of
mass-identified ions with electrons as a function of electron temperature. From electron-
density decay data taken under good "ion-tracking" conditions it is found that o(O&) varies
as &e

' over the range 300'K- Te-1200'K [starting from a value (1.95+ 0,2) &&10 cm /
sec at Te=300'K] and then varies as Te ' between 1200 and 5000 K. In the nitrogen
studies the "ion tracking" of the electron decay is less perfect, but N& remains the principal
afterglow ion and e(N2) is found to vary as &e ' over the entire range 300'K ~ Te ~ 5000'K,
starting from a value (1.8+

0 2) && 10 ' cm /sec at &e=300 K. These results are compared
with other laboratory determinations, results of theoretical calculations, and values inferred
from analyses of ionospheric measurements.

I. INTRODUCTION

The recombination of molecular positive ions
with electrons constitutes one of the principal
charge limiting processes in various regions of
the ionosphere. Photo-ionization of the abundant

oxygen and nitrogen in the atmosphere leads to
substantial production of 0, and N, ions in the
E and F regions. Thus models of ionospheric
behavior require accurate determinations of the
rates of recombination of these ions with elec-
trons under conditions encountered in the upper
atmosphere. In the F. region the electron tempera-
ture T is probably equal to the ion and neutral
temperature (T+ = T„=250'K), while as one goes
into the F region Te exceeds T+ and T~, ap-
proaching 2500'K at 300-km altitude. While a
number of careful laboratory measurements' 4

of the two-body recombination coefficients, n(O,+)

and n(N,+), have recently been carried out over
the temperature range -200 to -600'K under
conditions such that Te =T+= T~, none have
permitted independent control of the electron
temperature to permit an accurate determina-
tion of the dependence of n on Te and to dupli-
cate, as nearly as possible, the expected iono-
spheric conditions.

In the next section we describe a microwave-
afterglow/mass-spectrometer apparatus which
permits us to identify the ions undergoing re-
combination and to measure their recombination
rate as a function of electron temperature. In
Sec. III we present examples of the experimental
measurements from which the desired informa-
tion is obtained. In Sec. IV we give the results
of our measurements, discuss their relationship
to theoretical ideas concerning the dissociative
recombination process for the ions 0, and N,+,

and compare our results with other experimental
data.

II. APPARATUS AND METHOD OF MEASUREMENT
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FIG. 1. Simplified block diagram of microwave-
afterglow/mass-spectrometer apparatus used in the
recombination studies.

The microwave-afterglow/mass-spectrometer
apparatus used in the present studies is that used
by Weller and Biondi, ' modified to include an
additional cavity excitation mode (TE„,) to per-
mit controlled electron heating during the after-
glow, following the method employed by Fromm-
hold et al. The highly simplified diagram of
Fig. 1 indicates the cylindrical microwave reso-
nant cavity into which gas samples are introduced
from an ultrahigh-vacuum gas-handling system.
For plasma generation and resonant frequency
shift (average electron density) determinations'
during the afterglow,

'

a high Q (-2000) TMo»
mode is excited by small magnetic coupling
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loops located at the cavity's median plane. The
plasma is generated by a -2-rnsec pulse of ener-
gy from a magnetron which can be operated in
either a. "single pulse" (one pulse every 5 sec)
or a repetitive pulse (10-100per sec) mode. The
resonant frequency shifts, hf„are determined
by noting the times of maximum reflection of a
low-energy probing signal for various signal
frequencies. These frequency shifts are used to
calculate the "microwave-averaged" electron
density, ' n&~(t), defined by

n (r, t)E '(r)dV
vol e ' P

f P '(r)d V

—= t f,(t)IC, (1)

where ne(r, t) is the electron density, Ep(r) is the
microwave probing field amplitude, and C is a
constant involving a group of physical constants
and the cavity's resonant frequency.

Controlled electron heating is achieved by ex-
citing the TEy» mode with two large electric field
probes located along a diameter in the cavity's
median plane. The coaxial line leading from one
probe is terminated in a matched load, the re-
sulting loading yielding the desired low Q(=9.0)
for the TE», mode. Thus even though we use a
fixed microwave heating frequency, the small
resonant frequency shift of the TE»y mode during
the afterglow electron decay leads to a negligible
change in the response of the cavity to the micro-
wave heating field. The steady power level from
the c-w magnetron then produces an essentially
constant electron temperature throughout the after-
glow. In an earlier publication' [see Ref. 6, Eq.
(13)] it was shown that the electron temperature,
Te, is related to the microwave heating field
amplitude, Eg, by

T' = T + (e'M/6u(u'm') (Z '),
e n

(2)

where e and m are the electron charge and mass,
respectively, M is the neutral atom mass, co is
the microwave radian frequency, and k is Boltz-
mann's constant. Inasmuch as the microwave
field varies with position in the cavity, but the
electron-electron collisions distribute the energy
absorbed to create a uniform electron temperature
throughout the plasma, ' it is appropriate to use an
electron-density weighted average of the square of
the field in Eq. (2) [see Ref. 6, Eq. (14)]; namely

f n (r)Z~'(r)d V

f n (r)dV

An electron spatial distribution (e. g. , "funda-
mental diffusion mode") appropriate to the expected
experimental conditions is used in Eq. (3). We

calculate the heating field strength in the cavity
by standard microwave procedures' involving de-
terminations of the power absorbed and the loaded
Q of the heating mode. The power measuring ap-
paratus has been described earlier. '

In order to obtain the values of the recombina-
tion coefficient as a function of electron tempera-
ture from the determinations of the variation of
n&~(t), we seek experimental conditions such
that, during the afterglow, (a) a single-positive-
ion species is dominant and negative-ion concen-
trations are negligible; then n =ne, (b) electron-
ion production is negligible, and (c) recombina-
tion greatly outweighs ambipolar diffusion (coef-
ficient, De). Under these circumstances, the
electron continuity equation simplifies to

sn (r, t)
= —nn '(r, t)+D V'n (r, t),Bt e ' a e (4)

which, in cases where the diffusion term is neg-
ligible, yields the "recombination solution",

1/n (r, t) =1/n (r, 0)+at .e ' e (5)

Although, we suggested by the form of Eq. (5), we
display our data as plots of 1/n (t) versus t, we
obtain accurate values of n from our data by co~
puter solution" of Eq. (4) to find ne(r, t) and hence
n&~(t) for various values of n (known D~ values
are inserted). Comparison of the computer-
generated curves with the measurements permits
selection of the e value from the curve which
gives the best fit to the data.

Finally, the time history of the afterglow ions
is obtained by mass analyzing the ions diffusing
to the cavity end wall and effusing through a
small hole. To reduce statistical fluctuations
in the data resulting from the small ion counting
rate, data from many afterglows are added to-
gether by use of a multichannel analyzer operating
in a multiscaling mode (0.5-msec/channel dwell
time).

III. EXPERIMENTAL MEASUREMENTS

A. 0& Recombination

In the oxygen studies, complex-ion formation
is avoided by using high purity neon" as the
majority buffer gas (-10 Torr), and small amounts
of oxygen (3-8 mTorr) are added to permit Pen-
ning ionization by neon metastable atoms to form
0, ions. [Such ionization may create 0,+ not only
in its ground electronic (Ã'll&) but also the ex-
cited (a~le) state. ] Negative-ion formation is in-
hibited by the small oxygen partial pressures, and

accumulation from pulse to pulse is avoided by
operating in a "single-pulse" mode. '~' In prac-
tice, no dependence of the electron-decay curves
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FIG. 2. Electron-density decay data in 0~-Ne mix-
tures at &gas=300'K presented as plots of (n&~)

eexsls afterglow time, with electron temperature as
a parameter. The time zero on the 78=1950 and 3600'K
curves has been shifted for clarity.

on repetition frequency below 1 Hz is noted; also
no dependence on the discharge pulse length over
the range 1.5-4 msec nor on the 0, pressure be-
tween the limits 3-8 mTorr is observed.

Examples of the measured frequency-shift data,
converted to n& values, are shown by the points
in Fig. 2, which presents graphs of 1/r7&~ versus
afterglow time for various electron temperatures.
The dashed lines are extensions of the linear por-
tions of the data [the "recombination solution"

form of Efl. (5)j, while the solid lines are the
"best-fit" computer solutions to the data. These
solutions involve known D~ values obtained from
the relation, D~ =D+(1+ Te/T+), with T+ = Tz
=300'K and the value" D+P =-180 (cm'/sec) Torr.
An initial "fundamental diffusion mode" electron
distribution provides the best fit to the early after-
glow (&0.5-msec) data; however the ct values in-
ferred from the over-all curve fitting process are
not particularly sensitive to this choice of initial
distribution form (see discussion in Ref. 5). It
will be seen that very good fits are obtained even
when large diffusion losses (curved yortions) are
encountered at the elevated electron temperatures.

In order to attribute the recombination coef-
ficients inferred from the electron-decay data of
Fig. 2 to recombination with O,+ ions it is neces-
sary to show that 0,+ is the principal afterglow ion
and that the ion diffusion current to the wall rea-
sonably "tracks" the volume electron-density de-
cay.'~' ' Figure 3 presents two of the electron-
density decay curves of Fig, 2, together with the
corresponding ion wall current curves, on a semi-
logarithmic scale. The left-hand portion, at T
=300'K, shows O, as the principal afterglow ion
(a small NO+ impurity" fluickly decays below de-
tectability), and the renormalized electron-density .

data (dashed line) follows the ion decay very well
after -2 msec. However, at elevated electron
temperatures (right-hand portion of Fig. 3, at
Te =1950'K) the "tracking" is less perfect, the
02+ decaying somewhat more slowly than ne and
the NO+ impurity ion persisting at a low level
throughout the afterglow. The "tracking" be-
comes progressively less accurate as the elec-
tron temperature is increased, but even at the
highest temperature, T~-5000'K, 0,+ is clearly
the dominant ion throughout the recombination
controlled portion of the afterglow.

I
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~

FIG. 3. Comparative decays
of afterglow ion wall currents and ~
volume electron density at &z
=300'K and at &~=1950 K. The

O
dashed lines represent electron-
density decay data renormalized c

to the 02 curves at t =3 and 6

msec, respectively.
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FIG. 4. Variation of 0.(02) with electron temperature.+

The variation of the inferred o.(O,+) values with
electron temperature is shown on a log-log plot
in Fig. 4. The present results are indicated by
the solid line drawn through the data points (solid
circles with estimated error bars attached). Over
the range 300'K & T~ & 1200 K the data follow a
simple 7.'e '" variation, while between 1200 and
5000'K they follow a Tz '" law. A comparison
of the present results with other investigations is
presented in Sec. IV.

S. N~ Recombination

Qauntitative determinations of the dependence of
n(N2 ) on electron temperature proved to be unex-
pectedly difficult, in spite of the absence of the
complicating effect of negative-ion formation (a
potential problem in the oxygen studies). The
investigations were first carried out" y" on the
three-mode microwave apparatus of Frommhold
et a/. ' which used a nonresonant waveguide heat-
ing mode but did not employ mass analysis. While
this apparatus proved quite satisfactory for n(Ne2+)
and n(Ar2+) studies'~" (in the noble gases, diatomic
molecular ions are readily made the dominant after-
glow ion), in the atmospheric-ion studies the de-
rived recombination coefficients varied substan-
tially with experimental conditions such as dis-
charge pulse length and partial pressure of the
added atmospheric gas (i.e. , nitrogen or oxygen),
even when these parameters were kept within the
limits employed in successful n(O,+) and n(N2+)

studies by Kasner and Biondi'~' and by Kasner.
Since it was suspected that these difficulties

arose from the presence of more than one ion
species, the present microwave afterglow apparatus,
which provides simultaneous mass analysis of the
ions undergoing recombination, was employed. Al-
though the oI(O~+) studies proved relatively straight-
forward with this apparatus, the a(N2+) studies were
complicated by our inability to find any experimental

conditions in which ions more complicated than N,
(i.e. , N,

+ and N,+) were negligible. The best condi-
tions were achieved at a very low partial pressure
of nitrogen (0.2 m Torr), where the N,

+ and N~+ con-
centrations were relatively small. " Lower nitro-
gen pressures, which might have further reduced
the N3 and N4 concentrations, could not be used
because neon ions from the buffer gas then became
appreciable in comparison with the N,+ concentra-
tion.

Examples of the electron-density decay data ob-
tained under conditions where the ratio of the con-
centration of N,

+ to other ions is a maximum are
shown in a graph of 1/n versus afterglow time
in Fig. 5 As in the case of Fig. 2, the dashed
lines are extensions of the linear portions of the
data, while the solid lines are the "best-fit" corn-
puter solutions of Eq. (4), treating n as a parame-
ter and using the value" D+P =240 (cm'/sec) Torr
at &+ = &„=300 K and an initial "fundamental dif-
fusion mode squared" distribution.

While the agreement between the computer solu-
tions for recombination plus diffusion loss and the
observed electron decays ip seen to be very good
in these examples, it is not clear that we have
obtained a highly accurate (within 10%) determina-
tion of a(N2+), since the ion "tracking" of the
electron decay is imperfect and small concentra-
tions of N,+ and N4 ions are present throughout
the afterglow. Figure 6 shows the ion data cor-
responding to the T~ =300'K electron decay of
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FIG. 5. Electron-density decays in N2-Ne mixtures
at T =300'K presented as plots of (n„)" ver'sos
afterglow time, with electron temperature as a param-
eter. For clarity, the time zero on the various curves
has been shifted.
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FIG. 6. Comparison of the ion wall current decays
with the electron-density decay indicating the predomi-
nance of K~ as the principal afterglow ion but rather
poor "ion tracking" of the electron decay.

Fig. 5. It will be seen that after -4 msec the
N2+ wall current decays more rapidly than the
electrons (and than the minority Ne+ and Ne+ ion
currents).

Thus while it appears we are studying princi-
pally the recombination of N~+ ions with electrons,
we are unable to assess the uncertainties in the
inferred n(N,+) values suggested by the imperfect
"tracking". These values are plotted as a func-
tion gf electron temperature on a log-log scale in
Fig. 7. (The error bars on the data points refer
to the "usual" systematic and random errors which
we can evaluate —see Sec. IV. ) Over the entire
measured range, 300'K & Te ~ 5000'K, tx(Ne+) is
seen to follow a simple Te '" variation. These
results are compared with other investigations
in the next section.
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The principal experimental measurements with
which we can make a direct comparison are at
Te = T„=300 K. Using mass analysis of the after-
glow ions, Kasner and Biondi'~' and Kasner' ob-
tained thermal-energy values, ot(O,+) = (2. 2 +0. 2)
X10 ' and n(N,+) =(2.7+0.3) && 10 ' cm'/sec, un-
der good ion "tracking" conditions. The 0,+ value
is in good agreement with our 300'K value, (1.95
+0.2) x10 ' cm'/sec; on the other hand, the N,+

value is substantially higher than our value, (1.8
a oo ', ) && 10 ' cm'/sec. We are unable to account
quantitatively for this difference; however, if
the recombination coefficient for N,+ ions is sub-
stantially smaller than that for N,+ ions, our in-
ferred tx(Ne+) values would be too small. Even
assuming a mass discrimination effect in our
quadrupole mass spectrometer such that the N,+

density is several times larger than the ion wall
current would indicate, a simple analysis in-
dicates that the possible increase in our tx(N,+)

value is only about 10%, and so the disagreement
is not removed. A more remote possibility is
that substantial Penning ionization by neon meta-
stables persists into the afterglow, leading to a
slower electron-density decay and hence to in-
ference of too small a value of n(N, ) Howe. ver,
crude optical-absorption measurements indicate
small afterglow metastable concentrations; also,
computer solutions of the electron continuity
equation including an exponentially decaying ion-
ization term predict rather different forms of the
electron decays than are observed; therefore we
tend to rule out persistent afterglow ionization
as an explanation of our "low" n(Ne+) values. In
spite of these problems concerning the absolute
values of tx(Ne+) our measurements do appear to
provide a satisfactory determination of the rela-

IV. RESULTS AND DISCUSSION

The present results may be compared with other
work in terms of the absolute values of the coef-
ficients n(O~+) and tx(N~+) and in terms of the varia-
tions of the coefficients with temperature. If
Eq. (4) adequately describes the afterglow decay
processes, our measured values should be ac-
curate within -+10%; the major portion of this
uncertainty arises from the range of n values
which provide a satisfactory fit to the 1/n
versus t data and from uncertainties in the
determinations of the electron temperature scale.
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FIG. 7. Comparative variations of e(N2) with elec-
tron temperature when & is held at 300'K (present
results) and when &e, T+, Tgas are covaried (Kasner).
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tive variation of o.(N2+) with Te.
In view of the aforementioned difficulties in

determining atmospheric-ion recombination co-
efficients with a mass-analysis afterglow apparatus
under conditions where the desired ion dominates,
we regard other experiments without mass analy-
sis as intrinsically less reliable. Thus we defer
a discussion of such experiments to later in this
section.

The results'~4 of studies of the temperature
dependence of o. (02+) and of n(N,+) under condi-
tions where Te = T+= T~ over the range -200-
700'K are shown in Figs. (4) and (7). Kasner
and Biondi' found that o. (O~+) varies approximately
as T-' for the case where the 02+ ions were
probably in the ground electronic (X'll ) state (the
sequence —neon metastables ionizing rypton
which charge transferred with 0, —was used to
achieve this condition). These data are shown

by the X symbols in Fig. 4. Our results, obtained
with O, -Ne mixtures, where some of the 0,+ ions
may be produced in the metastable a'II~ excited
state, should more properly be compared with
the corresponding data of Kasner and Biondi (tri-
angular symbols). Over the corresponding tem-
perature ranges the two experiments agree with-
in the combined experimental uncertainties, sug-
gesting that, up to at least 700'K, the effect of
a changing vibration state population with T has
a negligible effect on n(02+).

That this does not seem to be the case in the
o. (N2 ) studies is indicated by the results of the
two experiments shown in Fig. 7. In our studies,
a variation of o.(N2+) as Te '" is noted, while
Kasner' (Te = T+= T~) finds n(N2+) essentially in-
dependent of gas temperature. The N2+ ions in
both experiments should be in the same state
(ground electronic and a low vibrational state),
since in both cases they were formed by Penning
ionization of N, by neon metastables. Thus the
increasing population of excited vibrational states
of N2+ as T as is increased evidently leads to in-
creased recombination which offsets the decrease
of o(N, ) with increasing Te for ions in a given
vibrational state. The basis for such disparate
variations when Tz alone and when Te and T+
are covaried has been discussed elsewhere. " In
support of a, decrease in n(N~+) with increasing
Te is a Langmuir probe determination by Sayers, "
who found that for mass-identified ions, n(N~+)
= 1. 1 x 10 ' cm'/sec at Te = 3200'K (no estimates
of errors were given). With the same apparatus
using helium-oxygen mixtures, Sayers obtained a
value o. (02+) =4xlp ' cm'/sec at Te= 2500'K, in
good agreement with the present results.

Turning now to measurements in oxygen and in
nitrogen which did not employ mass analysis,
Mentzoni" carried out studies in pure oxygen at
0.7-3 Torr and found that Q. decreased approxi-
mately as T "(Te = T+ Tz = T) over the ran——ge

300-900'K, starting from a value 2. 1xlp "cm'/
sec at 300'K. At the pressures of Mentzoni's
studies, we would expect the presence of more
complicated ions such as 03+ to interfere with the
recombination coefficient determinations. Re-
cently, Smith and Goodall' have used an improved
version of Sayers' "Langmuir probe/mass-spec-
trometer apparatus to study recombination in
helium-oxygen mixtures. While they worked with
gas mixtures that had led to 02+ ion predominance
in their ion-molecule reaction studies, they did
not use the mass-analysis feature of their appara-
tus to identify the ions undergoing recombination. '~

They found that at 300'K, n = (2. 1 t 0.3) x 10 ' cm'/
sec and decreased to (1.5 +p. 2) xlp ' cm'/sec at
630 K, in disagreement with the present results
and the behavior expected from the earlier mea-
surements of Sayers. " Again, the appearance of
other ions such as 03+ or 04+ may have interfered
with their attempts to determine n(02+)

There have been a number of attempts to de-
termine o. (N+2) without use of mass analysis. Bi-
alecke and Dougal" found that in yure nitrogen
between 0. 2 and 2 Torr the inferred recombination
coefficient varied strongly with gas pressure (at
3pp'K, from 1.3 to 8. 5xlp ' cm'/sec), suggest-
ing the intrusion of substantial amounts of com-
plex ions such as N4+. Faire and Champion"
studied recombination in pure nitrogen (P =2 Torr)
and in nitrogen-helium mixtures. From data in
which ambipolar diffusion loss and, in some cases,
ionization by helium metastables were important
afterglow processes they obtained a value,
a=(4+0. 3)xlp ' cm'/sec at 300'K, independent
of the nitrogen pressure. Mentzoni" used pure
nitrogen at pressures between 0. 5 and 6 Torr
and found a strong dependence of n on pressure
(variation from 2 to 7 x 10 ' between 2 and 8
Torr at 300'K) and a pressure dependent rate
of decrease with increasing gas temperature
over the range 300-735 K. Finally, Hackam'4
found that, in pure nitrogen at high pressures
(&10 Torr), n varied as T "over the range
295-610'K, starting from a value of 2 x 10 '
cm'/sec at 295'K. Since the value at 300 K
corresponds in magnitude to n(N~+) as determined
by Kasner and Biondi, ' Hackam's measurements
may refer to the N4+ ion.

We include the above-quoted results merely
for completeness, inasmuch as without identifi-
cation of the ions present during the various
afterglow measurements we cannot assess the
reliability of the determinations. The mea-
surements, most of which exhibited subs, antial
dependence of the inferred n values on nitrogen
pressure, strongly suggest changing ion composi-
tion, e.g. , N,+: N4+, under these circumstances.

We may compare our values for n(O~+) and
o.'(N~+) with the results of recent theoretical cal-
culations of the direct dissociative process by
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Warke" and by Chan. " These calculations make
use of extrapolations into the curve crossing
region of experimentally determined molecular
potential curves for the appropriate 0,+, 0, and
N,+, N, states, treat the atomic motion classically
and treat the electronic transition from the
molecular ion plus electron to the unstable mole-
cule state quantum mechanically. At Te =300'K,
Warke obtains the value of o. (02+) = 1.1 x10 ' cm'/
sec, while Chan, using somewhat different po-
tential curves (he assumes that the unstable
molecule curves cross the ion curve at its mini-
mum) obtains a value (2. 8 a 0. 2) x10 ' cm'/sec.
For o. (N~+), Warke obtains the value 2. 0 x10-'
cm'/sec. While these values are in reasonable
or even remarkable agreement with our experi-
mental results, the gross simplification in using
a "one active electron" approximation in the cal-
culations may suggest that the agreement is
fortuitous,

V. SUMMARY

The present paper presents the determinations
of the recombination coefficients of mass-identi-
fied 0, and N, ions under recombination con-
trolled afterglow conditions over the range 300 K

& Te ~5000'K, In the 02+ studies, as a result
of the mode of ion generation (Penning ionization
of 0, by Ne ) some of the ions may be in the
metastable (a'll„) as well as in the ground (&'Ilg)
state. The observed variation of n(02+) with Te (as
Te "below Te = 1200'K) is approximately the
same as has been found' for covariation of Te
and T+ over the common temperature range,
300-700'K. In the N2+ studies, inability to
eliminate completely N,+ ions from the afterglow
reduces the accuracy which we assign to the ab-
solute values of o. (N2+). In this case, however,
the N, ions are expected to be solely in their
ground electronic state. The observed variation
of o. (N+, ) with Te (as Te "') is very different from
the temperature independent behavior noted4 in
the case where Te and T are covaried. The
variations of n as T "to T '"and as Te '"

e
' e

for 02+ and N,+, respectively, approximate the
theoretical prediction of a Te '~' variation if the
initial radiationless-capture step is rate limiting
in the dissociative recombination process. " In
addition, the difference in dependence on Te is
in the direction inferred by Donahue" from an
analysis of ionospheric measurements; he sug-
gests variations of o. (02+) and o.(N,+) as Te
and as Te "'~'", respectively.
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The electron temperature dependence of the recombination of mass-identified Ne2 ions with
electrons is studied by means of a microwave-afterglow/mass-spectrometer apparatus em-
ploying microwave heating of the electrons. Under conditions where the ion wall current
"tracks" the volume electron-density decay, the electron-decay data indicate that e(Ne2)
decreases as Te ' over the range 300'K- Te-4600'K, starting at a value (1.75 + 0.2)
x 10 cm /sec at &e=300'K. This value and this variation witl1 Te are in good agreement
with the results of other studies, all but one of which did not employ mass identification of
the ions under study.

I. INTRODUCTION

Experimental determinations of the variation of
the dissociative recombination coefficient with
electron temperature provide insight concerning
the details of the process of electron capture by
molecular ions and guidance for improved theo-
retical calculations of the process. The capture
of electrons by what are presumably Ne,+ ions is
probably the recombination reaction most exten-
sively studied to date' '; however, until now,
only one study' has identified, by mass analysis,
Ne2+ as the ion undergoing recombination. There-
fore when studies of the electron temperature de-
pendence of recombination between mass-identified
ions and electrons were undertaken" (see pre-
ceding paper), it seemed appropriate to extend the
studies to Ne2+ in order to compare the results
with recent electron-temperature studies which
did not employ mass analysis. '

In the next sections, we very briefly describe
the measurement technique, present examples
of the measured electron and ion decays during
the afterglow, give the inferred values of the
recombination coefficient a(Ne,+) as a function of

electron temperature Te, and compare our results
with previous measurements.

II. APPARATUS AND MEASUREMENTS

The microwave-afterglow/mass-spectrometer
apparatus is shown in a highly simplified block
diagram in Fig. 1. (For a more detailed de-
scription see preceding paper and Ref. 8. ) Pure
neon" at 6 Torr is ionized by a -2. 5-msec pulse
of energy from a magnetron (repeated 10 times a
second), and the electron density decay is deter-
mined from measurements of the resonant fre-
quency shifts of a high Q (-2000) TM», cavity
mode during the afterglow. " The electrons are
heated to constant, controlled temperatures during
the afterglow by excitation of a low Q (-9) TE»,
mode with a c-zo magnetron. '&"' " The electron
temperature is calculated from the measured
cavity Q and incident microwave power. The
thermal conductivity of the electron "gas" is
sufficiently high that an essentially isothermal
behavior results in spite of the spatially depen-
dent heating fields. The afterglow ions which
diffuse to the wall and effuse through a small hole


