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Photo-ionized plasma afterglows of NO have been studied by combined microwave and mass-
spectrometric techniques. Nitric-oxide-neon mixtures (5-65 mTorr NO, 2-7 Torr Ne) are
contained in a 10-cm resonant cavity where they are ionized by a "single pulse" of Lyman-a,
radiation. A temporal spectrum of iona diffusing to the wall is obtained by a differentially
pumped mass spectrometer and multichannel analyzer. Analysis of the electron-density
decay curves obtained by microwave techniques to obtain an electron-ion recombination co-
efficient for NO+ is complicated by the conversion of NO+ to the dimer ion, (NO)2+. At suf-
ficiently low densities ef nitric oxide the (NO) 2 concentration becomes negligible, and the
NO+ wa11 current tracks the electron-density decay. From comparisons of experimental
electron-density decay curves obtained under recombination-controlled conditions, with

computer solutions of the electron-continuity equation, the values 0.(NO ) = (7.4+ 0.7),
(4. 1+00&~), and (3.1+0.2) x 10 cm~/sec, at T 200, 300, and 450'K, respectively, are
obtained. From analysis of electron-density decay curves at higher densities of NO, where
(NO)t is the dominant ion, the value u(NO) t =(1.7+0.4)&& 10 cm~/sec at T=300 K is
obtained. The three-body electron-attachment and ambipolar diffusion coefficients have been
measured in pure NO (0.1-5 Torr) and are found to be K= (l.3s 0. 1) && 10 ~~ cm6/sec and

Dap=80+16 cm Torr/sec, respectively, at T=300 K.

I. INTRODUCTION

The principal interest in electron removal pro-
cesses in nitric oxide plasmas stems from the
imyortant role the NO+ ion plays in the earth' s
ionosphere. Although the neutral NO molecule is
a minor species in the upper atmosphere, NO+ is
an important atmospheric ion. 'y' Since NO has
the lowest ionization potential of the atmospheric
gases, the NO+ ion usually cannot react further
with the ionic and neutral species present, but
must wait to recombine with a free electron (or,
possibly, a negative ion) in order to be neutralized.

The rate of recombination between NO+ ions and
electrons may be expected to vary with the temyer-
ature of the ions and of the electrons. Over the
ionospheric regions of interest, the neutral-gas
and ion temperatures vary from approximately
200 to over 1000'K.' The electron temperature
above about 150 km has been shown to be greater

than the ion temperature by as much as several
hundred degrees. 4 As a result, laboratory exper-
iments should include an extensive range of ion
and electron temperatures in order that the mea-
sured rates will be applicable to all regions of the
ionosphere where recombination of electrons with
NO+ ions is important.

The NO+ ion in the ionosphere is expected to be
in its ground electronic state. In the D region,
where it is produced by Lyman-n photoionization,
this is a certainty. In the E and I' regions, where
the NO+ ion is produced by ion-molecule reactions,
energy considerations require that it be in its
ground electronic state, unless the primary ion
(e. g. , N,

+ or Os+) in the reaction is electronically
or vibrationally excited. However, there is no
evidence for such an excited-ion population in the
ionosphere. Unfortunately, at present nothing can
be said about the vibrational state of the NO+ ion
in the ionosphere.
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The present experiment was undertaken to pro-
duce a plasma of NO+ ions and electrons in a suit-
able apparatus in the laboratory and then to mea-
sure the rates of decay of electron density and of
mass-analyzed ion wall currents under
recombination- controlled afterglow conditions.
These measurements provide determinations of
the rates of electron-ion recombination and other
relevant processes. In addition, measurements
have been made over a range of ion-electron-
neutral-gas temperatures in order to obtain the
temperature dependence of the electron-ion recom-
bination coefficient.

II. APPARATUS AND MEASUREMENTS

Figure 1 is a simplified diagram of the experi-
mental apparatus. Highly purified nitric oxide
gas and purified research-grade neon gas as a
buffer gas are contained in a cylindrical copper
microwave cavity (resonating at -3 0Hz). The
cavity is part of a bakeable ultrahigh vacuum sys-
tem. To avoid dissociation of NO with subsequent
reactions to form undesirable species such as NO„
photoionization instead of the usual microwave dis-
charge is used to create the plasma. A pulse
(-0.5 msec) of radiation in the neighborhood of
Lyman a (hv = 10.23 eV) produced by a hydrogen
flash lamp creates an NO+ ion (9. 25 eV) in the
ground electronic state and in the first few vibra-
tional levels, which is the expected state of the
NO+ ion in the ionosphere. The photoelectrons
produced in the photo-ionization process are re-
leased with up to 2 eV of kinetic energy; however,
they are rapidly thermalized. A simple elastic-
collision model calculation gives thermalization
times in the range of 5-50 p, sec for the range of
gas densities used in the experiment. This is a
negligible amount of time on the time scale of the
measurements, and so the, electrons are effective-
ly abyays at the temperature of the ions and neu-
trals.

The principal measurement in this experiment
is that of the electron density as a function of
time. This is accomplished by microwave tech-
niques, ' in which the presence of free electrons
within a microwave cavity changes its resonant
frequency from the normal "empty" value. The
shift in resonant frequency, df, has been shown
to be

e' J~n (r, t)E0'(r)dV
v(t) =

4smf0e0 f/0~(t')dV

mhere e and m are the charge and mass of the
electron, respectively; f, is the "empty" resonant
frequency of the cavity; e, is the permittivity of
free space; ne(r, t) is the electron density as a
function of space and time; and Eo(r) is the am-
plitude of the probing microwave electric field as
a function of position. %e introduce the "micro-
mave field-weighted average" electron density,
spw~ by

fyN (r, t)E0'(r)dv 4vmf0a0

I (r)dV eV-0 '

that is, n&w is the experimentally measured fre-
quency shift multiplied by some physical constants.
(It is this quantity that will be discussed in the
analysis of the experiment in Sec. IV. )

The time dependence of qaass-identified ion cur-
rents which diffuse to the walls of the vessel is
also studied in this experiment. To do this, there
is a small (0. 010 in. diam) sampling orifice in the
plane wall of the cavity (see Fig. 1). Ions which
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where D~ is the ambipolar coefficient of the elec-
trans and ions, of density ne and n+, respectively.
Now, if ne(r, t) and n+(r, t) do not appreciably
change their spatial forms during the afterglom,
and if NO+ ions and electrons are removed in
equal numbers from the plasma, so that n+ (r, t)
=ne(r, t) =R(r)T(t), then

I"
ll

= -D [bR(r)] HT(t) =aT(t), (4)

where u is a constant. Also, with this assumption
the field-weighted average electron density may be
expressed as

f/0'(r)R(r)d V

,(-)d y T(t ) =a' T(t), (5)

where a' is a constant. Thus 1"wall+ and n&w will
have the same time dependence under these condi-
tions. Now both electron-ion recombination and
ambipolar diffusion remove NO+ ions and electrons

FIG. l. Simplified block diagram of the combined
microwave-mass-spectrometric afterglow apparatus
employing photoioniz ation.

pass through the orifice are drawn by a uniform
electric field into a quadrupole mass filter. ' The
mass-selected ions then impinge upon a
Channeltron' electron-multiplying device, whose
output pulses are entered into a multichannel ana-
lyzer operating in a multiscaling mode. In this
manner the time dependence of mass-selected ion
mall currents is obtained.

Considering an afterglow containing only NO+

ions and electrons, the NO+ mall current density
is given by
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in equal numbers. Once it is established from the
temporal form of the decay of n&w that recom-
bination is the dominant electron-removal process,
i. e. , a "recombination solution" is obeyed (see
Sec. IV), then the similar time dependence of

H&w and I'wall, so-called "tracking", is an ex-
cellent verification that one is measuring the re-
combination rate between electrons and the identi-
fied ion species.

III. ATTACHMENT AND DIFFUSION STUDIES

In an early version of the apparatus without mass
analysis, measurements of the rates of three-body
electron attachment and ambipolar diffusion were
carried out in pure NO. In the attachment process,
a free electron reacts with a NO molecule, prob-
ably to form the negative ion NO with a second
NO molecule to stabilize the reaction. Schemati-
cally, this is represented by

NO+e+NO-NO +NO.

The rate at which electron attachment alters the
electron density is then proportional to the prod-
uct of the densities of the reactants (the NO mole-
cules and the electrons). This may be written as

Sn /St=-Rn2(NO)n =- ~ n,e e Ae'

where n(NO) is the NO molecule density, K is the
three-body attachment coefficient, and vg is the
attachment loss frequency.

Ambipolar diffusion is a transport process in
which NO+ ions and electrons flow from the plasma
to the walls of the containing vessel. It can be
shown that late in the afterglow only "fundamental
mode" diffusion need be considered. The loss rate
of electron (and ion) concentration may then be
expressed by

Bn /Bt= (D /A ')n —= —vDn (s)

( t)/ ( o) ="e ' e (9)

Since the spatial form of the electron density re-
mains constant, 4f(t) is simply proportional to
ne(r, t).

In our earliest experiments, the photoionizing
lamp was repetitively pulsed at about 40 Hz. As
the repetition frequency was decreased, the elec-
tron loss frequency v was found to decrease. This
effect presumably resulted from a reduced accumu-
lation of negative ions as the pulse rate was de-
creased, leading to a reduction in the enhanced
electron diffusion caused by negative ions. ' As

where D~ is the ambipolar diffusion coefficient,
Af is the fundamental mode diffusion length, ' and
v~ is the diffusion loss frequency. It can be shown
that D~, and therefore v~, is inversely propor-
tional to the NO pressure. Therefore, late in the
afterglow the electron decay at each point in space
is given by

a result, all further data were taken with the
"single-pulse" method, in which a single point of
the ne versus t curve is taken from a single-
pulse afterglow, with at least 10 sec between
pulses. It was found that the measurements were
affected by the buildup of negative ions even dur-
ing the single-pulse afterglow. Empirically this
effect was minimized by reducing the photoioniza-
tion intensity to the lowest practicable value.

Examples of the "single-pulse" data obtained
under conditions of minimal negative-ion influence
are plotted as shown in Fig. 2. The frequency

lO.

o 4

CI

th

2
V
C
Ol

O'
4P

1 X

I i I » a I s I s I

0 1 2 3 4 5 6
of ter g low time (msec)

v = PD + v~ =A./P + BP2, (10)

where A. and B are constants. A convenient way
of presenting the variation of electron loss fre-
quency with pressure is the log-log plot of Fig. 3.
The solid line through the data is not a best fit to
the data, but is a curve following the pressure
variation form of Eq. (10). From the values of A
and B derived from the fit, the coefficients K
=1.2&&10 '" cm'/sec and (D+) =80 cm Torr/sec
are obtained. In the diffusion- controlled data
(p ~0. 5 Torr) of Fig. 2 some of the points lie
above the line of slope —1 by - 50%. This may be
due to some residual negative-ion effect. A fur-
ther possibility comes from the discovery of the
presence of the dimer ion (NO), + at these NO gas

FIG. 2. Measured electron-density decays in pure
NO, resulting from attachment and diffusion loss.

shift bj is plotted vertically on a logarithmic
scale; the afterglow time is plotted horizontally on
a linear scale. After a brief period in which the
higher diffusion modes decay, the data points fall
on a, straight line on the semilog plot, whose slope
is the total loss frequency v. At the lowest pres-
sure, p(NO) =0. 10 Torr, diffusion is dominant.
As the pressure is increased to p(NO) = 0. 29 Torr,
the diffusion loss decreases and therefore, the
slope v of the decay curve decreases. As the
pressure is further increased to p(NO) = 2. 1 Torr,
attachment becomes dominant and the loss fre-
quency increases.

The total loss frequency behaves as
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hand member of Eq. (12).
In order to obtain approximate solutions for

n&w(t), we make use of the empirical observation
from nitrogen-neon and neon afterglow studies "~"
that the form of the spatial distribution of electrons
and ions does not change appreciably during much
of the afterglow. Assuming a constant spatial
form, i. e. , ne(r, t) =R(r)T(t), it can be shown"
that Eq. (12) yields the solution

1/n (t) =1/n (0) + Cnt,
pw pw

(13)
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where C = [fvR'(r)dv/ Jv R(r)dv][ JVE0'(r)dv/

- FIG. 3. Measured decay frequencies in pure No at
various pressures using "single-pulse" ionization and
lowest initial electron densities. The solid line through
the data is a curve of the form A/P+BP~, the expected
form for combined attachment and diffusion loss.

IV. RECOMBINATION STUDIES

Recombination of electrons with NO+ ions in-
volves the dissociative capture process. The
electron is captured (in a radiationless transition)
by the NO+ ion to form an unstable state of the
excited molecule. If the electron is not released
by auto-ionization, the molecule dissociates into
a nitrogen and an oxygen atom, thus removing the
excess energy of the reaction as kinetic energy
(k. e. ). Schematically, this is represented by

NO + e = (NO*) t bl
-N+ 0+k. e. ,unstable

where the superscripts+ and * refer to ionized
and excited states, respectively. The rate at
which dissociative recombination reduces the elec-
tron density is proportional to the product of the
densities of the reactants (the NO+ ions and elec-
trons). This may be written as

sn /at= nn n =-nn ', -
e +e e' (12)

where n+ is the NO+ ion density and n is the two-
body recombination coefficient. If there is only
one positive-ion species and no negative ions pres-
ent, quasineutrality requires that the NO+ ion den-
sity approximately equal the electron density,
leading to the approximation given by the right-

pressures in a later apparatus with mass analysis.
The NO+ ion may be expected to diffuse less rapid-
ly than the (NO), + ion, since the NO+ ion undergoes
resonant charge exchange with an NO molecule.
An experiment with an appreciable concentration
of (NO), + ions present in the late afterglow could
then exhibit the larger diffusion loss noted.

Considering the uncertainties in determinations
of NOpressures, afterglow time, and decay con-
stant, the deduced value of the three-body electron
attachment coefficient is K=(1.3 +0. 1)x10-" cme/
sec and the ambipolar diffusion coefficient is
(DuP) = 80+ 16 cm' Torr/sec at 300'K.

Thus, if the reciprocal of n~w is plotted as a func-
tion of afterglow time, a straight line of slope,
S = Cn, is expected if recombination is the dom-
inant loss process.

Evaluation of the constant C, Eq. (14), requires
knowledge of the initial electron spatial distribu-
tion produced by the photo-ionizing radiation from
the hydrogen lamp. The problem of using this
ionization source, which falls off in the axial z
direction and varies in intensity with radius, to-
gether with the loss processes of recombination
and diffusion, to determine an initial electron
spatial distribution is extremely complicated.
When enough assumptions and approximations are
made to make the problem tractable, the results
are of questionable value, at least for purposes
of accurate (a 10%) determinations of n

The problem of the initially asymmetric plasma
distribution was overcome, with some decrease
in the linear range of 1/n&w versus t data, by
using a higher diffusion rate (the neon-buffer gas
pressure was reduced). As a result, the elec-
trons and ions diffuse a distance comparable to
the fundamental diffusion length of the cavity in
a fraction of a typical photoionization pulse period.
Consequently the electron (and ion) distribution
closely approaches the fundamental- mode
diffusion distribution by the beginning of the after-
glow.

Accurate values of n are obtained from the data
by computer solution" of the electron continuity
equation with the ambipolar diffusion term in-
cluded, i. e. ,

sn (r, t)/ t=ann'(r, -t) +D v'n (r, t). (15)

The computer program divides the cavity into a
number of cells and obtains solutions of Eq. (15)
for each cell for chosen values of n, D~, and the
central electron density at f = 0. An initial funda-
mental mode diffusion distribution (as discussed
above) has been used for the computer analysis.
The program then uses the computed electron den-
sities together with the microwave electric field
distribution to generate 1/n&w as a function of
time. Since the diffusion coefficient and the ini-
tial central density for each experiment are known,
the recombination coefficient n is the only param-
eter. By comparing a set of 1/n&w versus f
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curves for various o. s with the experimental data,
the value of n is determined.

Qur early recombination experiments were car-
ried out with p(NO)-0. 1 Torr and fr(Ne)-30 Torr.
The dominant ions observed were NO+, which was
expected, and the NO dimer ion (NO), +, which was
unexpected. The (NO), + ions were probably
formed from the NO+ ions through the reaction,

NO + NO+ Ne - (NO), + Ne,

where the Ne atom removes the energy of associ-
ation. At the higher partial pressures of NO, the
(NO), + ion wall current was greater than the NO+
ion wall current. As the partial pressure of NO
was reduced, the ratio of the (NO), current to the

+

NQ+ current decreased, until at a few mTorr only
the NO+ ion was observed. NO+ and (NO), + were
the only positive ions observed in significant
amounts at all pressures. At high partia'. pres-
sures of NO, trace amounts of NO, + and an ion of
mass 66, possibly NeNO, +, were observed. NO,
was the only negative ion observed, except for a
trace of Cl

It was also noted that the rate of decay of elec-
tron density decreased as the ratio of (NO),

+ to
NQ+ decrea, sed, and then became fairly constant
when only NO+ was observed. This implies that
the (NO)s ion has a larger recombination coef-
ficient than the NO+ ion. Therefore, any deter-
minations of the NO+ recombination rate should be
made under conditions where only NG is ob-
served, i.e. , at very low partial pressures of NO.

A. No Results

An example of the data obtained at T=300 K is
showninFig. 4. Figure 4(a)presents 1/nfiw versus

time (recombination plot); the points are the ex-
perimental data. The solid line is the computer-
generated curve for a value o. =4. 1x 10~ cm'/sec.
Our measured value DrrP = 580 +60 cm' Torr/sec
has been used for the ambipolar diffusion of NO+
ions and electrons in neon. The experimental data
follow a straight line to about t = 3 msec and then
curve upward due to diffusion, in agreement with
the computer solution. The effect of diffusion ap-
pearing in the data after only a factor of 4 in den-
sity decay is the price of using a high diffusion
rate in order to improve the form of the initial
electron spatial distribution. At I; = 6 msec the
experimental data lie above the computer solu-
tion, probably due to increased diffusion resulting
from some accumulation of negative ions. In
Fig. 4(b) the ion wall current curve and the n&w
curve are plotted on a semilogarithmic scale. The
dashed line through the NQ curve is the n~w
curve renormalized; the NO current is seen to
track the electron density.

In view of this tracking and the fact that only NQ
ions are observed, it is clear that it is recombina-
tion between NO ions and electrons that is occur-
ring with a coefficient n = 4. 1x10 'cm'/sec. Five
other measurements at T'= 300 K with various pres-
sures of NO and Ne yield the same results as the
example of Fig. 4, with the only ion present, NO+,
tracking the electron density and a computer-
generated solution for n =4. 1 x10~ cm'/sec fitting
the experimental data well. The range of NO pres-
sure is approximately 5-41 mTorr; below
this range the initial electron density is too low
for good recombination control of the afterglow,
and above this range the dimer ion (NO), begins
to appear. These n values show no dependence on
the NO pressure, Ne pressure, or the initial elec-
tron density, which is further assurance that no
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other electron loss process is interfering with the
determinations of the recombination coefficient.

To study recombination at an electron-ion-
neutral-gas temperature of 450'K, the cavity is
insulated and heated, the temperature of the cav-
ity being measured with a thermocouple. An ex-
ample of the. data obtained at T = 450 K is shown

in Fig. 5. Figure 5(a) is the recombination plot,
the points indicating the experimental data and the
solid line indicating the computer-generated so-
lution for n = 3. 1 x 10—' cm'/sec. The experimen-
tal data follow a straight line for a factor of about
6 in density decay and then depart upward in agree-
ment with the computer solution. Figure 5(b) is
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the semilogarithmic plot of the ion wall current
curve and the n&w curve. The only ion observed,
NO+, is seen to track the electron density, Again,
five other experiments at T =450'K with various
pressures of NO and Ne yield the same results as
the example of Fig. 5, with the only ion present,
NO+, tracking the electron density, and a com-
puter-generated solution for n = 3.1 & 10~ cm'/sec
fitting the experimental data quite well. It was
noted that at 450'K the dimer ion, (NO), +, first
appeared at higher NO pressures than at T = 300'K.
Again, the n values show no dependence on the
NO pressure, the Ne pressure, or the initial elec-
tron density.

To study recombination at an electron-ion-
neutral-gas temperature of 200 K, the cavity is
cooled with dry ice. The rate of formation of the
dimer ions, (NO), +, showed a great increase at
T= 200'K compared to T =300 and 450'K. The
(NO)~+ problem was so serious that in only one
pair of experiments, atP(NO) =12 mTorr, was
NO+ the only ion observed while a sufficiently
large initial electron density was obtained for re-
combination control. One of these two pieces of
data obtained at T = 200'K is shown in Fig. 6. In
the recombination plot, Fig. 6(a), the experimen-
tal data follow the computer-generated solution for
a factor of about 4 and then deviate upward. The
upward deviation is possibly the influence of an
increasingly significant concentration of the dimer
ion (NO), whose recombination coefficient is
greater than that of NO+. In Fig. 6(b) the NO+
current tracks the electron density for about the
first 3 msec and then begins to decay somewhat

more rapidly. If the total positive-ion density
remains approximately equal to the electron den-
sity, n(NO+) +n((NO), +) =ne, then the more rapid
decay of the NO+ current after 3 msec may indi-
cate an increasingly significant density of (NO), +,
as suggested previously by the appearance of the
recombination plot. The period in which the NO
current tracks the electron density is approxi-
mately the period in which the computer solution
for n = 7. 4 x 10—' cm'/sec is a good fit to the data.
Therefore, this value is taken as o.(NO ). The
data of another experiment are similar to those
of Fig. 6, with a computer-generated curve for
cl = 7. 8 &&10 ' cm'/sec fitting the data fairly well.
A slight margin of confidence is given to the data
of Fig. 6, with the result that the recombination
coefficient of NO+ ions and electrons at T = 200'K
is taken to be o, =7.4&&10~ cm'/sec.

8. (NO)& Results

The results of the early experiments in which the
(NO), + ion was observed can be used to determine
approximately the recombination coefficient of the
(NO), ion. If, as a result of rapid elluilibration
between the (NO), and the NO+ ions, the ratio of
the ion densities is constant, and we use quasi. -
neutrality of the plasma afterglow,

n —n(NO )(1+X), (17)

where X =n((NO), +)/n(NO+), Ell. (12) then becomes

Sn /tS=-[(n IX+n ) 2(1/+X)] n'= ol fp ', (18-)
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where n, and o., are the recombination coefficients
of the NO+ and (NO)2+ ions, respectively. The
form of Eq. (18) suggests introduction of an ef-
fective recombination coefficient,

n ff--(n, +in, )/(I+X). (19)

The expression for the ion wall current previous-
ly developed, Eq. (3), is for electrons and a
single positive-ion species; for electr'ons and two
positive-ion species similar expressions are valid.
Since the diffusion coefficients of the ions are, in
general, different, the ratio of ion densities in the
cavity, X, will not equal the ratio of wall currents,
R. Furthermore, electron multipliers are known
to have different secondary emission character-
istics for different ions. " There also is the pos-
sibility that a weakly bound molecule such as
(NO), + may be broken up by a collision while being
accelerated into the mass filter. To allow for
such problems, a sampling efficiency factor, I',
is introduced, defined by X =FR. Then Eq.—(19)
becomes

n ff
= (n, +ERn, )/(I +FR) . (2o)

An example of the dimer-controlled recombina-
tion data which was obtained is shown in Fig. 7(a).
The gas pressures are p(NO) = 200 mTorr and
p(Ne) =15 Torr and the temperature is 300'K. On
the recombination plot, the experimental data are
seen to follow a straight line, as would be expected
for recombination control, from 0.6- t ~2. 6 msec
with a slope of S =35x10 ' cm'/sec. In Fig. 7(b)
the ion wall currents and n&w are plotted semi-
logarithmically. The NO+ current, initially
greater than the (NO)2+ current, quickly decays to
the equilibrium value, and the (NO), current be-
comes dominant at about 0. 7 msec. This is due
to conversion of the NO ions to (NO), ions
through reaction (16). In Fig. 7(b), the dashed

n ff
- S/2. 2 .

eff
(21)

In the data from these experiments, the ratio of
the observed wall currents, R = (NO), /NO+, re-
mains fairly constant in the afterglow period when
the recombination plot is a straight line, support-
ing the equilibrium density assumption used in
deriving Eq. (19).

In Fig. 8, the effective recombination coeffi
cients neff derived from Eq. (21) are plotted
versus R, the ratio of the observed wall currents.
The data proceed from a value of jeff = 4. 1 x 10
cm'/sec for essentially no observed (NO), + ions

line through the (NO), current is just the n„w
curve renormalized. Thus it is the (NO),

+ son
that "tracks" the electron density from t = 0. 6 to
t = 3 msec, the period in which the recombination
plot is a straight line. Therefore the recombina-
tion coefficient n, corresponding to the slope S,
in this plot would be almost entirely due to recom-
bination of electrons with (NO), + ions.

As the partial pressure of NO is decreased while
keeping the Ne pressure constant, the recombina-
tion slope S and the relative importance of (NO),

+

with respect to NO+ also decrease, until a point is
reached at which the slope remains fairly constant
and the only ion detectable is NO+. This constant
slope, S= 9. Ox10 ' em'/see, corresponds to the
established value of the NO recombination coef-
ficient n(NO+) = 4. 1&&10 ' cm'/sec at T = 300 K.
The constant C in Eq. (13) is therefore equal to
2. 2. This value is reasonable, since the C value
of the experiments at the low neon pressures dis-
cussed earlier is 1.5. Furthermore, a calcula-
tion of. C for these high neon pressure experi-
ments, using a crude model of the initial electron
distribution, gives a value of 2. 1. If C is assumed
constant, then me may evaluate oj.eff from the
slopes 8 of curves of the type shown in Fig. 7 by
use of the equation
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up to approximately nef f = 1.6x 10~ cm'/sec for
R = 6. The predicted variation of ref f with R,
Eq. (20), with parameters n, = 1, Vx10~ cm'/sec
and F = 2. 2, is indicated by the solid curve in
Fig. 8, and is seen to provide a good fit to the
data. Therefore, it is concluded that at T =300'K
the (NO), + ion recombination coefficient is

[n( N)O, +]=1.7x10 ' cm'/sec. Furthermore, the
inferred value F = 2. 2 for the relative sampling
efficiency suggests that nothing very drastic is

occurring in the ion sampling process.
The principal uncertainty in determining the

values of the NO+ recombination coefficient arises
in fitting the computer solutions of the continuity
equation to the experimental data. Computer
curves with n values slightly different than the a
value of the "best fit" computer curve can still
satisfactorily fit the data. This results in an ap-
proximate + 5% uncertainty in the value of n Sys-.
tematic errors in measurements of frequency shift
and afterglow time probably are - 1%. Therefore,
we assign values for the recombination coefficient
of electrons and NO+ ions of n(NO+) = (7.4 + 0. 7),
(4. 1 ~o.",), and (3. 1 + 0. 2) x 10 ' cm'/sec at T = 200,
300, and 450 K, respectively. Considering the
uncertainties in the value of n(NO+) and in the ex-
perimentally determined ratio of n(NO )/n((NO), ),
we assign a value for the recombination coeffi-
cient of electrons and (NO), + ions of n((NO), +)
=(1.7+0.4)x10~ cm'/sec at T= 300'K.

It is customary to attempt to assign a power-law
temperature dependence, T, to the recombina-
tion coefficient, although such simple temperature
dependences only occur under rather special cir-'
cumstances. " A T dependence can be fit to the
n(NO+) determinations, but it appears forced, and
the results are felt to be more accurate than this
would imply. Actually, the recombination coef-
ficient apparently varies more rapidly with tem-
perature between 200 and 300'K than between 300
and 450 K.

V. DISCUSSION

The recent literature contains several studies of
electron loss processes in NO. Gunton and Shaw'4

(GS) photoionized (using "single pulses" of X= 1216
A radiation) purified NO and NO-Ne mixtures
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within a 10-6Hz microwave cavity and used a
microwave technique to measure the electron-
density decay. They utilized a diff erentially
pumped mass spectrometer, and at low gas pres-
sures observed only NO+ and NO, ions; unfortu-
nately, their mass spectrometer did not function
under the higher gas pressure conditions of the
recombination measurements. GS also noticed
the decrease in the apparent recombination coef-
ficient with decreasing NO partial pressure, but
attributed it to negative-ion effects. Their value
of the three-body attachment coefficient, K= (2. 2
+0. 2) x10—"cm'/sec, at T = 300'K is about 70%
greater than that of the present experiment; in
this case, the lower value (present results) should
more nearly represent the correct value, since
negative-ion effects increase the apparent attach-
ment rate. Their value of BOP =83+8 cm' Torr/
sec at T = 300'K agrees well with the present value.
Without simultaneous ion identification, GS found
values of the NO+ recombination coefficient of
n=(10+~) (4 6+ ) and (3 5+ ')x10 ' cm'/sec
at T =196, 298, and 358'K, respectively. Their
values at T= 298 and 358'K agree with the present
results; that at T = 196'K is somewhat higher,
probably due to the influence of the dimer ion (NO), +.

Young and St. John" (YS) used chemi-ionization
in mixtures of N, 0, and N, to produce NO ions.
Vhth this method of ionization, neutral NO mole-
cules were not present, so there was the apparent
advantage of being free of (NO), + ion formation.
However, there was no mass analysis to identify
the dominant ion. Currents arriving at the pulsed
collector electrodes were used to measure the
rate of growth and the equilibrium value of the
density. YS assumed that in their experiments
NO+ was the dominant ion, that there were no neg-
ative ions present, that there were no other loss
processes (such as diffusion) occurring, and that

the ion and electron densities were spatially uni-
form. They obtained a value of the NO+ recom-
bination coefficient of (5+2)x10~ cms/sec at
7 =300'K; the present, more accurately deter-
mined value lies within this range.

In an early experiment to measure the recom-
bination rate of NO+, Doering and Mahan" photo-
ionized (using X = 1236 A radiation) purified NO
gas in an apparatus without mass analysis. From
negative probe currents at equilibrium ion density,
obtained under conditions of high diffusion loss,
they estimated an upper limit of the recombina-
tion coefficient of 2x10 ' cm'/sec. From posi-
tive probe currents from a decaying plasma they
obtained a range of values for the recombination
coefficient from 2x10 ' to l. 4x10~ cm'/sec;
this large range encompasses the value of the
present experiment.

Mentzoni and Donohoe" (MD) ionized unpurified
NO gas with a repetitively pulsed electrical dis-
charge. Electron-density decay was measured
with a microwave technique; there was no mass
analysis. Lack of ion identification was most
unfortunate, considering the probable creation of
many neutral and ionized species in an electrical
discharge in. NO, accompanied by the accumulation
of negative ions. MD obtained values of the re-
combination coefficient from 2. 6~10 ' to 8, 0
xl0 ' cm'/sec, which encompass the value of the
present experiment.

Thus, the present results provide an improved
determination of the recombination coefficient,
n(NO+) over the temperature range 200-450'K,
free of interference by the dimer ion (NO)2+. In
addition~ the dimer ion recombination coefficient,
n((NO), ), has been measured for the first time.
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