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Two-Body Recombination of NO' with NO2 and NO3 Measured
in a Thermal Plasma at 300'K~
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Two ionic neutralization reactions have been studied with a mass spectrometer and
with a planar rf-conductivity probe in the decay of a dilute thermal plasma at 800 K pro-
duced by megavolt-electron bombardment of N2. 0& mixtures at 2 to 22 Torr. For NO'
+NO2 recombination we obtain a rate coefficient of (1.75+0.6)x10 ~ em~/sec, and for
NO+ + NO& recombination, (8.4+ 1.2) && 10 8 cm~/sec.

Two ionic neutralization reactions, the recom-
bination of NQ' with NO, and that of NO' with

NQ, , have been studied at 300'K with a mass
spectrometer and a planar rf-conductance probe
in the decay of a pulsed, dilute thermal plasma
in airlike N, :0, mixtures at 2 to 22 Torr. The
measured recombination coefficients concur with
recent upper-bound calculations, ' but not with
the merging-beam results of Peterson, Aberth,
and Mosely.

Few measurements of recombination between
positive and negative ions have been reported' ";
prior to the merging-beams measurements, ""
the recombining ions were not positively identi-
fied. Such meager data have made it difficult to
assess the various theoretical approaches to re-
combination. " In previous ion-ion recombina-
tion studies in plasmas, two-body recombination
is obscured by ionic diffusion in typical labora-
tory chambers. Mahan and Person' measured a
coefficient of 2.1x10 ' cm'/sec (without ion iden-
tification) for what they believed to be the recom-
bination of NO' with NO, , as the low-pressure
limit to a pressure-dependent three-body reac-
tion rate. For N, as the third body, their data
yield a three-body coefficient of 4.0x10 'P cm'/
sec for P in Torr. McGowan' has measured ion-
ion recombination coefficients in air at pres-
sures above 50 Torr. His value, 2.2x10 ' cm'/
sec at 1 atm and 25'C, agrees with the earlier
work of both Gardner' and Sayers, ' but not with
the high-pressure value of Mahan and Person'
nor that of Ebert, Booz, and Koepp. "

In a merging-ion beam experiment, Peterson,
Aberth, and Mosely' obtained recombination coef-
ficients at 300 K of 5.1x10 ' cm'/sec for the NO'

+NO, reaction and 5.0x10 ' cm'/sec for the
NQ'+ NQ, reaction. Although the merging beam
technique" avoids diffusion and provides ion
identification, the ions are epithermal, and re-
sults must be extrapolated to 300'K; also the
ions may not be in their ground state.
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FIG. 1. Schematic representation of reaction cham-
ber and associa. ted equipment. This stainless-steel ul-
trahigh-vacuum chamber is bakable and contributes
less than 1 ppm of impurities to the gas during an ex-
periment.

The experiments described here utilize a large
reaction chamber with a fundamental diffusion
length A of 15.2 cm. The gas is uniformly ion-
ized over its 700-liter volume to minimize fur-
ther ion loss by diffusion. " Recombining ions
should be in thermal equilibrium with the gas
since the ion collision frequency with the neutral
I,as is about 10'/sec at these pressures while the
measured recombination removal frequencies
a.re about 20/sec.

Experimental techniques. 1 MeV—el-ectrons ir-
radiate the gas in the cylindrical chamber shown
in Fig. 1. Secondary electrons from the primary-
electron impact contribute to the total ionization;
the gas targets are "thick" for secondaries and
"thin" for primaries. The fractional ionization
is about 10 ' during continuous irradiation"";
for ion densities encountered in this work, the
plasma Debye length is &0.1 cm. Qpposite the
foil is an insulated plate used as a planar rf-con-
ductivity probe.

Initially the electron bombardment produces
Q, ', N, ', O', N', and secondary electrons; the
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secondaries rapidly thermalize and attach" to
Q„yielding 0, . A series of chemical reactions
ensues; after an irradiation of about 30 min,
chemical quasiequilibrium 18 established and
NQ', NQ, , and NQ, become and remain the
dominant ions. Ion diffusion-loss rates, of the
order of 0.1/sec, are small compared to the
measured rates for the dominant charge-removal
mechanism, ion-ion recombination. A small
fraction of the ions does diffuse to the chamber
wall, however; some of these effuse through a
thin aperture 6.2&10 ' cm in diameter into a low™
pressure region where they are focused and ac-
celerated into the mass spectrometer.

For the recombination measurements, the elec-
tron beam is switched repetitively onto the gas
for 500 msec, then off for 500 msec. Time-re-
solved afterglow ion currents are accumulated in
a multichannel analyzer; ion counting rates are
less than 10'/sec. Conductivity measurements
are simultaneously made; the 0.1-V/m, 1-kHz
rf probing field does not perturb the plasma.
Charge density is obtained from the real part of
the conductivity o derived from the Boltzmann
equation for an isotropic plasma: Rea =1/R
= (const)g»PE»/sz»v», wllele 71(„Pl», and v» al'e
the number density, mass, and effective colli-
sion frequency of charge species k. (The applied
frequency cv is much smaller than v». )

The mass-spectrometer ion curxent J„can be
shown" to be related to n»(t) by J»(t) =S»n»(t)
x[D»v„»(t)]'", where D» is the diffusion coeffi-
cient (assumed constant for each ion), v„»(t) is
the volume loss frequency, and S~ is a function
of aperture geometry„gas pressure, and mass
spectrometer efflclency. By def1Illtlon -Pl p v„p
=en»/st, so that -n»sn»/st =Z»'/D»S»'; this Ber-
noulli-type nonlinear differential equation has the
solution

n„(t) =[a, '(0)-2D, 'S, 'f Z, '(t)dt]'".

Results. —From mass spectra obtained under
quasiequilibrium conditions, we find that NQ
constitutes about 69% of the positive-1011 density;
NO, and NO, together constitute about 72 /0 of
the negative ions. These fractions change little
in the early afterglow (-10 msec). The other ions
do not appear to take part in the recombination
process, since they decay exponentially. We as-
sume charge equality for the three-ion subsystem
throughout the afterglow, the coupled differential
equations assumed to govern the afterglow of
this subsystem (brackets indicate ion densities)

are"

8[NO, ]/et =o., [NO, ][NO'j,

a[NO, ]/st =~,[NO, ][NO'],

a[NO']/at=a[NO, ]/st+s[NO, ]/st (2)

e

NO&

4
v~

~~J(NO, )

I

5xlO 8

I I
2x lOS I ~

NO+

'Qg()@@~5 6IQgp g
&l)

l08 u x x p(NO- ).

E
O

EL
UJ
ca

z

V)

C3

O

2xl07

I
0&

NOj

g 0
XgO

X C
X 0

lO i l
l

0 5 IO 15 20 25 50 35 40 45 50 55 60 65 70 75
TlMF (lns)

FlG. 2. Mass-spectrometer ion currents versus
time in the afterglow are shown at the top of the figure;
the solid curves were drawn through 75 data-channel
points from the multichannel analyzer. The points on
these curves show the 26 times at which the data were
digitized for further analysis. Circles in the lower
part of the figure indicate the densities computed from
the data as described in the text; crosses show the re-
constructed afterglow densities computed from the rate
equations.

Figure 2 shows the NQ', NQ, , and NQ, mass-
spectrometer currents in the afterglow at 4.3
Torr and the ion densities calculated from them
using (1). Six constants, two for each ion, are
needed to obtain the ion densities; from the de-
rived densities, the ion-ion recombination coef-
ficients n, and n, are calculated. The constants
are deduced from a computational fit constr ained
by two criteria: Charge equality should hold
throughout the afterglow, and the resulting ini-
tial loss rate for NQ' should be related to the
previously measured total positive- ion produc-
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tion rates'4 by

a[NO'] jst~, , =0 69.KPj

=7.18&10' cm ' sec ',

where 0.69 is the ratio of NO+ to total positive-
ion density, K is a constant, and j is the electron
beam flux. At 26 points in the afterglow, ion den-
sities, loss frequencies, and o., and n, are cal-
culated for various sets of the six constants.
Loss frequencies are obtained from the derived
densities by a six-point finite-difference scheme.
The best fit (shown in Fig. 2) satisfies charge
equality to better than 5% throughout the after-
glow, yields a calculated value for (3) of 7.05
x10' cm'/sec, and produces recombination coef-
ficients from (2) which are constant to within 15 /o

throughout the measured afterglow. The average
values obtained are a, =1.75x10 " cm'/sec and

n, =3.4x10 ' cm'/sec. Figure 2 includes ion-
density afterglows reconstructed from the rate
equations (2) with the recombination coefficients
and initial ion densities computed from the data.
The agreement between the density decays com-
puted directly from the data and those recon-
structed from (2) corroborates our interpreta-
tion of these data. "

The time-varying plasma resistance in the af-
terglow (Fig. 3), R(P, t) =R(P, 0) +f(P)t, yields
total ion densities having the form of the recom-
bination- controlled afterglow: 1/n(t) = 1/n(0)

2.0

+et. For a single positive ion, NO, we have
R '(0)BR(t)/st = G=n[NO+] at t =0, where o. is
the effective NO' recombination rate. Since
s [NO'] /st = o.[NO'] ', then n = G'/KPj . Between
15 and 22 Torr, n =(4.0+ 1.0) x10 ' cm'/sec, in
agreement with the 4.3-Torr mass-spectrometer
result for the NO, NQ, recombination; this in-
dicates that three-body contributions to this reac-
tion are small at pressures up to 22 Torr. At
lower pressures, the effective recombination co-
efficients increase with decreasing pressure.
At 2 Torr, where NO, dominates the negative-
ion spectrum, the effective rate coefficient from
the conductivity data, (2.2 + 0.4) x 10 ' cm'/sec,
is close to the mass-spectrometer result for n, .
Computed diffusion-loss rates are less than 5%
of the recombination-loss rates for the after-
glows in Fig. 3.

Conclusion. —We have measured ion-ion recom-
bination-rate coefficients for two important iono-
spheric reactions" at thermal energies, NQ'

+NO, -neutrals, and NO'+NO, -neutrals, us-
ing two complementary techniques. The conduc-
tivity measurements extend the detailed mass-
spectrometer results, obtained at one pressure,
over the entire pressure range studied, 2 to 22
Torr.

Major sources of error are a 30/o uncertainty
in the NO' production rate and a 20'%% error for
data-fitting uncertainties and contributions from
competing processes. " For three-body contribu-
tions to the rates, the results of Mahan and Per-
son' indicate a value of 2x10 ' cm'/sec for n,
at 4.3 Torr; our result is consistent with this.
We see no evidence for a three-body contribu-
tion to n, up to 22 Torr; thus it is probably less
than 5x10 'OP cm3/sec (P in Torr).

The final results and estimated errors are
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FIG. B. Real part of plasma impedance versus time
in the afterglow for a range of pressures and electron
beam fluxes. Straight lines drawn through the data
points indicate ionic-recombination control of plasma
density.

n, (NO'+NO, ) =(1.75+ 0.6) xl0 ' cm'/sec;

o.,(NO++NO, ) =(3.4+1.2) x10 ' cm'/sec.

They agree with Olson's calculations, ' n, ~ (1.6
+0.4) x10 ' cm'/sec and n, « (13+ 5) x10 ' cm'/
sec; o., agrees with the experimental results of
Mahan and Person' as well. The considerable
discrepancy between our results and those of
Peterson, Aberth, and Mosely' may indicate vi-
brational or electronic excitation in their merg-
ing ion beams.
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The ground-state energy of a charged-boson gas at high density is re-examined and it
is found that Brueckner's exact result for the second-order energy is reproduced pre-
cisely by Feenberg's variation-perturbation method.

In recent years the charged-boson gas has been an interesting subject in the theoretical study of
many-body boson problems. The ground-state energy of the system at high density was first evaluated
exactly to second order by Brueckner, ' who carried out complete summations of one- and two-ring
diagrams using the Bogoliubov theory; his exact result is'

E/N= 0 8031/-r, . ~ +0.0280+0(r,"),
which agrees numerically with the variational result obtained by I ee and Feenberg in the Bijl-Dingle-
Jastrow (BDJ) wave-function space. Because of this numerical agreement considerable energy has
been expended in attempts to prove that two results agree analytically. The purpose of this report is
to clarify this point by showing that the variational energy is higher in second order than the exact en-
ergy by an amount exactly equal to the energy shift generated by the three-phonon vertex. '

In order to evaluate the difference between the exact and variational energies in second order, here
we introduce

1/4
t=

v 2 4nme'p h, t"=t-t', &u=[1+t j', S=t /, Q)=f +f '+f "=f(t)+f(t')+f(t").
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