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MEASUREMENTS OF DISSOCIATIVE RECOMBINATION OF CO~+ IONS WITH ELECTRONS*

Charles S. Weller and Manfred A. Biondi
Physics Department, University of Pittsburgh, Pittsburgh, Pennsylvania

(Received 9 June 1967)

Recently, models of the Martian ionosphere
have been proposed in an effort to explain elec-
tron-density and neutral-atmosphere -density
data obtained from the Mariner IV occultation
experiment' and from earth-based spectral
observations. A feature of these models is
the critical dependence of the predicted iono-
spheric electron density on the value of the
dissociative recombination coefficient e(CQ,+)
between electrons and CO,+ ions, with some
modelss apparently demanding an unusually
large coefficient, -10 8-10 ' cm'/sec, in the
temperature range 130-300'K.

In view of the urgent need for a quantitative
determination of this coefficient, we have ap-
plied our microwave-afterglow differentially
pumped quadrupole mass spectrometer appa-
ratus, 4 shown schematically in Fig. 1, to the
study. The gas mixture (typically -5 & 10
Torr CO, and 10 Torr of neon) within a copper
TMogp micr ow ave cavity is ionized by power
from a, pulsed magnetron (pulse length -0.5

msec). The electron density is determined
by the standard cavity frequency shift technique, '
in which a low-energy probing signal from the
klystron is used to determine the resonant fre-
quency of the cavity as a function of time dur-
ing the afterglow.

Some of the ions diffusing to the cavity wall
effuse through a small (0.015-in. -diam) orifice
in the bottom of the cavity and into the differ-
entially pumped quadrupole mass spectrome-
ter. A channeltron ion multiplier at the out-

put has sufficient gain to permit individual ion
counts to be detected and stored in a multichan-
nel analyzer (operated in a multiscaling mode
and synchronized with the magnetron pulse).
In this way the mass-identified ion currents
diffusing to the wall are determined as a func-
tion of time in the afterglow. The gas-handling
system is of the ultrahigh vacuum type, per-
mitting long-term bakeout at high temperatures
to reduce contaminants. to negligible levels.

The apparatus is operated in a "single-pulse"
mode, in which one frequency-shift point is
determined in each pulse-afterglow cycle, the
ionizing pulses are repeated at sufficiently
long intervals (& 10 sec) to permit the plasma
to decay completely, and the ion counts for
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FIG. 1. Simplified block diagram of apparatus using
microwaves to determine the electron density and a dif-
ferentially pumped quadrupole mass spectrometer to
measure ion wall currents.
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each pulse-afterglow cycle are added togeth-
er in the multichannel analyzer (-100 pulse
afterglows are typically used). In this way,
negative-ion accumulation effects are avoid-
ed, while data are readily obtained for the elec-
tron density and ion current versus time.

By adjusting the gas mixture and ionizing-
pulse length we can obtain afterglow conditions
in which electron-ion recombination is the dom-
inant process, a single positive-ion species
predominates, and negative ions are negligi-
ble in concentration. Under these conditions
the decay of electron density ne is given by

Bn /Bt= an +D—V n
e e a e'

where we have used the quasineutrality of a
plasma to set n+-n~, and D~ is the ambipo-
lar diffusion coefficient of CO,+ ions and elec-
trons in neon. Since the first term on the right
of Eq. (1) is dominant, the electron density
decay in the early afterglow is approximated
by the "recombination solution, " 1/ne = 1/n 0
+ et. The effect of the diffusion term on the
electron spatial distribution in the cavity and
the loss rate is obtained by computer solution
of Eq. (1) for cylindrical geometry. 7

An example of the observed electron and ion
decays at 300'K in Co, -neon mixtures' is shown
in Fig. 2. We plot the reciprocal of the "mi-
crowave average" electron density (defined
by n&~—= fvolneE'dV/f lE'dV, where E is
the microwave field strength) in Fig. 2(a), while

the ion wall currents and the electron densi-
ty are plotted on a logarithmic scale in Fig.
2(b). It is found that CO,+ is the dominant ion
throughout the afterglow, the O,+ ion current
remaining at a low level. The Q,+ is believed
to originate from Penning ionization of CO or
0 produced by dissociation of CQ, in the mi-
crowave discharge, rather than from the neg-
ligible Q, -molecule impurity. The O+ and CO+
iona quickly (-30 )Ls) are converted to 0,+ on
reaction with CQ, .

The initial decay (the first msec) of CO,+ wall
current follows the electron decay, then becomes
faster later in the afterglow. Such behavior
is consistent with the fact that the recombina-
tion coefficient for O,+ ions, o.'(O, +) = 2.2 && 10
cm'/sec, ' is substantially smaller than for
CO,+ ions. As a result, as time progresses,
the relative 0,+:CO,+ concentration increas-
es, ne becomes noticeably greater than n(CO, +),
and the faster CO,+ decay is to be expected.
One can assess the effect of the Q,+ on the de-
termination of o.(CO,+); it is included in our
evaluation. The computer fit of the solution
to Eq. (1) to the data gives a value n(CO, +) = (3.8
+ 0.5) x 10—' cm'/sec at T = 300'K. The coef-
ficient does not vary beyond these limits as
p(CO, ) is varied from 2 & 10 4 to 2 &&10 s Torr
and p(lee) from 4 to 10 Torr.

Preliminary studies at T = 210'K yield lin-
ear curves of I/n&~ versus t comparable with
that shown in Fig. 2(a). However, it has not
been possible to observe the ion-current decays,
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FIG. 2. (a) Recombination loss of electrons displayed by plotting 1/np~ versus time. (b) Semilogarithmic pre-
sentation of the decay of ion wall currents during the afterglow compared with the volume electron density decay.
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since the signals cut off early in the afterglow.
At low CO, pressures, a value -4x10 ' cm'/
sec is noted at =210'K.

The CO,+ ions in the present study should
be in the same ground electronic state (X'llg)
as those encountered in the photoionized Mar-
tian ionosphere, considering the energetics
of their production from neon metastable atoms
via the Penning reaction. Less can be said
of the vibrational state of the ions, although
available information on quenching of CO, vi-
bration by noble gases' suggests that the ions
may have been reduced to their ground vibra-
tion state within 10 4 sec. For these ions, the
value of n(CO, +) at Te=T+=Tgas=300'K is
found to be (3.8+0.5) x 10 ' cm'/sec, while
at -210'K it appears to be of the same order.
Since it is doubtful that the room-temperature
value is in error by more than the stated amount,
and no remarkable increase in the coefficient
seems to occur at 200'K, the present results
suggest strongly the need for modification of
the Martian ionospheric models to conform
to values of o.(CO2+) substantially less than
10 6 cm'/sec.

The authors wish to thank J. Mehr for his
assistance with the computer calculations and
T. M. Donahue for stimulating discussions of
the Martian ionospheric analyses.
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RUTHERFORD SCATTERING OF PROTONS IN
THE SURFACE LAYERS OF A TUNGSTEN SINGLE CRYSTAL
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Measurements of Rutherford scattering yields
in single crystals have, during the last two
years, been used to obtain information about
the motion of fast charged particles through
single crystals. ' In the experiments, a very
marked decrease in scattering yield is found
whenever the particle beam is aligned within
a certain critical angle ge of a major crystal
axis. The observed critical angles have been
in good agreement with the theoretical estimate
of Lindhard, '

ge = (2Z1 Z2 e'/d&)"'. Z, and Z,
are the atomic numbers of the particle and the
crystal atoms, respectively, e is the electron-

ic charge; E is the particle energy, ' and d is
the repetition distance of the atoms in the crys-
tal axis parallel to which the particles entered
the crystal. ge is typically of the order of 1'.

The minimum yields observed hitherto, have,
with few exceptions, been higher than the the-
oretical estimate for a perfect crystal by a
factor of 2-10 depending on the target materi-
al. The theoretical estimate is based on the
assumption that only those particles in the ex-
terior beam which hit the crystal surface with-
in -a [the screening distance in the Thomas-
Fermi atomic potential, a =0.46(Z, ' '+Z2' )

—' '
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