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Measurements of the temperature dependence of the dissociative recombination coefficients
n in Ne~ and Ar2 are reported under conditions in which T= T = Te. For both gases, the low-

temperature variation of 0. was found to have an exponent of —0.5 0'1, while at high temper-+ 0.2

atures the exponent was -1.5y 0.1. The break between the high- and low-temperature de-
pendencies, which occurred at 900'K for neon and at 670'K for argon, is seen to be a mea-
sure of the spacing between the ground and first vibrational levels in these molecular ions.

Recent measurements reported by Biondi and
co-workers on the variation of the molecular ion-
electron dissociative recombination coefficient o.
with electron temperature Te, show that the de-
pendence described by n = n, ( Te/300) & is fol-
lowed, and that y = 0.43 for ' Ne,+ and 0.67 in the
case' of Ar,+. These results were obtained using
the elevated electron temperature technique in
which the decaying afterglow contained in a micro-
wave cavity has the electron temperature raised
to predeterminable values by means of a constant
microwave heating field; the ions are presumed
to be at room temperature.

However other measurements in argon' have
shown that when the gas, ion, and electron tem-
peratures are equal, T=T; = Te, the recombination
coefficient behaves as n = n, (T/300) " in the tem-
perature range 1000 -3000 K. It is of interest
that recent measurements4 in NO+ show a similarT-"dependence in the range 2000 K& Te & 7000 K-
In this case the translational temperature of the
ions varied between 2000 and 7000 K in a nozzle
expansion and the electron temperature was, de-
pending on the distance downstream from the noz-
zle, equal to or greater than the gas temperature.

The technique employed by Fox and Hobson has
now been developed for use in a 4-cm-i. d. shock
tube which gives longer experimental time in the
flow between the shock front and contact surface.
The apparatus is shown schematically in Fig. 1
and will be described in detail elsewhere. Shock
waves in the Mach number range from M =1.5 to
M =6 are driven into neon and argon raising the
temperature of the test gas to a precisely deter-
minable value in the range 450'K& T& 3500'K.
A geometrically well-defined plasma e1lipsoid is
created in the electrode region by means of a
single pulse of rf power of about 800 p.sec dura-
tion. The rf pulse is triggered using an up-
stream platinum film detector and is terminated
before the advancing shock wave reaches the elec-
trode region. Suitable electrode orientation is

used to ensure a radially isotropic afterglow, as
shown, and this is determined by scanning a col-
limated photomultiplier across the tube diameter.
The plasma ellipsoid is swept into the advancing
shock front and moves between shock front and
contact surface as the shock heated gas travels
down the shock tube. Gas and ion temperatures
are equalized within a few collisions in the shock
heated gas, and the electron temperature is
brought to equilibrium with the gas in about 10'
collisions; this represents a time of about 20
p. sec under typical conditions. Measurements of
ion number density in the plasma at later times
are made by the double probe detectors indicated.
The latter are positioned so that the plasma has
spent about 500 p, sec in the shock heated gas be-
fore encountering the first probe at which a typical
number density recorded was about 10" ions cm '.
The particle flow behavior with time between
shock front and contact surface is now well
known'y' and can be determined readily from the
flow parameters, Initial pressure in the shock
tube is set so that the pressure in the shock heated
gas is greater than 20 Torr, thus limiting diffusion
effects.

The difference current id measured between the
elements of a double probe with saturation voltage
applied between them and in a supersonic flow has
been related to ion number density by means of

i = 4' Ae(skT /vm )'~',
d + +

and this will be discussed further elsewhere; a par-
tial discussion is contained in Ref. 7. The mea-
surements in Ar, in a 1-cm-i. d. shock tube, re-
duced on the same basis (referred to as raw probe
data in Ref. 3), are included in Fig. 3 and are
seen to agree well with the present results. Plots
of l/n versus f over about 1 msec gave straight-
line relationships from which e was obtained at
the corresponding gas temperature.
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FIG. 1. Experimental apparatus.

The results for Ne,+ recombination are shown in

Fig. 2 which includes the value &go=1. 7+0. 2
x 10 'cm'sec ' at 300'K deduced by Frommhold,
Biondi and Mehr' by comparing a number of ex-
perimental vajues (see Sec. V of Ref. 1). The
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FIG. 2. Variation of the dissociative recombination
coefficient n for neon with temperature under conditions
where T= &~= Te. The results of Frommhold et al.
measured ader the conditio~ T~ & T~ = 300'K are shown
for comparison.

results obtained by these authors using their ele-
vated electron temperature technique are also
shown. Above 900'K their temperature depen-
dence Te "' differs substantially from the T "
measured in the shock tube under the conditions
T = T; = Te. However, below 900 K there is good
agreement between the two sets of results both in
temperature dependence and in absolute values.

The results for Ar2+ recombination are shown
in Fig. 3, including the 300 K values reported
by Oskam and Mittlestadt' and Biondi. ' The
experimental values reported recently by Mehr
and Biondi' are also shown. These are seen to
include a value of 0, =8. 5+0.8x10 cm'sec '
at 300 K. Above 670 K the elevated electron-
temperature measurements give a dependence of
Te '" in contrast to the shock-tube results which
are close to T ". Below 670'K both experi-
mental results are in substantial agreement as to
temperature dependence and differ only in abso-
lute value. The shock-tube results below 670'K,
extrapolated using a T ' "dependence give an
absolute value of n0 = 6. 5 && 10 ' cm', sec ' at 300'K
more in agreement with the lower values reported
previously. However, this relatively small dif-
ference will, not be labored here as the current
interest lies in the temperature dependence.

The temperature dependence of dissociative
recombination involving only ground-state mole-
cular ions has been discussed by Bardsley, "
and it is predicted that this should be Te ". In
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FIG. 3. Variation of the dissociative recombination
coefficient n for argon with temperature under conditions
where T= T~=T~. The results of Mehr and Biondi,
measured under the condition T~ & T~ = 300 K are shown

for comparison.

associated with recombination involving vibration-
ally excited states of the molecular ion. " An
analysis by O' Malley" satisfactorily embraces
both Biondi's and our results. The latter analysis
relies on the cross section for dissociative re-
combination of ground-state ions o, being very
much greater than the corresponding az for vibra-
tionally excited ions. The shock-tube results, and
the NO+ results, 4 are consistent with such varia-
tions in cross section. Furthermore the points
at 900'K in Ne, and 670'K in Ar, at which ground-
state recombination is depleted, due to the onset
of vibrational excitation, provide an indication of
the spacing between the ground and first vibra-
tional states in Ne,+ and Ar,+, respectively.

It should be noted that the limited temperature
range over which ground-state recombination per-
sists in our results does not at present enable the
temperature variations of the ground-state recom-
bination rate to be established with the precision
stated in Biondi's elevated electron temperature
experiments which are able to cover a much
larger range in electron temperature. The pres-
ent results may be more formally ascribed to the
following temperature dependencies:

+0 2
Oi5 0 ] lower-temperature region,

the case of NO+ recombination, Bardsley" has
calculated that variation of the crossing point of
the neutral molecule repulsive potential curve
and the ground-state molecular ion curve within
the Franck-Condon region can lead to variations
in the range Te "to Te-''. Biondi's results
for Ne,+ and Ar, are not therefore in dis-
agreement with the ground-state recombination
mechanism. The stronger temperature depen-
dence of T ''reported here for Ne,+ and Ar,+ is

T "+ ' higher-temperature region.

ACKNOWLEDGMENT

This work has been partially supported under
Science Research Council Grant No. B/SR/1842.
One of us (AJC) is grateful to the Ministry of
Education for Northern Ireland for financial as-
sistance.

Present address: Department of Physics, York
University, Toronto, Canada.

L. Frommhold, M. A. Biondi, and F. J. Mehr, Phys.
Rev. 165, 44 (1968).

F. J. Mehr and M. A. Biondi, Phys. Rev. 176, 322
(1968) .

3J. N. Fox and R. M. Hobson, Phys. Rev. Letters 17,
161, (1966),

4M. G. Dunn and J. A. Lord, Cornell Aerospace Lab-
oratory Report No. CAL A1-2187-A-10, 1968 (unpub-
lished) .

H. Mirels, Phys. Fluids 9, 1907, (1966).
6J. N. Fox, T. I. McLaren, and R. M. Hobson, Phys.

Fluids 9, 2345 (1966).
T. I. McLaren and R. M. Hobson, Phys. Fluids 11,

2162 (1968) .
H. J. Oskam and V. R. Mittelstadt, Phys. Rev. 132,

1445 (1963).

M. A. Biondi, Phys. Rev. 129, 1181 (1963).
J. N. Bardsley, J. Phys. B 1, 349 (1968).

iiJ. N. Bards1.ey (private communication).
i2 R. M. Hobson, in Proceedings of the Fourth Yugoslav

Symposium on Plasma Physics, 1968 (to be published).
T. F. O' Malley, Phys. Rev. 185, (1969); fol-

lowing paper.


