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Chemi-ionization in Collisions between Helium Metastable Atoms and Argon*
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We have measured cross sections for chemi-ionization in thermal energy collisions of
He(2 8) and He(2 S) metastable atoms with argon using both crossed-beams and gas-cell
techniques. The results indicate that several earlier measurements of these cross sec-
tions were in error.

In recent years there has been a resurgence of
interest, both theoretical and experimental, in
collision processes involving chemi-ionization.
The present state of knowledge regarding these
processes has recently been reviewed by Rundel
and Stebbings. The majority of interest has cen-
tered around thermal energy collisions of He(2'S)
and He(2'S) metastables with various target gas-
es. For a given gas, measured cross sections
for He(2'S) metastables have generally been in
agreement, while those for He(2'S) metastables
have differed greatly. ' '

In the present experiment, both a crossed-
beams technique and a beam-gas-cell technique
have been used to measure the thermal-energy
cross sections for chemi-ionization in collisions
of He(2'S) and He(2'S) with argon.

The apparatus in the crossed-beams configura-
tion is shown in Fig. 1. A collimated beam of He
atoms is excited by electron impact. It then pass-
es through a region where it may be irradiated
with light from a helium discharge lamp, which
causes the He(2'S) metastables to be quenched
via transitions of the type 2'S-n'& -1'S.' The
He(2'S) metastables are not quenched since the
2'S state is the lowest state of the triplet system.
By this means, greater than 99% of the 2'S atoms
may be quenched, and the resulting beam then
consists only of He(l'S) and He(2'S). Measure-
ments appropriate to each of the two metastable
species may thus be carried out by making obser-

vations with the quench lamp alternately on and
off.

After removal of charged particles, the He
beam intersects a modulated crossed beam of Ar,
and then strikes a metal surface where the meta-
stable atoms are detected via secondary electron
ejection. Ions formed in the region of intersec-
tion of the two beams are extracted by an electric
field and focused into a particle multiplier. Ion
counts are registered by two scalers, gated by a
reference signal from the beam chopper, such
that one sealer counts only when the target beam
is on while the other counts only when the target
beam is off. The difference in the two sealer
count rates then gives the count rate due to the
presence of the Ar beam.

The cross section Q for chemi-ionization is
then given by

Q =kS/apl,

where S is the signal count rate due to collisions
of He metastables with Ar, E is the flux of meta-
stable atoms, p is the Ar beam density, l is the
effective path length of metastables through the
Ar beam, and 0 is the efficiency with which sig-
nal ions are detected.

A further measurement is then made in which
the metastable beam is replaced by a 1-keV elec-
tron beam, and thd count rate S' of ions produced
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FIG. 1. Schematic diagram of the apparatus.

by electron impact is determined:

S' = Q, I, l, p/eh, (2)

where Q, is the known electron impact ionization
cross section, ' I, is the electron current, l, is
the effective path length of electrons, and e is
the electronic charge. From Eqs. (I) and (2),
k and p may be eliminated and the chemi-ioniza-
tion cross section is then given by

Q=(Sl, l, /S'Fel )Q, .
It should be noted that l, and l are not equal be-
cause of the finite target beam velocity, and that
in Q, proper account must be taken of multiple
ionization.

In order to determine I', it is necessary to
know the secondary electron ejection coefficient
y for both He(2'S) and He(2'S) metastables inci-
dent on the detector surface. Since these coef-
ficients, for a gas-contaminated surface, are
almost certainly apparatus dependent, they were
measured in s&tu utilizing an extension of the gas-
cell method developed originally by Stebbings'
and later improved by Dunning and Smith. ' De-
tails of this method will be published elsewhere. "
For the gas-contaminated stainless-steel detec-
tor surface it was determined that y(2'S) = 0.49
+ 0.06 and y(2'S) = 0.74+ 0.09. It must be empha-
sized, however, that these results apply only to
a particular surface in a particular apparatus,
and values of y even for apparently similar sur-
faces in similar apparatuses may well lie outside
the range of these values.

Measurements using the gas-cell technique are
also capable of yielding absolute cross sections
for chemi-ionization of the gas used in the cell,
which in the present experiment was Ar. Except
for the value of y, this method of cross-section
measurement is completely independent of the
crossed-beams method, and thus provides a use-
ful verification of the results. The accuracy ob-
tainable was not, however, as great as that using
the crossed-beams method.

The present results for chemi-ionization cross
sections are shown in Table I together with earli-
er published data. Because of the pronounced dis-
agreements between various measurements, it is
appropriate to discuss briefly the earlier work.

Sholette and Muschlitz' used a beam-gas-cell
technique which required knowledge of y. Never-
theless, they did not measure y directly, but as-
sumed that y(2'S) = y(2'S) = 0.3, which was the val-
ue obtained for y(2'S) by Stebbings' for a gas-con-
taminated gold surface. However, the more re-
cent work of Dunning and Smith and Stebbings, "'"
and the present results, consistently obtain val-
ues of y for various gas-contaminated surfaces
within the range 0.5-1.0, implying that these
higher values may be more typical. If Sholette
and Muschlitz had assumed y to be within this
range, their results would no longer be in agree-
ment with those derived from after glow measure-
ments, but could be brought into substantial
agreement with the present results.

The stationary afterglow results of Benton et
al. e for Q(2'S) are in good agreement with the
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TABLE I. Experimental results for chemi-ionization of Ar by He(2 3) and He(2'S)
metastable atoms.

Q(2'3)

{10 'o cm2)

Q(2'3)

(10 'o cm2)

q(2'8}
Q(2'3)

Present results: crossed beams
Present results: gas cell
Benton et cd. (Bef. 2)
Bolden et al. (Ref. 3)
Schmeltekopf and Fehsenfeld {Ref. 4)
Sholette and Muschlitz (Ref. 5)
Dunning and Smith (Ref. 6)

17.5 (+20%)
23 (+35%)
6.6 (+50/o)
7 (+20%)
s.3 (+3o%)
7.6 (+25%)

23.5 {+20%)
27 (+35%)
ss (+so%)

~ ~ ~

16.4 (+30%)
7.6 (+2S%)

1.35 (+10%)
1.2
8.3

3.1
1
1.1 (+25%)

flowing afterglow measurements of Holden et al. '
and Schmeltekopf and Fehsenfeld. ' We feel, how-

ever, that in the analysis of the afterglow mea-
surements a potential source of error may have
been overlooked. In the case of a typical flowing
afterglow, the He' ions will recombine most
probably through collisional radiative recombina-
tion,

He'+2e -He'+e, (4)

and this process may be expected to lead to a
metastable helium atom in a substantial number
of such collisions. When reactant gas is added,
the electron density is increased due to chemi-
ionization reactions, and thus Reaction (4) pro-
vides a source of metastable He atoms whose
magnitude is dependent on the amount of reactant
introduced. Neglect of this effect leads to an
underestimate of the chemi-ionization cross sec-
tion. An order-of-magnitude calculation, using
the collisional radiative recombination coeffi-
cients of Bates, Kingston, and McWhirter, "indi-
cates that Reaction (4) may affect the apparent
chemi-ionization cross section significantly
whenever the ion and electron densities in the
afterglow are greater than about 10" cm '. Such
a process might therefore account for the dis-
crepancy in Q(2'S) between the present results
and those in Refs. 2, 3, and 4.

It is noteworthy that the ratio Q(2'S)/Q(2'S) is
observed to be fairly close to 1, both in the pre-
sent work and also in the earlier beam studies
of Sholette and Muschlitz' and Dunning and Smith. '
This observation is in marked disagreement with
the afterglow results which yield much larger
ratios. In the case of the stationary afterglow re-
sults of Benton et al. ,

' Q(2'S) may conceivably be
in error because of the effect of superelastic
collisions of electrons with He(2'S) metastables.

If this effect were not properly taken into account,
the data could have yielded too large a cross sec-
tion. The conditions of the experiment make it
unlikely, however, that these collisions would
affect the measured Q(2'S).

The only flowing afterglow measurement4 of
Q(2 S) was done under conditions of extremely
low electron density, in order to avoid the prob-
lem of singlet-to-triplet conversion by electrons.
As a consequence, effects due to Reaction (4) are
unlikely to have been important, and it is inter-
esting to note that in this case the result for
Q(2'S) agrees quite well with the present results.

In summary, therefore, we feel that previous
experiments involving chemi-ionization in col-
lisions of He metastable atoms and Ar are in er-
ror for a variety of causes. The agreement be-
tween earlier results for Q(2'S) would appear to
be fortuitous. It is to be anticipated that for sim-
ilar reasons the published data' ' for targets
other than Ar are also in error.

The authors would like to express their appre-
ciation to F. B. Dunning and K. Smith for helpful
contributions to this work.
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We investigated the line shape of the Lyman-& transition of a hydrogen atom simultan-
eously subjected to a static and a perpendicular high-frequency electric field. It was
found that resonance effects occur, producing a profile substantially different from the
Stark spectrum of the fields acting independently. This result shows that the interpreta-
tion of turbulent hydrogen plasma spectra by the Blokhintsev (dynamic field only) theory
is not generally valid.

In turbulent plasmas the radiating atoms are
subjected to an oscillating high-frequency elec-
tric field originating from electronic plasma os-
cillations. It appears to be generally believed
that in hydrogen plasmas the radiation spectrum
in this situation is well described by the theory of
the dynamical linear Stark effect developed by
Blokhintsev. ' However, the atoms are radiating
also under the simuItaneous influence of a quasi-
static field due to sIowly moving ions or t:o Iow-
frequency ion-acoustic turbulence. The present
paper points out that the Blokhintsev theory is
not adequate, as the resonant interactions be-
tween the Stark separation induced by the quasi-
static field and the oscillations of the dynamic
field produce a spectrum quite different from
what could be explained as the combination of
the independent effects of these fields.

The prob1em thus posed is that of radiation of
an atom with degenerate states under the com-
bined effects of static and dynamic electric fields.
For a pure high-frequency dynamical field, the
Blokhintsev theory predicts the appearance of a
series of satellites at the harmonics of the fre-
quency of the applied field. An addition of a
static field parallel to the high-frequency field
is sti11 readily described by a simple extension

of this theory and merely produces a symmetric
splitting of each satellite with shifts proportional
to the static field. However, when the static field
has a component perpendicular to the dynamical
field, then new results, essentially different
from the Blokhintsev theory, emerge. In another
sense this situation can be viewed as the forma-
tion of static Stark-split states which are con-
nected by the off-diagonal matrix elements of the
perpendicular dynamic field. For typical mag-
nitudes of the plasma quasistatic field the energy
separation due to the component perpendicular
to the dynamic field can be of the same order of
magnitude as the plasma frequency and resonance
effects will occur. In plasmas of atoms which
are not subject to the linear Stark effect, the
theories~ ' that only consider the dynamic field
work well, because the atomic levels are natural-
ly well separated and are only negligibly shifted
by the usual magnitude of the quasistatic field in
the plasma.

As the important physical effects are related
to the perpendicular component of the static field,
for simplicity we will ignore the parallel com-
ponent. The more general case will be discussed
elsewhere. We will concentrate on the structure
of the hydrogenic Lyman-n line, which possesses
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