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Temperature dependence of de-excitation rate constants of
He(2°S) by Ne, Ar, Xe, H,,N,,0,, NH,, and CO,

W. Lindinger*, A. L. Schmeltekopf, and F. C. Fehsenfeld

Aeronomy Laboratory, NOAA Environmental Research Laboratories, Boulder, Colorado 80302

(Received 9 May 1974)

Reaction rate constants for the quenching of the 2°S state of helium by Ne, Ar, Xe, H,, N,, O,,
CO,, and NH; have been measured as a function of temperature between 300 and 900°K in a
flowing afterglow. All of these rate constants increased with temperature. This finding offers an
explanation for the discrepancies among recently published values for the reaction rate constant of

He(2’S) with these gases obtained in different experiments.

INTRODUCTION

The production and destruction of the long-lived atomic
metastables He(235) and He(21S) in helium are of funda-
mental importance to discharge processes in helium and
gas mixtures which are predominantly helium. More-~
over, owing to their simple nature, these metastables
and their interactions have been the subject of consider-
able theoretical interest. %

For these reasons, during the past two decades a
great deal of experimental data has become available on
cross sections and rate constants for the quenching re-
actions of the metastable He(2!S) and He(2%S) states of
helium. These data have been taken by various tech-
niques such as beams, ®~!7 stationary afterglows!®2%2-30
and flowing afterglows. 19217231 gjnce these values
were meéasured with increasing precision, systematic
differences began to appear between the results obtained
with the various experimental techniques applied at low
{thermal or near thermal) energies. The nature of these
discrepancies have been discussed in some detail pre-
viously. 613132

In brief, the present disagreement occurs between the
results of pulsed afterglow or flowing afterglow experi-
ments done at thermal (300 °K) energies, which find
that the He(2!'S) quenching rate constants are significant-
ly larger than the He(23S) quenching rate constant for the
same molecules, and those from beam results (done at
interaction energies several times thermal), which in-
dicate that the cross sections for the quenching of the
two helium excited states by the common atmospheric
gases are about equal. When the cross sections ob-
tained by beam measurements are converted to rate con-
stants by using the measured velocity distribution of
the interacting particles, rate constants are obtained
which agree relatively well with afterglow results for
the He(2!S) reactions but which are considerably larger
than the rate constants obtained from afterglows for
the He(23S) reactions. These differences for all cases
investigated are well outside the combined estimated
experimental uncertainties.

In order to better understand the nature of the He(235)
reactions and to uncover, if possible, the source of the
discrepancies in the measurement of these reactions,
rate constants for the reactions of He(2%S) with Ne, Ar,
Xe, Hy, N,, O;, CO,, and NH; have been measured be-
tween 300 and 900 °K in a temperature variable flowing
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afterglow. These measurements revealed an unexpect-
edly large variation in the quenching rate constants with
temperature. The finding that these rate constants in-
crease rapidly with increasing temperature offers a
possible explanation for the discrepancies in measured
He(23S) rate constants outlined above.

EXPERIMENTAL

These measurements were made in a variable tem-
perature flowing afterglow. The flowing afterglow tech-
nique and its utilization to measure reaction rate con-
stants has been described in the literature.® The
modification of this system to allow controlled tempera-
ture variability was discussed earlier.

The temperature stability of the system was better
than +2% over the entire range of temperature. studied.
The temperature of the system was determined by a se-
quency of five thermocouples located at various positions
along the tube and embedded in the walls of the tube, or
contacting the copper heat exchanger which surrounded
the stainless steel tube.

The present method used to measure the He(23S) rate
constants is quite similar to that used in our earlier
measurements?! of helium metastable reactions carried
out at a single temperature (296 °K). Briefly, helium
is introduced into the flow tube with a flow rate of about
180 atm * ¢cm®/sec. This gas is excited and ionized by
~ 100 eV electrons from an electron gun. The ions,
metastables, and electrons so produced are carried
downstream in the flowing gas. Superelastic collisions
between thermal electrons and He(2'S) quickly convert
this metastable to the He(2%S) state. Under typical op-
erating conditions, the He(2'S) concentration is much
less than 1% of that of He(2%S).

The remaining metastables are carried downstream
past an inlet port, where a reactant gas is added in
measured amounts. In the region following this inlet,
reaction between the He(2%5) and the reactant gas takes
place. The reaction region is terminated by the He(23S)
detector. These measurements were performed using
the 7033 A and the 6032 A lines of neon. The upper
levels of the states associated with these radiations
were populated by collisions between the remaining
He(2%S) and neon which was added through an inlet port
at the end of the reaction region. The neon emissions
were monitored using a tandem optical spectrometer

Copyright © 1974 American Institute of Physics
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consisting of two 0. 8 m Fasti Ebert spectrometers in
series. The detector of this spectrometer was a liquid
nitrogen cooled S-20 photomultiplier. The output of

this photomultiplier was fed into a standard pulse count-
ing system. The characteristic counting rate was of the
order of 5x%10% counts/sec in the absence of reactant
gas with a background at room temperature of less than
20 counts/sec. This background increases with tem-
perature until a count rate of 4.4x10° counts/sec was
measured at 613 °C due to the thermal radiation from
the tube at 7033 A. Under these conditions, the emis-
sion from the 6032 A line of neon, which was as intense
as the 7033 A line, was monitored. With this line, the
background was reduced to 1.6 + 10® counts/sec. In
either case, the background contribution in any given
run was constant and could be subtracted. The rate
constants calculated from the decline of either line were
the same.

A typical run of data is shown in Fig. 1. These data
were taken for the reaction of argon with He(23S) at
252 °C. The rate constant is calculated from the slope
of the decline of the monitoring radiation as a function
of the rate of addition of the reactant gas. The rate
constant measured is for all the various destruction
channels: Penning ionization, quenching, associative
ionization, and excitation transfer.

At each temperature, the rate constants were mea-
sured for each gas as a function of buffer gas pressure.
These binary reactions should be independent of pres-
sure and, indeed, in all of the reactions studied, this
was the case.

RESULTS AND COMPARISONS

The results for the measured temperature depen-
dences of the quenching rate constants for He(2%S) with
the various gases studied are shown in Fig. 2. Inall
cases, the measured rate constants increased with tem-
perature. In the case of NH;, for temperatures above
750 °K, the rate constant for the reaction of He(23S) with
NH, fell off sharply with increasing temperature, Since
this is probably due to the decomposition of NHgy, the re-
sults above 750 °K are not included.

Helium metastables may react as follows:
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o Hel235) + Ar ]
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FIG. 1. Typical run of data for the reaction of He (2°S) and argon
at 252°C. ’
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FIG. 2. Reaction rate constants for the quenching of the 23g
state of helium by various gases between 300 and 900 °K.

H(23S) +X - He(11S) +X* +e +KE (1a)
- HeX*+e +KE (1b)
~ He(11S) +X* + KE (1c)
~He(1's) + X}, , (1d)

where (la) is Penning ionization, (1b) is associative
ionization, (lc) is excitation transfer not accompanied
by ionization, and (1d) is collisional de-excitation in
which the excess energy appears as radiation and/or
kinetic energy of the products. In each of the processes
(1a)-(1d), a certain fraction of the energy of reaction
may be carried away in the form of kinetic energy, KE,
distributed among the reaction products. In the present
experiment, we measured the total destruction of
He(2%S) by all processes. All the afterglow experiments
monitor the disappearance of He(23S). The beam experi-
ments obtain cross sections from ion production and
measure only the contribution from channels (1a) and
(1b). In fact, however, with the exception of neon, in
the reaction of He(23S) with any of the simple atoms and
molecules used in these experiments, the contribution
to the destruction of He(2%S) by channel (ic¢) and (1d) is
usually considered to be negligible.

Table I shows a comparison between the present re-
sults and other afterglow results at 300 °’K. These re-
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FIG. 3. Comparison of experimental results obtained over a
range of temperatures for the quenching of the 235 state of
helium by various gases. The rate constants obtained from the
present measurements are shown-as solid lines, the results of
Cher and Hollingsworth? for N,, O,, and CO, are shown as
closed circles (®), the results of Arrathoon®® for Ar and Ne are
shown as open circles (O), and the results of Jones and Robert-
son? for argon are shown as the vertical bars (I).

800 °K are obviously in much better agreement with the
beam results than are the cross sections at 300 °K. In
the worst case, He(22S) reacting with CO,, the afterglow
results are 24% smaller than the beam cross section
while, on the average, the afterglow results are 12%
smaller than those obtained from the beams. The pres-
ent comparison indicates that the most probable source
of the systematic differences between beam results and
afterglow results for these reactions is associated with
differing velocity distributions of the interacting parti-
cles in the two experiments.

There are systematic differences which have occurred
among beam experiments owing to the technique used
to calibrate the concentration of helium metastables in
the beam. This is discussed in Ref. 7. For this rea-
son, we will not attempt a systematic comparison of our
measurements. It is worth noting, however, that in
Ref. 9 the velocity dependence of the total ionization
cross section of argon atoms by metastable He atoms
was obtained. These results indicated that the cross
section increases by perhaps 30% between 0. 02 eV and
0.4 eV. The flowing afterglow results indicate a cross
section which would increase much more sharply for the
He(2%S) reaction with argon. Since there was no pro-
vision for quenching the He(2!S) state in this beam ex-

periment, it was presumably present in indeterminate
quantities. We suggest that in this experiment® the
He(21S) state is present in appreciable quantities and
that the cross section increases much more slowly for
the reaction of He(2'S) with argon than does that of
He(2%S). This is, in fact, required if the ratio of singlet
to triplet cross sections measured at 300 °K in the flow-
ing afterglow (0g/op=3.01)? are to agree with the beam
results (0g/0,=1.34).7

DISCUSSION

Figure 2 shows that the rate constants increase rapid-
ly with temperature. The rate of increase is largest
for the atoms and diatomic molecules of smallest po-
larizability which have the smallest reaction rate con-
stants for He(2%S) at 300 °K. To further clarify the na-
ture of this variation, the measurements are plotted as
a function of 1/7 in Fig. 4. All the molecules studied
yield reasonably straight lines in this Arrhenius plot.
This effect was first observed by Cher and Hollings-
worth. 22 Such a behavior is characteristic of a reaction
that requires a small activation energy, AE,. We may,
in fact, adequately express the entire set of rate con-
stants measured in the present series by

A A
k(T)=1.9x10"° exp(—ﬁ% ——5%) emd/sec, (2)

with AE, in eV. The appropriate values of AE, for the
various molecules studied are listed in Table III.
Equation (2) has the interesting property that a reaction
rate constant is determined by only one adjustable pa-
rameter, AE,. Thus, from a measurement at a single
temperature, AE, is determined and thereby the ap-
proximate rate constant over a range of temperatures
near thermal (i.e., 273-900 °K). We make use of this
property to calculate AE, for a variety of other reac-
tions which were studied in our earlier measurements. 2
These values of AE, are also listed in Table HI. .

Since the present results were measured over a lim-
ited range of temperature and there is some scatter in
the data, it should be stressed that the fit to experiment
offered by Eq. (2) is by no means unique. These curves
may be fit equally well by an expression

k,=AT™ g™ A5/ ¥ (3)

TABLE II. Comparison of He (23S) quenching cross sections
0390 and ogg calculated from the measurements at 200 °K and

800 °K from this work with cross sections ¢, measured in a beam
experiment by Riola ef al.” (All values in A%).

Reactant G399 (This work) Ogg9 oy (Ref, 7)
N, 5.3 13.3 15.5

Ar 5.4 13.6 16.9

Xe 9.8 19 20.0

0, 19 28 29.4

CO, 50 48 63

H, 0.94 3.25 3.34%
Error <30% <30% 20%—25%

%See A. Niehaus, Berichte der Bunsen-Gesellschaft, Fortschr.
Phys. Chem, 77, 633 (1973).

J. Chem. Phys., Vol. 61, No. 7, 1 October 1974
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where A is a temperature independent constant and 0

<m<0.2. As m is increased to obtain the best fit to

the data, the value of AE, must be somewhat reduced.
It should be noted that m = 0.5 (hard sphere collision)

would not properly fit the data as shown in Fig. 4.

From the semiclassical theories that have been used
to describe metastable reactions, there are two obvious
ways to rationalize the behavior exhibited by these reac-
tions in Fig. 4. In one case, it is possible that a bar-
rier exists in the potential surfaces for the interacting
particles. Outside this barrier, the probability for re-
action is small. For the particles that are able to sur-
mount the barrier, the probability of reaction is large.
In this case, the AE’s given in Table III are associated
with the height of the potential barrier.

Alternatively, it is possible that the reaction probabil-
ity is a strong function of internuclear separation in-
creasing rapidly at small internuclear separation. At
small internuclear separations, these potential surfaces
become strongly repulsive. With increasing kinetic en-
ergy the particles are able to approach more closely
against this core repulsion, resulting in increased re-
activity.

The data presented in this paper cannot be used to de-
termine which of the two models described briefly above
is correct (or if, indeed, either or a combination of the
two is correct). The true nature of the model that does
describe the de-excitation of He(2’S) with atoms and

TABLE III. Values of the activation energy AE, for the quench-
ing reactions of He (2°S) with various neutrals X.

(a) Present measurements (b) Predicted values?®

AE, AE,

X (in mV) X (in mV)
Ne 112 Kr 53
Ar 59 Cco 53
Xe 48 NO 37
H, 72 D, 76
N, 59 CH, 47
0, 36 N,O 28
CO, 19 CyH, 37
NH; 12 Cs3Hg 34
C4Hyg 28

2The predicted values were obtained by solving Eq. (2) from
the results of Ref. 21,

molecules can only be obtained from scattering data.
Very recent measurements using beam techniques have
shown that there are cases where each of the above
models may be applicable, 3¢-38

Figure 5 plots AE from Table III vs the diameter of
the reactant particle. This graph is shown to illustrate
how well, in general, AFE is correlated with diameter.
Of course, the diameter is related to many other mo-
lecular properties such as polarizability, and this
graph illustrates a correlation for them as well. We at-
tach no particular significance to this graph but include
it to stimulate some thought about this problem by others.

CONCLUSIONS

In the present series of measurements, the de-excita-
tion rate constants for the 2°S state of helium by Ne, Ar,
Xe, H,, N,, Oz, CO,; and NH; have been determined as
a function of temperature between 300 and 900 °K.

These rate constants are found to increase with temper-
ature with the dependence being the strongest for the
simplest, least polarizable atoms and molecules (Ne,

150

AE (mV)

Diameter (f\)

FIG. 5. Plot of the activation energy AE measured for the
reaction of He (2%S) with various molecules vs molecular diam-
eter., The molecular diameters were calculated from the vis-
cosities in the Matheson Gas Data Book.%
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H,). It was discovered that withinthe limited tempera-
ture independent pre-exponential factor coupled to a
temperature dependent exponential factor which is com-
monly associated with an activation energy and which
decreases with increasing molecular size and polariza-
bility.

The present observations offer a reasonable explana-
tion for the observed difference in measured or inferred
rate constants yielded by thermal (300 °K) afterglow
experiments and near thermal beam experiments. None
of the existing theories proposed a prioripredict the be-
havior of the rate constants observed in the present ex-
periment and shown in Figs. 2 and 4. However, by a
suitable selection of reasonable hypothetical interaction
potentials (and reaction resonant width), the semiclassi-
cal theories can generate cross sections that reproduce
the present results over the limited range studied.
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