
PHYSICAL REVIEW A VOLUME 23, NUMBER 5 MAY 1981

Charge-transfer reaction Ar++N, ~~N, ++Ar at thermal energies
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The results are presented of a study of the forward and reverse rate coefficients (kf and k„) at thermal energies for
the reaction Ar+('P3/2) + N,~ Ar+ N, +(v = 0,1). The data were obtained in a selected ion flow tube. It is shown

kr
that at 300 K the forward reaction proceeds predominantly via the N, +(v = 1) product channel and at 80 K via the
N, +(v = 0) channel. k„ is large for N, +(v = 1) which probably explains the anomalies in previous studies of kf in
afterglows in which Ar and N, coexisted.

I. INTRODUCTION

The rate coefficient for the charge-transfer
reaction of Ar' with N, has been determined in
many laboratories using a variety of techniques
during the last fifteen years (a summary of the
previous data is given in the accompanying pa-
per'). Much greater differences are apparent in
the reported rate coefficients than are usual in
ion-molecule reaction-rate studies, this being due
to the rather rare combinations of energy states
involved in the reaction, the relevant energetics
being

Ar'('P», )+ N, - N,
' (v=0)+ Ar+ 0.179 eV

—N,
'

(v = 1)+ Ar —0.090 eV,

Ar'('P, &,)+ N, -N, ' (v=0)+ Ar+ 0.357 eV

-N, ' (v=1}+Ar+0.088 eV,

(1a)

(lb)

(1c)

(ld)

II. EXPERIMENTAL

The SIFT technique has been described in detail
previously' 4 and therefore will only be alluded to

where the N„N, ', and Ar are in their ground
electronic states. Thus, the simultaneous pres-
ence of both the spin states of Ar' in a reaction
cell which also contains both N2 and Ar means
that at 300 K (E-0.04 eV), reaction channels a,
c, and d are energetically allowed and channel b

could also proceed at a significant rate. Also,
very significantly, the presence of vibrationally
excited N,

' allows the reverse reaction with Ar to
proceed which, as has been reasoned by Lindinger
et aI.' (accompanying paper}, has caused many of
the problems in afterglow measurements.

In order to clarify the situation we have studied
both the forward and reverse of reaction (1) at
thermal energies using a selected ion flow tube
(SIFT) at and below 300 K. Lindinger et al.' have
made a parallel, more detailed study using an in-
jected ion drift tube over an ion-to-neutral eenter-
of-mass kinetic-energy range from near thermal
to a few electron volts.

here. Ions are created in a remote ion source and
after mass filtering are injected into a fast flowing
carrier gas where they thermalize by collisions
while being convected down a flow tube. Reactant
gases are added to the carrier gas at controlled
rates and reaction-rate coefficients and product-
ion distributions are obtained by correlating the
rate of change of the primary and product-ion
count rates at a downstream mass-spectrometer
detection system with the rate of flow of the reac-
tant gas.

In the experiments described here Ar and N,
were the only ion source and reactant gases used.
Most data were obtained at 300 and 80 K but one
measurement was performed at 140 K. More de-
tails of the techniques adopted in this study are
given as appropriate in the following sections.

III. RESULTS

A. N2++Ar

It is convenient to discuss first the reverse of
reaction (1). The N,

' ions were generated in an
electron impact ion source containing N, at a
pressure of about 1 mtorr and injected into the
carrier gas (helium at -0.5 torr typically), Ar
was added, and the N,

' count rate was observed
at the downstream detection system. Data ob-
tained at 300 K for an ion-source electron energy
of 100 eV are shown in Fig. 1(a). Treatment of
these data according to the methods described in
detail by Glosik et a/. indicates that two differ-
ently reacting species are present: a rapidly
reacting one (-40% of the total N, ') and one which
reacts extremely slowly. The rate coefficient for
the fast reaction is 4X10 "cm's ', i.e., a major
fraction of the collisional limiting (Langevin) val-
ue' k~= 7 x10 ' cm s ', whereas that for the very
slow reaction is approximately 2 & 10 3 em s '.

It is well known that low-pressure ion sources
can generate large fractions of positive ions in
metastable electronic states and it is known that
N,

' possesses at least two such states with ap-
pearance potentials approximately within the range
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21—22 V.' The electron accelerating voltage in the
ion source was therefore reduced below these val-
ues to 18 V and the experiment repeated. The re-
sults obtained were essentially identical to those
shown in Fig. 1 (but with reduced signal levels).
The lowest possible source voltage we were able
to use was 16.5 V before the injected N,

' current
became prohibitively low. At this voltage the
electron impact energy is only about 1 eV above
the threshold energy for production of N,

' (i.e.,
15.5 eV) yet the data obtained under these ion-

source conditions were again essentially identical
to those obtained for 100-eV electrons. We there-
fore conclude that the "excited state" of N,

' pres-
ent in the flow tube is not an electronically excited
state but a vibrationally excited state(s) of N,

' in
its ground electronic state, and that the unreactive
component is N,

'
(v =0), the reaction of which with

Ar is endothermic at 300 K [see Eq. (1a)].
The fraction of the excited to ground states pres-

ent in the helium carrier gas at 300 K was inde-
pendent of the helium pressure. From this obser-
vation we deduce that the rate coefficient for re-
laxation of the vibrationally excited N,

' in colli-
sions with helium atoms is less than 10 "cm's '.
When the carrier gas was cooled to 80 K, the
fraction of the excited state in the SIFT was
again 4(Plo-and the rate coefficient for its reaction
with Ar remained at 4 x 10 "cm's '. The rate co-
efficient for the slower reaction was now immea-
surably small (~10 "cm's '), as would be ex-
pected for the reverse of reaction (la) at this low
temperature. Evidence which suggests that the
vibrationally excited state of N,

' is the v=1 state
is given in Sec. C below.

Some evidence is also- available which suggests
that vibrationally excited ions are rapidly relaxed
in collisions with their parent neutral molecules. '
To investigate this phenomenon for the N,

'
(v & 0}

present in these experiments is a straightforward
procedure. Ar is used as a ' monitor gas" for the
excited state (thus distinguishing it from the
ground state) by adding Ar to the flow at a position
just upstream of the ion-detection-system sam-
pling orifice. The presence of Ar' ions is then an
indicator of N,

'
(v & 0). By the controlled addition

of N, upstream of the Ar addition port, the quench-
ing-rate coefficient for the reaction

N,
'

(v & 0)+ N2- N,
'

(v = 0)+ N, * (2)

10

0.2 0.4 0.6 0.8 1.0

N2 Flog (Tour is ')

FIG. 1, (a) Data for the reaction of N2'with Ar. The
decline of the N2' count (ten-second sampling period) for
small Ar flows is due to the rapid reaction of the
N2' (p = 1) component. The linear plot from which the
rate coefficient for the N2 (p=1) reaction is obtained
is derived by subtracting the relatively unreactive
N2' (p = 0) from the total N2' count rate. The rate co'-
efficient for the N2' (p=0) reaction is obtained from the
almost imperceptible decline of the N2+ count rate at
larger Ar flows. (b) Data for the reaction of Ar' with
N2. The linearity of the plot over more than two decades
in Ar' count rate coupled with the small rate coefficient
for the reaction (see text) is an indicator that only one
state of Ar' is effectively involved in the reaction which
we reason to be the P~y2 state.

can readily be determined. Reaction (2} is indeed
fast, the rate coefficient being -6&10 ' cm's ',
that is, a large fraction of the collisional rate co-
efficient (8x10 '0 cm's '). Thus in a gas contain-
ing appreciable amounts of N„vibrationally ex-
cited N,

' ions will be rapidly quenched.
It is worthy of note that the presence of the vi-

brationally excited component of N, was not ap-
parent during our previous studies of the reactions
of N,

' ions with several molecular gases' implying
that the N~' (v &0) was either quenched or more
likely reacted at the same rate as N,

'
(v =0) for

these more exoergic reactions.

B. Ar++N2

Ar' ions were generated in the electron impact
ion source containing Ar at a pressure of about 1
mtorr. We therefore presume that both the Ps&,
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and the higher energy P, + states were initially
created approximately in the ratio of their statis-
tical weights (2:1)as we have clearly shown to be
the case for both Kr' and Xe' produced in this
source. " Separation and identification of the two
spin states of Kr' and Xe' is a relatively simple
procedure by virtue of the appreciable energy dif-
ferences between the spin states which is manifest
in their greatly differing reactivities with several
molecular gases. Thus we were able to investi-
gate the reactions of each state separately by us-
ing chemical filtering. "' However, this is not
possible for the Ar' spin states which are sepa-
rated in energy by only 0.18 eV and so the identi-
fication of the spin state(s) present must neces-
sarily be more indirect.

A typical data curve obtained for this reaction is
given in Fig. 1(b}. Measurements were made at
300, 140, and 80 K and the decay curves were
linear over more than two decades in Ar' decay.
This linearity coupled with the small rate coeffi-
cient for the reaction(s} of 1 x10 "cm's ' [k~
=7.7(-10) cm's '] indicates almost certainly that
only a single reacting ion species is present in the
flow tube. The very unlikely, but not unknown,
circumstance [for example, Xe'('P, &»&,}+0,"] is
that two species are present which react with N,
at identical rates. However, data have been ob-
tained by McGowan zp a/. " in a low-pressure ex-
periment which indicate's that Ar'('P,

&,) reacts
with N~ at a rate some three times greater than
does the Ar'('P, &,} state. It is interesting to note
that the lower-energy spin states ('P», ) of both
Kr' and Xe' react more rapidly with a wide variety
of molecular gases. ' However, this apparently
general rule for Kr' and Xe' does not hold for the
reaction of Ar' with H, for which Tanaka et al."
have found that the 'P, &, state reacts 50%%uo more
rapidly than the 'P, /, state over a center-of-mass
energy range from near thermal to about 0.5 eV.
So it appears that in the present experiment only
one state of Ar' is involved, this presumably being
the lower-energy 'P, /, state. This implies the

P» state is being collisionally relaxed either in
the source in collision with electrons or the Ar
source gas (the latter being unlikely since the
quenching rate with Ar has been shown to be very
small'3), or in the helium carrier gas or in un-
reactive (non-charge-transfer) collisions with N„
Vlz ~ q

Ar'('P, &,)+ N, —Ar'('
&,P)+ N, *. (3)

If reaction (3) is occurring at the Langevin rate, it
would be some 100 times more efficient than the
very low probability reaction (1c), the latter hav-
ing a rate coefficient of about 30% of that for the
'P, &, state reaction (la)," i.e., -3 x10 "cm's '.

Additional evidence that the Ar' ions injected into
the SIFT are the 'P», state is obtained by observ-
ing their reactivity with Ar. We have shown that
the Ar' ions readily associate with Ar forming
Ar, ', whereas I iu and Conway" have shown that
the 'P, /, state does not associate with Ar at tem-
peratures of 200 and 300 K. So the body of evi-
dence indicates that the Ar' ions being studied
here are in the 'P3/p state.

C. State of the N~+ generated in the Ar+( P3/g ) + Np
reaction

Utilizing the information gained from the above
experiments it is now possible to determine the
fraction, if any, of vibrationally excited N,

' ions
which is formed in the Ar'('P3&, }+N, reaction.
Thus Ar' was injected into the SIFT and sufficient
N, was added upstream in the flow to produce an
appreciable signal of N~' at the downstream detec-
tion system, but insufficient N, to significantly re-
lax any N,

'
(v )0). In practice this permitted a

reduction in the primary Ar' signal by only about
2%%uo from its initial value. Ar was then added
downstream as a detector of N,

'
(v & 0).

At 300 K the results indicated, somewhat sur-
prisingly, that the majority ()70%%uo) of the N,

' pro-
duct ions are vibrationally excited. For Ar'('P,

&,)
primary ions, the highest vibrational level acces-
sible is v= l. So the slightly endoergic reaction
channel (lb) is favored at 300 K rather than the
exoergic reaction channel (la). A similar result
was obtained in the Innsbruck drift tube experi-
ment. ' The relatively small rate coefficient for
the Ar'+ N, reaction at 300 K (see Sec. B) indi-
cates that only about 1~/& of the ion-molecule colli-
si6ns result in a charge transfer. This can be
seen now in terms of a very small probability for
the exoergic channel (la) and a much larger (-uni-
ty) probability for charge transfer into N,

'
(v = 1)

for the small fraction of interactions which, by
virtue of the finite temperature, are energetically
allowed to resonantly transfer charge.

At 80 K, the Ar'+N, rate coefficient is 1X10"
cm's ', i.e., within error equal to the 300-K value,
but the N,

' product was seen to be almost totally
formed in the v =0 state. At this temperature
very few interactions are sufficiently energetic to
overcome the endoergicity in channel (lb) which
explains the absence of N,

' (v=1). However, it is
surprising that the overall rate coefficient does
not reduce significantly below the 300-K value.
In an attempt to understand this, the overall rate
coefficient was measured at an intermediate tem-
perature of 140 K and a small but significant re-
duction was observed (k-8x10 '~ cm's '). The
total errors involved in the rate coefficients at
300, 140, and 80 K are such that a detailed dis-
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cussion is unwarranted. However, it appears
that the rate coefficient for the Ar'+ N, reaction
does pass through a shallow minimum between 80
and 300.K and could indicate a different reaction
mechanism in the two temperature regimes.

The rate coefficient for the reaction with Ar of
the N,

'
(v =1) derived from the Ar'+ N2 reaction

could not be determined as accurately as usual
because of the small N,

' signals available. The
value obtained was (3~ 1)X10-'o cm's ' which is
within error equal to.that obtained for the reaction
with Ar of the N,

'
(v & 0) created in the ion source

and this can be taken to indicate that this N,
' is

largely in the v=1 state. Thermodynamic evi-
dence that this long-lived state is the v=1 state
is given in the accompanying paper. '

IV. CONCLUSIONS

The evidence presented in this short paper indi-
cates that previous studies of the Ar'+ N, reaction
at 300 K have most probably been complicated by
the reverse reaction (N, '+Ar} since the N,

' pro-
duct is formed predominantly in the v=1 state,
viz. ,

Ar'('P~+}+N, ~ Ar+ N2' (v =1}. (4}

k„ is seen to be very large and since the N,
' (v=1)

appears to be long lived, then the rate of the back
reaction can be large. However, the N,

' (v= 1) is
efficiently quenched to N,

'
(v =0) in collision with

N, and so the presence of N, effectively inhibits

the back reaction. The rate of loss of Ar' ions is
therefore influenced in a complicated way by the
N, concentration in the reaction cell. In the ac-
companying paper' this situation is treated quan-
titatively in relation to a previous flowing after-
glow experiment,

The initial presence of Ar'('P,
&,) in a collision-

dominated reaction cell would also lead to compli-
cations, but the evidence suggests that this state
is efficiently quenched to Ar'('P,

&, ) in collisions
with electrons, neutral atoms, or molecules and
so only the Ar'('P, &,) need be considered as taking
part in the charge-transfer reaction. However,
in single-collision ion-beam experiments there
exists a greater probability that both spin states
will be involved depending, of course, on the na-
ture of the ion source in which the Ar' ions are
generated.

The rate coefficients and product-ion states for
the Ar'('P»)+ N, reaction at 300 K indicate a high
probability for the production of N,

'
(v = 1) and a

very small probability for the production of the
N,

' (v=0). The channel leading to N,
' (v=0) be-

comes increasingly more efficient at the lower
temperatures at which the N~' (v=1) state is in-
accessible.
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