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Radiative charge-transfer coefficients for single-electron transfer between doubly or singly charged noble-
gas ions and noble-gas atoms have been determined at thermal energy using a drift-tube mass-spectrometer
apparatus. At 300 K, k(He’* + He) = (4.8 4-0.5) X 107! cm®/sec, with slightly smaller coefficients for the
reactions Ne** + Ne, Ar’* + Ar, Kr** +Kir, and Xe** + Xe. Differences in reactivity are found for the
different, low-lying 'S, 'D, and °P states of the doubly charged ions. A three-boby contribution to the
radiative process is noted, with rate coefficients ranging between 107%! and 107*° cm®/sec at 300 K for the
different noble-gas systems. The radiative charge-transfer coefficients for singly ionized ions are somewhat
smaller, k(He* + Ne) ~1X 107" cm%/sec and k(Ne* + Ar) ~ 62X 107! cm®/sec at 300 K. The measured
value of k(He?* + He) is in reasonable agreement with the very recent theoretical calculations of Cohen and

Bardsley.

I. INTRODUCTION

At low-energies, nonresonant charge-transfer
processes of the type

XM Y - XD Ly (4 hy) (1)

can proceed in two distinct ways. A nonradiative
transition to the final state may take place at a
crossing or avoided crossing of the potential
curves describing the initial and final states of the
system, as illustrated in Fig. 1(a). Alternatively,
if no crossings are energetically accessible and
selection rules permit, a radiative transition be-
tween initial and final states may take place during
the collision, as illustrated in Fig. 1(b). Since the
duration of this collision is very short (10™4-
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FIG. 1. Schematic potential energy curves illustrating
nonresonant charge transfer (a) by a nonradiative tran-
sition at a curve crossing or avoided crossing between
initial and final states, and (b) by a radiative transition
from the initial to the final state.

10"*® sec) compared to the radiative lifetime (~1078
sec) of the unbound state U of the molecule formed
during the collision, the probability of occurrence
of the radiative process is inherently small.

At moderate neutral atom densities the radiative
process can be enhanced by formation of a bound
upper state [B in Fig. 1(b)] as a result of an ener-
gy-removing collision with a third body. Once
formed, the bound upper state has ample time to
radiate to the lower, final state of the system.
This three-body process may be termed associa-
tive-radiative charge transfer. :

Our previous studies of nonresonant charge-
transfer’*? at low energies involved atomic sys-
tems in which accessible curve crossing between
initial and final states were expected. This paper
describes what are believed to be the first exper-
imental studies of a number of radiative charge
transfer reactions of doubly and singly charged
rare-gas ions with rare-gas atoms.

II. EXPERIMENTAL APPARATUS AND TECHNIQUE

With the exception of the low-temperature stud-
ies of Ar*+Ar, all measurements have been car-
ried out in the same drift-tube mass-spectrometer
apparatus used in the mobility studies described
in several earlier studies of ion-molecule reac-
tions!’? and in the preceding paper.> The apparatus
consists of a differentially pumped electron-impact
ion source, a drift region 36 cm in length, and a
differentially pumped quadrupole mass filter and
electron multiplier. Rate coefficients have been
determined using the additional residence time
(ART) technique, which has been described in de-
tail previously.® A pulse of parent ions is made
to drift approximately halfway across the drift re-
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gion by a uniform drift field E, after which either
the direction of the field is reversed or the field

is turned off for a time Af, and then the original
field is restored. By varying the time A¢ and mea-
suring the loss of parent ions and/or the creation
of product ions during the resulting additional res-
idence time in the drift region, the reaction rate
can be determined.

In the present studies the rate coefficients have,
with one exception, been determined using the
mode in which the drift field is turned off for a
variable length of time, and therefore the ions are
in thermal equilibrium with the neutral gas at the
ambient temperature (300-306 K). In several
cases the parent, rare-gas ions R® exist in sever-
al long-lived states exhibiting different mobilities?
By means of the ART technique, the reactivity of
each of these groups of ions can be studied inde-
pendently, as if only one group were present.

In order to obtain a large enough reactive loss
of parent ions for accurate determinations of these
slow charge-transfer rates, measurements have
been made at high reactant concentrations (usually
0.1-1.3 Torr) and long ART intervals, 0.5-10
msec. A correction for lateral loss of ions due to
diffusion must be applied to the data in order to
extract the loss due to reaction. While the abso-
lute value of the diffusion coefficient need not be
known for this purpose, its change with the ions’s
mean energy must be obtained from a theoretical
model. As in previous studies, Wannier’s model
for polarization scattering has been used.® Exten-
sive studies with nonreacting ions were performed
to test the validity of this model in several gases.
The excellent agreement of the measurements with
the model may be due in part to the fact that the
values of E/N (N is the gas density) used during
the drift phase of the measurements were kept as
low as possible. Also, the rate coefficients have
been measured under conditions where the diffu-
sion correction is not very important.

Impurities contained in the rare-gas samples,
as supplied, and background impurities introduced
by the gas-handling system can be a potentially
serious problem in measurements of very slow re-
actions. The ultrahigh-purity helium was further
purified by a quartz diffusion cell, and liquid-ni-
trogen- or dry-ice-cooled cold traps (depending on
the boiling point of the particular rare gas) were
used at several points in the lines of the ultrahigh-
vacuum gas-handling system. It was found that
passage of the gases through liquid-nitrogen-
cooled copper tubing removed some atmospheric
gases quite effectively. Before and after each data
run the mass spectrum of the ions emerging from
the drift tube was scanned and, with the help of
known ion-molecule rate coefficients, estimates

were obtained of the impurity concentrations.
Typically, less than 0.3 ppm of N, and a fairly
constant pressure of H,0 of ~3 X 10 Torr were
found. Krypton contained fairly large amounts of
xenon (~20 ppm) and small amounts of hydrocarbons.

III. MEASUREMENTS

A. Reactions involving doubly charged ions

The charge-transfer reactions between rare-gas
ions and atoms were found to occur as both two-
and three-body reactions, i.e., the two processes

R,*+R,~R,'+R,’ (2)
and ‘

R +R,+Ry~R,*+R,' +R, 3)
both contribute to the loss rate of R** jons. Denot-
ing the two-body rate coefficient by £ and the three-

body coefficient.by K, the effective two-body rate
coefficient k., may be expressed in the form

Ro =k +K[R]. 4)

The coefficients £ and K may then be obtained from
the measured values of &, as a function of the
rare-gas density [R], as illustrated in Fig. 2.
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FIG. 2. Measured variation of the effective two-body
rate coefficient with gas density at 83 and 303 K for
Ar?* ions in argon.
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FIG. 3. Recorder tracings of the measured arrival
time spectra of He?* parent ions, of He* product ions
resulting from the charge transfer reaction, and of
He® ions which were produced in the ion source.

Arrival-time spectra of the product ions were
taken in order to determine whether the onset of
the product ion arrival corresponded to the arri-
val time of the parent ions, as required if the pro-
duct ion is formed from the parent ions. However,
no quantitative determinations of the reaction rates
were obtained from such data, the ART determin-
ations being deemed more accurate. An example
of such arrival time spectra is given in Fig. 3 for
the case of He®?" ions producing He* ions. (Only the
flat part of the He* arrival spectrum, extending
from the arrival time of He®" to that of He®, is due
to the charge-transfer reaction He?** + He, the lar-
ger He' peak originating from He* ions produced
in the ion source.)

A more complicated case is that of Ne?*+ Ne,
shown in Fig. 4. Here, each of the three groups
of Ne?* ions belonging to the 1S, P, and 'D states
of Ne** (see preceding paper®) produces a Ne* pro-
duct ion arrival spectrum. The superposition of
all three contributions still shows quite clearly
the small steps produced by the three groups of
Ne? jons. Similar arrival time spectra were ob-
tained in all cases where the parent ion R?* reacts
in its own gas. In the case of the reaction Ne®+ He,
however, only the product ion He* can be detected
unambiguously. The Ne* ions have almost the
same mobility as Ne®* in helium; therefore, reac-
tion-produced ions are obscured by the much lar-

ger signal from Ne* ions produced in the ion source.
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FIG. 4. Measured arrival time spectra of Ne?*
parent ions in three different states, of the Ne® ions
produced by charge transfer involving each of these
states, and of Ne* ions produced in the ion source.

1. He’* + He

Data were taken at five different pressures be-
tween 0.35 and 1.1 Torr. The increase of the ef-
fective two-body rate coefficient with helium pres-
sure over this range was only ~15%, leading to a
poorly determined three-body rate coefficient,
but an accurate value of the two-body coefficient
A least-squares fit to the data (~30 data points)
yielded the values % = (4.8+0.5)X10"** ¢cm?®/sec and
K=(2.0+£1)X 103 cm®/sec at 300 K. At ion mean
energies corresponding to an effective temperature
of ~1000 K, attained by maintaining appropriate
E/N values during the ART measurements, the
value = (1.0+0.2)X 10"*® cm?®/sec was obtained.

The product ion He* was detected without difficul-
ty, as indicated in Fig. 3. Estimates of the rate
coefficient obtained from the intensity of the pro-
duct ion relative to that of the parent ion agreed
within about 50% with values obtained from the
ART measurements of the He** loss rate. Better
agreement was not expected, in view of complica-
tions in determining the absolute intensities of
different ions. )

There was no indication of a stable He,?* ion pro-
duced by the reaction He® + 2He — He,”* + He. How-
ever, our ability to detect the doubly charged mol-
ecular ion, which should have a different mobility
but the same mass-to-charge ratio as the singly-
charged atomic ion, is not very good.

2. Ne?* +Ne

As described in the preceding paper,® Ne?
ions were observed in three states having differ-
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TABLE L. Two- and three-body charge-transfer coefficients for doubly charged rare-gas
ions in their parent gases at ~300 K (and also at 83 K for Ar?* +Ar).

Reaction Ionic state K (1014 ¢m3/sec) K (1073 ¢m®/sec)

He?* +He 48+ 0.5 2.0+1
p 2.1+ 0.2 5.1x1

Ne?* +Ne { ip 1.9+ 0.2 3.5+0.5
is 2.7+ .0.3 3.5+0.5
3p 3.7+ 0.4 13 2
'p ~100

2+

Ar®” +Ar g is 600 +200

(T =83 K) ép) (2.5+1) (54 +10)

Kr?* +Kr {“A” 46+ 0.5 22 5
«gn ~5 22 5

Xe?* +Xe {“A” 3.2+ 0.3 27 %5
uBn' cas cee

ent mobilities. These were identified as the 'S,

3P, and 'D states, in order of decreasing mobility.
The rate coefficient for each state was determined
separately over the pressure range 0.3-1.2 Torr.
The measured rate coefficients, which are all near
2X10™* cm®/sec, are tabulated in Table I

The Ne* product ions were observed clearly, as
shown in Fig. 4. It is seen that all three states of
Ne?* contribute to the observed Ne* arrival spec-
trum. Since in the ART technique the reaction
rate is determined from the measured loss of Ne?*
ions, it is necessary to consider to what extent de-
exciting collisions contribute to the loss of the ex-
cited Ne**ions. The observed shapes of the Ne**
mobility peaks (see Fig. 3 of the preceding paper®)
suggest that deexciting collisions are infrequent on
the time scale of our measurements. For example,
if a 'S ion were transformed into a 3P or a D ion
by a deexciting collision, it would continue its drift
motion with a different mobility, leading to a con-
tribution to the Ne?* arrival time spectrum between
the arrival peaks of the ions in the different states.
Even at the highest pressures the arrival peaks re-
main clearly separated, and no contributions be-
tween peaks were noted. Furthermore, both the
3P and the D states of the Ne? ions exhibited the
expected decay with ART, with no evidence of a
source term resulting from quenching of excited
states (i.e., 'S into !D or °P; 'D into °P).

A search was made for production of Ne,** ions,
focusing on the molecular ion (**Ne 2Ne)**, since
it would not be confused with either of the Ne* sig-
nals resulting from the two major neon isotopes.
The reaction-produced signal observed at a mass-
to-charge ratio of 21 amu was found to have about
twice the amplitude expected for the 2!Ne* isotope
and almost exactly the same shape as the 2°Ne* and
2Ne* signals. This observation, first thought to be

an indication of production of stable Ne?** ions, un-
fortunately may also result from the formation of

a very small amount of ®NeH* contamination pro-

duct, which cannot be excluded.

3. Ar?* +Ar

Most experiments were carried out at argon
pressures above ~0.2 Torr, where only a single
mobility peak was observed. The Ar® ions are
assumed to be in the 3P ground state (see the dis-
cussion of the Ar®*+He reaction for arguments
supporting this conclusion). Since Ar* jons are
readily produced in the ion source, the Ar* product
ions were observed without difficulty, their arrival
spectrum being stronger in intensity and similar
in shape to that of He* produced by He*" (see Fig.
3).

Measurements in argon were carried out at 300
and at 83 K. The latter measurements were made
in a newly constructed, low-temperature drift-tube
mass-spectrometer apparatus similar to one de-
scribed earlier.® The results obtained at both
temperatures are shown in Fig. 2. The dependence
of ks on the argon density is seen to be consider-
ably stronger at the lower temperature. The two-
body rate coefficient at 83 K appears to be slightly
smaller than that at 300 K, but the extrapolation to
zero density is somewhat uncertain. The rate co-
efficients for this reaction are listed in Table L

At low pressures (0.1 Torr at 300 K), a second
group of Ar® ions of lower mobility was observed
in argon. Their mobility peak partially overlapped
the dominant *P peak, making it very difficult to
obtain good rate coefficients for this group of Ar®*
ions. Estimates based on relative heights of the
two mobility peaks gave a value k~1X 10"*2 cm®/sec
for this group; however, we can not rule out the
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possibility that the loss of this ion group results
from deexcitation as well as from charge transfer.

A third group of Ar®** ions was observed when
helium rather than argon was used as a buffer gas.
Both of the Ar®* states observed in argon buffer
gas were found to react rapidly with helium; there-
fore this ion must be in a different state. Its re-
action with argon was investigated by adding small
amounts of argon (~0.01 Torr) to the helium (at
~0.5 Torr). The measured rate coefficient was
found to be (6+2)*x10"!2 cm®/sec.

The association of the different mobility groups
of Ar* ions with specific states of the ion is some-
what difficult. We propose that the ions reacting

slowly (2~4 % 10"!* cm®/sec) with argon are ground-

state Ar®* (°P), the second group (having a lower
mobility and 2~ 10"*? cm®/sec) is the first excited
state of Ar®, 'D. This identification is in part
based on the experimental observation of a higher
appearance potential for the ion of lower mobility
in argon and in part on the theoretical expectation
that the excited states of Ar®* have sufficient ener-
gy to react with argon via a faster, nearly reso-
nant process of the type illustrated in Fig. 1(a) to
produce excited Ar**; possibly 2S. (For ground
state Ar®* ions this process is endoergic.) The
Ar® ions observed in helium buffer gas might log-
ically be expected to be in the next-higher excited
state (}S). We have used these somewhat tentative
identifications of the various states in association
with the reaction rates given in Table L

4. Kr**+Kr

For Kr?* ions in krypton, two ion groups having
different mobilities were observed, and rate coef-
ficients have been obtained for both types of ions.
Although the association of the mobility peaks with
particular states of the ion is not clear, the de-
pendence of relative peak heights on the electron
energy in the ions source suggests that the Kr*
ion with the higher mobility belongs to an energet-
ically higher state or states. The measured rate
coefficients for the two Kr®* ions, labeled “A”

(higher mobility) and “B,” are listed in Table L
Since the krypton gas used was found to contain
significant amounts (~20 ppm) of xenon, the sensi-

tivity of the data to further addition of xenon was
investigated, It appears that the ion with higher
mobility reacts with xenon more rapidly than the
ion with lower mobility. There was evidence,
though, that only a portion of the ions in the higher
mobility group took part in the reaction with xenon,
suggesting the presence of different states of the
Kr?* ions.

5. Xe?* +Xe

For Xe? ions in xenon, two ion groups with dif-
ferent mobilities were observed. Since the peak
height of the lower mobility ion “B” was small
(about 5%-10% of that of the higher-mobility ion),
this ion group was not investigated systematically.
However, its reactivity in xenon appeared compar-
able to that of the higher-mobility ion. Again the
association of the mobility peaks with particular
states of the ions is not clear. The measured rate
coefficients are listed in Table L

6. Ne?* +He

Since the mobility of Ne** ions in helium does not
depend on the state of the ions, we were unable to
obtain rate coefficients for each of the ionic states.
Studies in helium-neon mixtures indicated that none
of the Ne?* states reacts rapidly with helium; thus
the measurements of the Ne* + He rate coefficients
are expected to refer to a mixture of all three
states. Data were taken at helium pressures be-
tween 0.5 and 2 Torr. The two-body rate coeffi-
cient for this reaction was found to be quite small,
<10~ cm®/sec (see Table II).

7. Ar?* + He

The reaction of Ar?*(:S) ions with helium appear
to be very slow (2<10"'* cm®/sec). Unfortunately,
several experimental problems, such as reaction
of these ions with traces of argon reaching the

TABLE II. Two- and three-body charge-transfer coefficients for doubly and singly charged
rare-gas ions in other rare gases at ~ 300 K. The notation [-x] indicates 107%.

Reaction Tonic state K (cm?/sec) . K (cm®/sec)
Ne?* +He sp,ip,ts (5.5+1)[ -15] (2.0 £0.5)[-31]
mixture
is <[-14]
Ar’* +He D ~2[-10]
ip (7 +3)[-11]
He* +Ne zs (1 %0.5)[-15]
Ne® +Ar 2p 6 +1)[-15] (5 +2)[-32]
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drift region from the ion source and confusion of
Ar®** with Ne* produced from the small amounts of
neon impurity in the helium, precluded an accurate
determination of this small rate coefficient.

By way of contrast, the 'D and P states of Ar®
were found to react rapidly with helium when very
small amounts (5102 Torr) were added to argon
buffer gas (at ~0.1 Torr). The studies of these
fast reactions will be described in a forthcoming
paper; for completeness the measured rate coeffi-
cients are included in Table IL

B. Slow reactions involving singly charged ions He* + Ne
and Ne* + Ar

While the primary effort in the present study was
devoted to studies of reactions of doubly charged
ions, the possibility that similar, slow charge-
transfer reactions could be observed for singly
charged ions was also investigated. The reaction
He* + Ne was found to be too slow for a systematic
study of’ the rate coefficient. At a helium pressure
of 1.3 Torr, an effective two-body rate coefficient
of order ~1x 107'® ¢cm?®/sec was found, with an es-
timated uncertainty of about a factor of 2. Ne*
product ions were observed, leaving little doubt
that the reaction occurs. Fairly good data were ob-
tained for the reaction Ne*+Ar. Both the two-body
and three-body rate coefficients were found to be
very small (see Table II). The product ion Ar* was
observed quite clearly.

IV. DISCUSSION

The mechanism responsible for the very slow
charge-transfer reactions described in this paper
is most probably radiative charge transfer. Al-
though experimental confirmation would be provi-
ded by detection of the radiation emitted during the
transfer process, the radiation is so weak and
spread out in wavelength that our ongoing attempts
to observe it are not likely to be successful.

One of the simplest reactions to analyze theoret-
ically is He® + He, for which calculated potential
curves are available.”® As is seen in Fig. 5, the
long range force between the incident He** ion and
the He atom is slightly attractive, owing to the po-
larization induced in the atom. The short-range
repulsion is slightly different for the states of u or
g symmetry, but neither one intersects the repul-
sive curves of He" + He* (the He,? ground state) at
energies accessible to thermal energy particles.
Consequently, charge transfer is possible only
through a radiative transition from the 'Z, state.

Very recently, Cohen and Bardsley have carried
out a semiclassical calculation of the rate coeffi-
cient for charge transfer between He? and He (see
accompanying paper’). When they include an es-
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FIG. 5. Potential energy curves of the Hez2 mole-
cule calculated by Cohen and Bardsley (solid lines
through the points) and by Browne (dashed line).

timate of tunneling contributions to the charge
transfer, they obtain the result k(He®*, He) = 4.4
X 107* cm?®/sec at 300 K, in excellent agreement
with our result of (4.8+0.5)X% 10"** cm®/sec. This
new theoretical result represents a considerable
improvement in accuracy over the pioneering cal-
culation by Allison and Dalgarno,’ where a rate
coefficient of 4 X 10** cm®/sec was obtained using
less accurate wave functions for the He,** states.

No charge-transfer rate coefficients have been
calculated for the other rare-gas systems listed
in Table I; however, systems of astrophysical in-
terest, such as C? and C3* colliding with H or N
atoms, have been investigated by Butler et al.'?
The theoretical values of the single-electron
charge-transfer coefficients are in the range 10714~
107** cm®/sec, rather close to the rate coefficients
observed for the slow reactions of the various
doubly charged rare-gas ions.

As noted in Sec. I, the three-body contribution
to charge transfer in a system such as He® + He
is believed to involve formation of a weekly bound
upper state of He,? as a result of an energy-re-
moving collision with a third body (He) as the He*
and He collision partners near the classical turn-
ing point on the potential curve. This bound upper
state subsequently radiates to the repulsive ground
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FIG. 6. Observed dependence of the three-body con-
tribution to the charge-transfer reaction on the polari-
zability of the rare-gas atoms.

state, thus completing the charge-transfer reac-
tion. The name “associative-radiative charge
transfer” seems appropriate for this process.

As one might expect, the three-body process is
observed to be more important in the heavier,
more polarizable gases, and the rate coefficient
increases with decreasing temperature, as evi-
denced by the Ar®* + 2Ar reaction. The general in-
crease of the three-body coefficients with increas-
ing polarizability of the atoms is shown in Fig. 6.
It is not suggested, however, that the atomic pol-
arizability is the only factor which determines the
overall three-body rate coefficient.

Several of the reactions discussed in this paper
have been studied in previous experiments at ther-
mal energies and above. de Hoog and Oskam®! in-
vestigated the decay of Ne®* in neon afterglows and
Ar® in argon afterglows by sampling the ions dif-
fusing to the walls. Assuming two-body reaction
kinetics in their analysis, they obtained rate co-
efficients of £(Ne® + Ne)=9 % 10™** cm?®/sec and
E(Ar**+ Ar)<1.4X 10™*® ¢m®/sec, values about four
times larger than those obtained in the present ex-
periment. Neither contributions to ion loss by
metastable states of the ions nor inclusion of the
three-body process in the analysis of the afterglow
experiments seems capable of removing the dis-
crepancy; however, in view of the difficulties in
obtaining quantitative determinations of slow re-
action rates using the stationary afterglow tech-
nique, the disagreement may not be significant.

The finding by Howorka'? of an even larger coeffi-
cient, R(Ar®*+Ar)=4x10"'® cm®/sec, from anal-
ysis of ions emerging from various regions of a
hollow cathode discharge, in our opinion merely
indicates the intrinsic difficulties of this method.
For the reaction of Ne* ions with krypton a very

large thermal rate coefficient 2(Ne*+Kr)~10"12

cm®/sec has been inferred from selected-ion drift-
tube studies by Kaneko et al.'® This rate is more
than two orders of magnitude larger than we find;
however, in the past this method has led to a ser-
ious overestimate of other slow reaction rates,
perhaps due to the assumption in the analysis that
the injected ion current is unchanged as the gas
pressure in the drift tube is increased in order to
increase reactive loss of the ions.

Although most of the charge-transfer processes
described in this paper fall into the category of
very slow reactions (£<10"** cm®/sec), other no-
ble-gas ion-atom systems exhibit much faster re-
action rates, suggesting that quite different mech-
anisms are operative in the two cases. The Ar®*
+Ar and.Ar®*+ He studies discussed in Sec. III
serve to illustrate this point, since the different
states of the Ar® ions exhibit reaction rates differ-
ing by orders of magnitude.

The differences in reactivity of the different ion-
ic states may be made plausible with the aid of the
energy level diagram ¢f Fig. 7. For the Ar®" +Ar
reaction, there are no slightly exoergic (by~1 eV)
channels available to Ar®*(®P) ions; therefore the
necessary curve crossings for the fast, nonradia-
tive process illustrated in Fig. 1(a) do not exist.

100
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FIG. 7. Energies of the initial and final states of
the system for charge transfer between Ar®* ions and
Ar or He atoms.
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For the Ar® (!D)and Ar** (1S) states, production of
Ar** ions in excited states leads to slightly exoer-
gic channels (as suggested by the cross-hatched
areas in Fig. 7); thus reaction rates of ~10"!2 to
10! ¢cm®/sec seem plausible. In the case of Ar®*
+He, the situation is léss clear. The Ar®** (!S)+Ar
state lies well above (~7 eV) the energy of the Ar"
+He* product channel, and the reaction is slow
(<10"** cm®/sec), yet when the exoergicity of the
reaction is reduced to ~5 eV and ~3 eV (for Ar®*
ions in the 'D or °P states, respectively) the re-
action becomes very fast (~10"%° ¢cm?3/sec).

In general, a consideration of available final en-
ergy states for the various noble-gas ion-atom
charge-transfer reactions indicates that fast reac-
tions do occur in systems where slightly exoergic
channels are available, so that appropriate curve
crossings between initial and final states occur.

The results of these studies of fast charge trans-
fer reactions will be the subject of a forthcoming
paper.

Radiative charge-transfer processes may play
important roles in certain laser plasmas, fusion
plasmas, and interstellar clouds. Thus our ability
to measure rate coefficients for these slow reac-
tions in the laboratory provides a means for ob-
taining needed data for modeling these environ-
ments and for comparison with theoretical calcu-
lations.
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