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Radiative Association of CH3+ and H2 at 13 K

12 MARCH 1984

S. E. Barlow, ' G. H. Dunn, and M. Schauer '

(Received 17 November 1983)

This paper reports the first observation and measurement of two-body ion-neutral associa-
tion at low temperatures and densities. The rate at 13 K for CH3++H2 CH5++ hv has
been measured to be (1.8 +0.3) x 10 '3 cm3/s for a normal (3 to 1) mix of ortho and para
hydrogen. The reaction conditions were such that the process could only have proceeded by
radiative stabilization of the collision complex.

PACS numbers: 34.50.-s, 82.30.Nr, 95.30.Es, 98.40.Ct

The importance of gas-phase ion-molecul. e reac-
tions in the chemical evolution of the interstellar
medium (ISM) has been recognized for some time,
and Refs. 1—5 are representative of the many papers
on this subject. The ability to model observed
abundances of some interstellar molecules from la-
boratory data is impressive, and substantial progress
has been made in measuring or deducing the need-
ed data. Until recently, however, no rates have
been measured below 80 K, and most have not
been measured below room temperature. Much of
the ISM is characterized by T —10—50 K. Workers
have had to rely on extrapolation of rate coeffi-
cients from higher-temperature data. Some
processes have not yielded to measurement at any
temperature, and these must be estimated theoreti-
cally.

The radiative association process is an important
case in point. Its role was discussed in the earliest'
ISM models. By 1977 Black and Dalgarno3 included
C++H2 CH2++ hv as one of the fundamental
starting reactions for molecule formation, despite
the fact there had been no laboratory observation of
this type of process. This remains an anchor in

most present models5 as well —still with no mea-
surements. Other radiative associations have been
incorporated into subsequent models. 45 Recogni-
tion of the importance of the mechanism led to ex-
perimental efforts to observe and measure the pro-
cess, and success was achieved for ion —polar-
molecule systems near room temperature. Woodin
and Beauchamp6 reported rates for Li+ colliding
with several moderate size molecules (small al-

dehydes and ketones). MeEwan et al.7 reported a
rate for CH3++HCN CH3 HCN+.

The radiative association process can be
represented as

k,
A++8~ (AB+)" AB++ hv.

7 d

IF,

The lifetime rd of the complex (AB+)' generally
decreases with temperatures and for most such
processes k, is too small at room temperature to be
measured. Thus, until the present work, no obser-
vations or measurements of radiative association
have been made involving small, nonpolar
neutrals —particularly H2, the most abundant
molecule in the ISM. Further, no measurements
have been made at the low temperatures (10—50 K)
thought to be characteristic of the ISM.

In some important work " a third body M has
been introduced into the collision which stabilizes
the complex (AB+)". By observing the product
AB+ versus the concentration of M, workers were
able to infer information on rd, and by estimating
A, and kl, they could then estimate k, .

In the absence of laboratory data for radiative as-
sociation, much theoretical effort has gone into
making estimates of rates for the process for species
of astrophysical importance. The two most recent
calculations by Bates' and by Herbst' predict the
radiative association rate for CH3+ + H2 to be
1 x 10 '4 and 3.3 x 10 '4 cm3/s, respectively.

In this Letter we report a rate measurement at 13
K of the process CH3++H2 CH5++hv for a nor-
mal mix (3 to 1 ) of ortho and para hydrogen. The
detailed rate value is important for determining
CH4 (methane) ' 'a and H2CO (formaldehyde) '4

concentrations in the ISM, but the rate and its mea-
surement are equally important as prototypes for
the process.

The measurement was made with a trapped-ion
technique which has been described elsewhere. '

The trap, shown schematically in Fig. 1, is cooled to
11 K and is centered in the 2.4-T field of a super-
conducting solenoid. The CH3+ ions were made in
situ by a two-step process. First He+ ions were
created by electron bombardment. A small quantity
of methane was then introduced through the 170-K
gas pipe. A large fraction of the He+ reacted with
the methane to form CH3+. Ion clouds created in
this way have densities of 10s—106/cm3 and life-
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FIG. 1. Schematic of the ion trap.

times of —107 s. (Residual neutral densities were
& 10 /cm3. ) Hydrogen was then introduced

through the background gas pipe (Fig. 1) to bring
the neutral density to —107/cm3; the ion-cloud
lifetime fell to —104 s. In the trap ions move with
simple harmonic motion along the z axis at frequen-
cy v„ the ion cloud rotates uniformly about the z
axis with the magnetron frequency v, and the ions
execute cyclotron motion in the B field with the
offset cyclotron frequency v+ = v, —v, where
v, = qB/27r m.

The ions are nondestructively detected by observ-
ing the noise power in the image currents induced
in the trap end caps at v, . This signal is proportion-
al to the product of ion number and temperature.
The relative number of ions of a particular q/m can
be measured by applying a small amount of rf
power at v+,' ion-ion collisions rapidly bring the ion
cloud into thermal equilibrium, and one observes
an increase in signal which is proportional to the
number of resonant absorbers times the applied
power.

Sequential heating of each species in a period
short compared to the reaction time is used to es-
tablish the relative amount of each ion present at
the measurement time. Figure 2 shows a typical
measurement cycle. The cooling rate after each
heating is also determined to give a measurement
of the neutral density. A typical data run consists
of five to nine heating and cooling measurements
spaced at approximately 30-min intervals for each
sample.

Typically, ions were "created" long enough
(3000—5000 s) before measurements began so that
internal modes could thermalize both by collision
and by radiation. Before measurements began,
unwanted ions —e.g. , CH4+ (which can form CH5+)
and CH&+ (the product ion) —were ejected from the

FIG. 2. Demonstration of ion signature/signal vs time.
The observed signal, the noise power in image currents at
I „ is proportional to product of ion number and tem-
perature. The signal increases sharply (arrows) when cy-
clotron resonant power is applied thus increasing the
temperature. Ions then cool by collisions with cold H2,
and the signal decreases. The power input [(rf
amplitude)2x time] for heating CH5+ was 4 times greater
than for CH3+.

trap by cataclysmic cyclotron heating in a time so
short that nonresonant ions could not be heated.
Since it was necessary to establish whether ions
could act as a third body in stabilizing the collision
complex, CH3+ H2, the ion density in the trap was
varied by ejecting or leaving various "benign" ions,
C2H4+, etc. , in the sample.

After monitoring the parent and daughter ions at
selected times over about 104 s, the total ion signal
Nr(t) =g,' tN;(t) was least-squares fitted by an
exponential of the form Nr(t) = Naexp( —t/r, ),
where No is the initial value at some arbitrary zero
of time and r, is the time constant for diffusion or
other loss from the trap. This exponential fit for a
typical data run is shown in Fig. 3(a). Now the
number of product ions is

1V&(t) = Nc exp( —t/r, ) [1—exp( —t/r, ) ],

so that a plot of

X~(t) = in(1 —[N~(t)/No]exp(t/r, ))

versus time yields a line of slope I/r„where r, is

the reaction time constant. Figure 3(b) shows a fit
to the product data N~ for the same data run as in

Fig. 3(a). The probability per ion-neutral collision
of a reaction occurring is simply the ratio of the
ion-neutral collision time to the reaction time, ~, .
The ion-neutral collision time ~, is related to the
observed equilibration or cooling time, ~„by
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FIG. 3. (a) Total ion number vs time; line is least-
squares fit. (b) X~(t) = —in[i —N~(t)/W, (t)] vs time,
with least-squares fitted line of slope I/~„.

r~ =
3 [m;m„/(m;+ m„) ] t„where m; is the ion

mass and m„ is the neutral mass. ' The reaction
probability is then P„=~,/r, . One then proceeds to
the reaction rate coefficient from k, (T)
= k, (T)P,(T), where k, (T) is the collision rate
coefficient and is taken from the quantum calcula-
tion of Arthurs and Dalgarno. '7 This leads finally
to

k, ( T) = 4.45 x 10 9 '/ ( T '/ + 0.117)P, ( T),

where p, is in atomic mass units.
Three measurements were made with total ion

densities varying over a factor of 2.5 and neutral
densities varying over a factor of 1.6. The largest
deviation between any two measurements was only
12%. Thus, the role of ions as a third-body stabiliz-
er is precluded. The neutral density of —107 is far
below the 10" or 10' needed for complex-neutral
collisions to be important, as is borne out by the ob-
servations.

The results of the measurements give

P, (13 K) = (7.0+1.0) x10

and

k, (13 K) = (1.8+0.3) x10 t3 cm3 s

where the uncertainties are the quadrature sums of
the deviaton of the mean of three measurements

and estimated systematic uncertainties.
Smith and Adams9 " extensively studied col-

lisions of CH3 with Hq, using a third-body (e.g. ,
He) M to stabilize the complex (AB+)'. With the
assumption that a fraction, f, of collisions of M with
(AB+)' leads to stabilization, the dependence of
the three-body rate on M concentration will yield
rd, the lifetime of the complex. Referring to Eq.
(1) we see that k, = kt[~„/(rd+A, ')], and from
this and the k, measured here, the value of 3, can
be determined. Assuming the collision rate as
given by the Arthurs and Dalgarno theory men-
tioned earlier, and extrapolating the most recent
data of Smith and Adams" for the three-body rate
coefficient by assuming the commonly useda'o"
simple 1/T" dependence, we obtain ~d ——1.3x 10
s and A, = 560 s ' for f= 0.5. Experimentally
determined9 f's fall in the range 0.1 to 0.5 and de-
duced values of A, are effectively proportional to f.
The radiative rates are in qualitative agreement with
estimates in the literature. ' ' On the other hand,
Bates'9 has said that assuming a 1/T" dependence is
not correct. If one uses the temperature depen-
dence of k, calculated by Bates'2 as the basis for ex-
trapolating the three-body rates of Smith and
Adams, " there results id = 9.8x 10 9 s and
&, =7x103 s ' for f=0.5. Such a large value of
A, is more characteristic of electronic transitions
than the vibrational ones normally assumed to be
involved in radiative association. McEwan et at. 7

also found a surprisingly large A, for CH3+ + HCN.
The value of k, found here is about an order of

magnitude larger than the most recent theoretical
values. '2'3 Values of k, for this process used for
modeling the ISM range from2o I x 10 '6 to'3
7 x 10 " cm3 s '. The specific effects of this mea-
sured value on modeling the ISM await evaluation.
Some care should be exercised when these data are
applied to the ISM, as the effect of the ortho-para
hydrogen ratio on radiative association has not been
determined.
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