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Dissociative attachment in hot CH 3Cl: Experiment and theory
D. M. Pearl, P. D. Burrow, I. I. Fabrikant, and G. A. Gallup
Department of Physics and Astronomy, University of Nebraska, Lincoln, Nebraska 68588

~Received 25 August 1994; accepted 9 November 1994!

The dissociative attachment~DA! cross section of hot CH3Cl has been measured in a crossed
electron–molecule beam apparatus at temperatures up to 750 K and electron energies from 0–0.5
eV. The results are compared to cross sections computed using a mixedab initio-semiempirical
approach, treating CH3Cl as a quasidiatomic molecule. The theoretical treatment requires an anion
potential curve in the stable region as a portion of the input data. Computations with three different
basis sets show the results to be sensitive to the size of basis set from which the potential is
determined. At high temperatures, the experimental DA cross sections are found to be in very good
agreement with those derived from theory using the potential curve computed with the most flexible
of the basis sets. At room temperature the theory suggests that the measured DA cross section is still
limited by the presence of impurities. ©1995 American Institute of Physics.

I. INTRODUCTION

As the prototype for monochloroalkanes, methyl chlo-
ride plays a special role in our understanding of the dissocia-
tive attachment~DA! process,

e21CH3Cl→CH3Cl
2*→CH31Cl2,

for these molecules in the gas phase. Unfortunately, because
of its small size, the DA cross section of methyl chloride at
room temperature and low electron energies is difficult to
measure using either swarm or electron beam methods.
Semiempirical calculations of Fabrikant1 yield, near 0.6 eV, a
peak in the DA cross section with a maximum of roughly
10223 cm2 at room temperature. This is several orders of
magnitude smaller than that found at 0.8 eV in a recent elec-
tron beam study by Pearl and Burrow.2 This suggests that
this experiment and others finding even larger cross sections
are still limited by the presence of impurities. The theoretical
results, however, have not yet been directly tested.

An alternate approach to the problem is to examine the
temperature dependence of the DA process. From very gen-
eral considerations, the cross section is expected to increase
with temperature and shift to lower energies. At sufficiently
high temperatures, the yield of Cl2 from hot CH3Cl should
overcome the signal contributed by the small amount of im-
purities present, affording an opportunity to compare experi-
ment to theory. This implicitly assumes that the impurities
must have large cross sections, i.e., their values are close to
the theoretical maximum and do not increase substantially
with temperature.3

The temperature dependence of the DA process in me-
thyl chloride has been studied using swarm techniques by
Datskoset al.,4 who observed dramatic increases at electron
energies near zero and 0.8 eV. Both of these features were
confirmed in electron beam measurements of Pearl and
Burrow.2 However, it was found in the latter work that at
elevated temperatures the upper peak, at 0.8 eV, arose from
thermal decomposition of methyl chloride on the walls of the
oven, producing HCl which has a large and distinctively
shaped DA cross section peaking at this energy. In the

present paper, we will be concerned only with the lower peak
which appears near zero energy.

The temporary negative ion states of CH3Cl, through
which dissociative attachment should take place, have been
studied both experimentally and theoretically. Electron trans-
mission spectroscopy5 ~ETS! was employed by Burrow
et al.6 who located a broad resonance in the total scattering
cross section centered at 3.45 eV. This feature was attributed
to the temporary occupation of the C–Cls* ~8a1! molecular
orbital. The resonance energy and symmetry have been con-
firmed with stabilization calculations by Falcetta and Jordan7

as well as multiple scatteringXa calculations by Guerra
et al.8

Further information about the temporary anion states has
been derived from studies of the vibrational excitation of
methyl chloride. A preliminary report by Shiet al.9 con-
firmed the symmetry of the lower resonance by an examina-
tion of the vibrational modes which were excited and re-
vealed the presence of a second resonance, ofe symmetry,
centered near 5 eV. Subsequently, measurements of the ab-
solute vibrational excitation cross sections and the angular
distributions of the scattered electrons have been carried
out.10

A small DA cross section for methyl chloride is not dif-
ficult to rationalize since the vertical attachment energy lies
above 3 eV and the lifetime of the resonance is correspond-
ingly short. We note however that methyl chloride is quite
different from the other monochloroalkanes in this regard.
The DA cross section of ethyl chloride, for example, displays
a peak in the yield of negative ions at 1.55 eV with a mag-
nitude of 1.49310219 cm2, orders of magnitude larger than
that of methyl chloride at room temperature. Other
monochloroalkanes we have surveyed11 also have similar or
larger DA cross sections, peaked between 1.3–1.6 eV. The
key difference appears to be the energies of the associated
temporary anion states, which, in the latter compounds lie
between 1.8 and 2.4 eV8 as determined by ETS, well below
that of methyl chloride.

To provide theoretical guidance for understanding the
DA cross section of methyl chloride, Fabrikant1 modeled this
process using a semiempirical theory based on a combination
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of the resonanceR-matrix approach and the non-local-
complex-potential method. As noted earlier, it appears that
the resulting cross section at room temperature is so small
that it cannot be easily measured without extensive efforts to
remove impurities. On the other hand, Fabrikant found that
the cross section near zero energy increased rapidly with
temperature and that above approximately 500 K, the yield
of Cl2 from CH3Cl should lie above the background due to
impurities, assuming that the cross sections constituting the
background do not change appreciably with temperature.

In the present work, we carry out a comparison of the
experimental and theoretical DA data in methyl chloride at
elevated temperatures and electron beam energies below 1
eV. We first review the means by which the measurements
were carried out.

II. EXPERIMENT

The apparatus is basically that discussed by Chu and
Burrow12 with a few changes as described in Pearl and
Burrow.2 Briefly, a magnetically collimated trochoidal
monochromator13 produces an electron beam that intersects,
at right angles, the gas emerging from a heated gas tube.
Figure 1 shows a cross section through the collision region in
a plane perpendicular to the electron beam. A pusher elec-
trode P directs ions produced along the electron beam
through a series of electrodes L1, L2, and L3, and an 11 cm
long cylinder whose purpose is to increase the distance be-
tween the microchannel plates used for ion counting and the
heated gas line. The cylinder is divided into four quadrants,
and an electric field is applied between two of the quadrants
of the cylinder to offset the curvature of the ion trajectory
caused by the magnetic field. The electron beam is partially
shielded from the potential placed on the pusher electrode by
a cylindrically positioned series of fine grid wires surround-
ing the beam.

The gas is heated by passing it through a length of re-
sistively heated stainless-steel tubing. The gas line in the
apparatus is actually in a plane parallel to the electron beam,
but in Fig. 1 is shown rotated by 90° to appear in more detail.
The tubing has an inner diameter of 1.9 mm and is shielded
by a double layer of thin stainless-steel sheet. A length of

approximately 28 cm of the tubing is contained within the
heat shield, and a chromel-constantan thermocouple placed
roughly in the middle monitors the temperature. A short sec-
tion of tubing at the gas exit end, approximately 2 cm long
and shielded by a concentric metal tube, emerges from the
heat shield and makes electrical contact with the wire carry-
ing the heater current. A thermocouple also monitors the
temperature at the exit of the tube. The conduction and ra-
diation losses cause the temperature at this point to be lower
than that in the main shielded section for temperatures above
300 K as discussed later.

An external valve enables the gas to be directed to the
heated tubing or introduced into the background of the
vacuum system. Contributions to the signal arising from the
background gas are subtracted out. For this study, our source
of CH3Cl was the Aldrich Chemical Company, Inc. No fur-
ther purification was carried out on the sample, which was
described as better than 99.5% pure.

Energy scale calibration was carried out within60.1 eV
by reference to the peak14 in the DA yield of O2 from N2O.
A more precise scale was obtained by use of the sharp peak
near zero impact energy described more completely below.

The present apparatus is not well suited for measure-
ments of absolute values of DA cross sections because of the
uncertainties in the molecular beam density and profile as
well as discrimination effects for fragment ions of kinetic
energies above a few hundred meV. We have therefore ref-
erenced the ion currents measured at low electron energy to
those coming from a peak appearing in the DA cross section
at 7.4 eV. As noted elsewhere12 this peak arises from predis-
sociation of the lowest Feshbach resonance15 in methyl chlo-
ride. Retarding potential measurements indicate that the ion
fragment energies appear to be quite low and thus that ki-
netic energy discrimination problems should not be impor-
tant. The magnitude of the 7.4 eV peak appears to be inde-
pendent of temperature over the range of interest. This was
verified in a mixture of methyl chloride and N2O by refer-
ence to the 2.25 eV peak in the latter, which is known to be
temperature independent.14 The absolute DA cross section of
the 7.4 eV peak, 4.960.5310220 cm2, was determined in a
separate apparatus, described elsewhere,11 consisting of a
long static gas cell containing a total ion collection electrode.

III. THEORY

A. Scattering calculations

The details of the theoretical model are discussed
elsewhere.1,16 Basically,R-matrix theory is used to incorpo-
rate the resonant character of the scattering process and the
long range~dipole and polarization! interaction between the
incident electron and the molecule. The quasiclassical ap-
proach allows the efficient inclusion of the many vibrational
channels that are necessary for a correct account of the sur-
vival probability of the intermediate negative ion. Our calcu-
lations have shown that if fewer than 35 vibrational channels
are included, the DA cross sections exhibit qualitatively
wrong behavior with regard to their energy dependence. The
number of channels used in the present calculations was 50,
which is enough for convergence.

FIG. 1. Schematic diagram of the apparatus in a plane perpendicular to the
electron beam. The heated gas line is rotated by 90° to appear in this plane
for clarity.
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The theory was developed for diatomic molecules, and
to apply it to methyl chloride we ignore all vibrations other
than that corresponding to the C–Cl stretch and consider all
other geometric parameters as functions of the distanceR
between the C and Cl atoms. The input data for the theory
are the potential curvesU ion~R) andUneut~R! for the negative
molecular ion and the neutral molecule, respectively. These
are described in detail below. In addition, theR-matrix pa-
rameterg~R! describing the interaction between the resonant
state and the continuum is required.

The form of theR matrix used is the same as that given
before,1

R~r!5
g2~r!

W~r!2Ee
1Rb , ~1!

wherer5R2Re , the internuclear separation measured from
the equilibrium distance,Re , Rb is a backgroundR-matrix
term, and

W~r!5U ion8 ~r!2Uneut~r!. ~2!

In Eq. ~2! the ion potential curveU ion8 is a modified form of
the original adiabatic curveU ion discussed above. The
change is required to account for the specific long range
potential and the different boundary conditions imposed on
R-matrix wave functions from those on the wave functions
of conventional variational structure calculations. The details
of these considerations are discussed in Ref. 16.

In the initial theoretical study reported in Ref. 1, a
negative-ion potential curve calculated by Falcetta and
Jordan17 was employed forR.Rcr, whereRcr is the internu-
clear distance at the crossing point between the neutral and
negative ion potential curves. The experimental value of the
vertical attachment energy was used to extrapolateU ion~r!
into the equilibrium distanceRe . However,g remained un-
certain, leading to variations of one or even two orders of
magnitude in the DA cross section.

In the present calculations and those of Ref. 16, we have
eliminated this uncertainty by using the experimental data of
Shi et al.10 for the vibrational excitation~VE! cross sections
of CH3Cl. Electron excitation of the C–Cl stretch in the re-
gion between 1 and 5 eV is dominated by thea1 resonance.

9

The shape of the vibrational excitation cross section and its
peak value are very sensitive to the vertical attachment en-
ergy and theg parameter. This allows us to determineg at
the equilibrium internuclear distance with reasonable accu-
racy. Extrapolation to largerR can be performed using the
electron affinity of the Cl atom, but the final results for the
DA and VE cross sections are not sensitive tog at largeR.

As in Ref. 1, we used the following analytical forms

U ion8 5Be22br2Ce2br1D,
~3!

g5g01
g1

ezr1b
.

We have performed theseR-matrix calculations using
the ion curves from three different basis sets, designated A,
B, and C. These are described below, and Table I gives the
results of our fitting procedure to determine the parameters
of Eq. ~3! for each of the curves, and also gives the value of
r 0 , theR-matrix sphere radius, used in each case. The value
of the DA cross section has been found to be insensitive to
reasonable changes inr 0 . The parameters for the A basis set
differ very little from those used in Ref. 1.

B. Calculation of potential curves

The calculation of internuclear potential curves for nega-
tive ions presents formidable difficulties for theory. At sepa-
rations greater thanRcr , the calculated energy of the ion is
variationally stable. In such cases large flexible basis sets are
required to obtain reasonable results. As one passes into the
inner region,R,Rcr , the calculated energy of the ion using
such a basis set will collapse, corresponding to a wave func-
tion that represents either a bound dipole state of the molecu-
lar anion18 or one that represents an attempt of the basis set
to imitate the neutral molecule and an electron in the
continuum.19 Which of these latter two alternatives occurs
depends on the size of the basis set and whether the dipole
moment of the neutral molecule is above the critical value.
The anion state implicated in DA is, however, best repre-
sented by a configuration with the added electron in the nor-
mally unoccupied C–Cls* antibonding orbital. In the outer
region this configuration is the stable anion, but in the inner
region it becomes a resonance, with a complex energy. The
stabilization method20–22 has been devised to obtain such
complex energies using the basis sets of conventional bound
state variational calculations, but we have not utilized this
approach here.

Another difficulty arises in determining the potential
curves that we have not addressed. In the discussion of the
previous paragraph, the value ofRcr is not the actual crossing
point, but depends upon the details of the basis set used and
is the point where thecalculatedneutral molecule and anion
curves cross. In practical calculations it will only approxi-
mate the true physical value. In particular, the anion curve
will almost certainly be too high in energy relative to the
neutral molecule curve because of deficiencies in treating
electron correlation. We shall speak more of this below.

TABLE I. The parameters for theR-matrix curves for each of the CH3Cl
2 potential curves.

Basis
set B C D b g0 g1 z b r0

A 0.166 0.029 20.0097 0.7297 0.154 0.227 1.65 0.824 4.0
B 0.273 0.140 20.0097 0.5256 0.16 0.22 1.65 0.824 5.0
C 0.170 0.038 20.0097 0.5071 0.16 0.22 1.65 0.724 5.0
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Theoretical studies of DA have emphasized the role of
temporary negative ion formation as an essential part of the
process.23–25A common practice in these studies is to use the
Feshbach26 projection operator formalism to force the wave
function into representing the desired state. Although the
projection is easily handled formally, in practice it consti-
tutes a considerable restriction of the basis set used in con-
trast to the flexibility required forR.Rcr . There is, at
present, no clear way to handle these conflicting require-
ments in calculating a negative ion potential curve at all
distances. Furthermore, DA involves a mix of tunneling and
activation processes and, therefore, has an exponential sen-
sitivity to the physical parameters involved. These difficul-
ties have required our mixingab initio and semiempirical
techniques in our calculations.

Accurate values of many parameters are required, such
as the experimental electron affinity27 ~EA! of Cl and the
experimental dissociation energy,28 D0~C–Cl!, in methyl
chloride. The calculated DA cross section is also sensitive to
the precise values of the vibrational energies of the neutral
molecule. Our procedure then, is to use the Morse function
best reproducing the C–Cl stretching frequency of CH3Cl to
represent it as a pseudodiatomic molecule forUneut~r! and to
use various calculatedU ion~r! curves,shifted in energy to
match the correct relative asymptotic energies determined
from EA(Cl) and D0(C–Cl).

Because of the theoretical uncertainties surrounding the
negative ion potential curves, it is important to determine the
sensitivity of the calculated DA cross sections to these input
data. We have therefore used curves calculated with three
different basis sets for comparison. These are shown in Fig.
2, together with the Morse function representation of the
neutral molecule curve, described above. The open square in
the figure marks the experimental vertical attachment energy.

Set A. Falcetta and Jordan17 have computed the potential
curve forR.Rcr using a large basis set, 6–31111G~2dp) at
the UHF1MP2 level. The gap between curveA and the neu-

tral curve is due, at least in part, to the shift required to
match the EA~Cl! and theD0~C–Cl!. It will be recalled from
the discussion above that the variational collapse of the nega-
tive ion curve occurs at the crossing with thecomputedneu-
tral molecule curve, rather than the crossing with the real
experimental one.

Set B.We have employed a 6–31G basis with an extra
set ofp orbitals on Cl to help represent the Cl2 ion and an
off-center s function half-way between C and Cl to give
polarization. This basis set was constructed as an attempted
compromise between the conflicting flexibility requirements
discussed above, but it is still too flexible to extend signifi-
cantly into the inner region. The energies for this basis set
were also determined at the UHF1MP2 level. The gap from
the neutral curve in this case is caused by the same effects as
for basis setA.

Set C. Finally, an unmodified 6–31G basis was tested
with energies determined at the UHF level. With this basis
set the ion curve can be extended considerably into the inner
region as shown, but it gives, as we will see, a DA cross
section that is much too small. Examination of Fig. 2 shows
that the ion curve even with this basis set appears to be
subject to some variational collapse at the smaller C–Cl dis-
tances. Falcetta and Jordan had already noted partial varia-
tional collapse with a 4–31G basis set.17 Thus it is not sur-
prising that the somewhat more diffuse 6–31G basis set also
shows collapse.

In all these calculations the molecule was constrained to
haveC3v symmetry, and the internal geometry of the methyl
group was relaxed as a function of the C–Cl distance. Other
geometries of CH3Cl

2 have lower energies,29 but these are
reached only for long C–Cl distances corresponding to es-
sentially complete dissociation of CH3Cl

2. They should,
therefore, have an insignificant influence on DA, and we
have ignored them.

As a peripheral comment, we note that the nature of
basis setC that allows the ion curve to be carried so far into
the inside region makes possible an interesting analysis of
the problems using the Feshbach resonance theory. Selecting
a particular finite basis set is equivalent to choosing a pro-
jection operator for a particular subspace of the total Hilbert
space of the problem. Thus one might argue that theC ion
curve represents the energy of the projected state of the Fesh-
bach theory. Examination of Fig. 2 shows, however, that the
experimental value of the vertical attachment energy is still
considerably above this ion curve, which, in light of the
Fesh-
bach resonance theory, is unlikely. This may be seen because
the position of the resonance from that theory is the solution
of

E85EQ1D~E8!, ~4!

whereEQ is the energy of the projected state, andD(E8! is
the integral

D~E8!5
1

2pE uG~E9!u2 dE9

E82E9
, ~5!

which can be seen to be negative forE850. UnlessG has a
very unusual energy dependence,D(E8) will be negative in a
region above zero energy, and the actual position of the reso-

FIG. 2. Potential energy curves for the ground states of neutral CH3Cl and
the 2A1 anion state as a function of the C–Cl distance. The basis sets are
described in the text.—Basis set A, ---basis set B, and –––basis set C.–-–
gives the neutral molecule curve used. The point marked byh is the ex-
perimental vertical attachment energy.
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nance from the solution of Eq.~2! will be below EQ . We
conclude from this that even the relatively restricted 6–31G
basis set is too unconstrained to serve effectively as a pro-
jection to obtain the energyEQ , and that even theC ion
curve indicates variational collapse into the continuum.

IV. RESULTS

Figures 3 and 4 show the calculated DA cross sections of
methyl chloride at two representative temperatures, 300 and
600 K. Unless otherwise specified, all the calculated data
incorporate the potential curve of Falcetta and Jordan.17 The
peak values of the cross sections vary by about three orders
of magnitude over this temperature range. The sharp struc-
tures arise from the opening of successively higher vibra-
tional channels of the neutral molecule and have been dis-
cussed previously.1 For comparison with experiment, it is
necessary to convolute the theoretical curves with the instru-
mental function. The latter was modeled with a Gaussian
distribution whose full-width at half-maximum was chosen

to give best agreement between the folded theoretical curve
and shape of the experimental peak. From measurements at
three different temperatures, a full-width at half-maximum of
67 meV was chosen. Figure 5 illustrates the quality of the fit
at 600 K. The magnitude of the experimental data is normal-
ized to the theoretical curve and the energy scale shifted
slightly, by about 40 meV, to agree. In our experience, the
high energy wing of the electron distribution emerging from
a trochoidal monochromator falls off slower than modeled by
a Gaussian distribution, giving rise to the discrepancy at the
lower energy end of the curve. Agreement over most of the
curve is quite good. Unfortunately, the energy resolution is
insufficient to observe the sharp threshold structures pre-
dicted by the unfolded theoretical data. At energies above
about 0.3 eV, the experimental signal begins to increase due
to contributions from HCl as discussed in detail elsewhere.2

For completeness, we show in Fig. 6 the folded theoretical

FIG. 3. The calculated dissociative attachment cross section of methyl chlo-
ride at 300 K as a function of electron energy. The negative ion potential
curve of Falcetta and Jordan, Ref. 17, was used.

FIG. 4. The same as Fig. 3 at a temperature of 600 K.

FIG. 5. The theoretical DA cross section at 600 K folded with a Gaussian
distribution having a full-width at half-maximum of 67 meV. The experi-
mental points are normalized to the theoretical curve at the peak.

FIG. 6. The folded theoretical DA cross section at 300 K.
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DA cross section at 300 K. The peak cross section at 0.66 eV
is 43 times smaller than the experimental upper bound pre-
viously reported.2

Using the theoretical curves convoluted with the 67 meV
Gaussian distribution, which was found above to give a rea-
sonable representation of the instrumental function, we can
now make a more direct comparison between theory and
experiment as a function of temperature. At each tempera-
ture, the negative ion current was measured as a function of
electron energy in the region below 1 eV and around the 7.4
eV peak. The maximum in the signal, which occurred close
to zero energy, was placed on an absolute scale with an es-
timated error of625% by reference to the cross section of
the 7.4 eV peak. Theoretical cross sections were computed at
six selected temperatures and convoluted with the Gaussian
distribution.

In Fig. 7, the peak values of the experimental and folded
theoretical cross sections are given on a semilog plot as a
function of 1/T. The solid line shows the theoretical depen-
dence using the potential curveA. The agreement with the
present data shown in open circles is exceptionally good and
very likely fortuitous in part. The strong sensitivity of the
calculated cross section to the location of the negative ion
potential curve and its value atRcr is shown by comparison
with the dashed line, incorporating curveB, and the dotted
line, using curveC.

In considering the results for the DA cross sections that
arise from the three different determinations of the ion
curves, it is clear that the two larger basis set MP2 calcula-
tions give much superior results compared with those of the
minimal UHF calculation. Basis setA, the largest, gives re-
sults in best agreement with the experimental data, but basis
setB is not far from this. From a variational point of view,
the largest basis setA gives an overall 1.15 hartree~31.3 eV!

lower energy for the separated CH31Cl2 geometry, but the
shift to the correct relative asymptotic energies hides this
difference. Although theshifted set B curve falls slightly
below the setA curve, we see that the original total elec-
tronic binding energies from the two calculations conform to
our expectations that, variationally, the curve for setA
should everywhere fall below that for setB. It is nevertheless
gratifying that the sensitivity of the final DA cross sections to
the details of the ion curve is no greater than this. The curve
from setC, on the other hand, intersects the neutral curve at
a much higher energy causing a substantial reduction in the
DA cross section.

There is an additional experimental uncertainty regard-
ing the temperature of the gas which should be pointed out.
The data shown with open circles correspond to temperatures
measured at the middle of the heated tube inside the heat-
shielded region. As alluded to earlier, the gas line tempera-
ture declines over the last 2 cm of the heated tubing by an
amount which is about 30% of the difference between the
high temperature and 300 K. The effect of this decrease on
the vibrational temperature of the emerging gas is difficult to
estimate since the accommodation coefficients for the vibra-
tional levels of methyl chloride on the surface are not known
to us. It seems unlikely that the small number of wall colli-
sions made in this short section of tubing are sufficient to
substantially lower the vibrational temperature. However, as
an example, if the temperatures were cooled to the average
of the high temperature and that of the tube exit, the open
circle data would shift to the right and fall approximately on
the dashed line associated with potential curveB.

Figure 7 also includes the total electron attachment cross
sections of Datskoset al.4 derived from their swarm experi-
ments. At the highest temperatures, their values lie about a
factor of 10 higher than the folded theoretical cross sections,
however, a direct comparison with the present work is not
entirely justified. If their cross sections had been deconvo-
luted with infinite energy resolution, they should be tested
against theunfoldedtheoretical cross sections. The low en-
ergy peak in their data, however, has a full-width at half-
maximum of about 100 meV and peaks at approximately 30
meV. This appears to indicate an effective resolution at these
low energies which may be comparable or somewhat larger
than that used in the present experiment. In this case, we
would conclude that the swarm data in fact lies consistently
above the electron beam and theoretical results.

V. SUMMARY

In this work we have shown that measurements of the
dissociative attachment cross sections of hot CH3Cl at low
electron energies are in remarkably good agreement with the
predictions of a mixedab initio—semiempirical theoretical
treatment. The primary source of systematic error in the ex-
perimental results is likely to lie in our assumption that the
vibrational temperature of the molecules is the same as the
temperature measured at the hottest, longest, portion of the
tube oven, and that there is negligible cooling at the exit end.
If the effective gas temperature is lower than the measured
value, our data points in Fig. 7 will be shifted to the right,

FIG. 7. The experimental and folded theoretical DA cross sections at their
peaks plotted against inverse temperature. The open circles show the mea-
surements from the present study. The solid and dashed lines show the
computed results using the three negative ion potential curves. The1 sym-
bols indicate the peak cross sections unfolded from the swarm experiment of
Datskoset al. ~Ref. 4!.
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and for a given real temperature, the measured cross sections
will lie above those predicted by the calculations we believe
to be the most trustworthy.

The theoretical treatment, at this state in its develop-
ment, is subject to a number of approximations. The strong
dependence of the DA cross section on the location of the
anion curve is amply illustrated, however, it is encouraging
that large scale calculations of this curve are in good agree-
ment with experiment. It remains to be seen whether calcu-
lations at this level will also be necessary in compounds like
ethyl chloride that have much larger DA cross sections at
room temperature.

The present theoretical approach still requires empirical
data about the anion curve in the inner ‘‘resonance’’ region,
namely, the vertical attachment energy and lifetime, which
are obtained by fitting to the differential cross section for
vibrational excitation. Both of these parameters are acces-
sible in principle by theory, and our long term goal is to
make the calculations fullyab initio. In addition, the ap-
proximation whereby CH3Cl is treated as a diatomic mol-
ecule needs to be removed by considering possible couplings
with thee resonance and other vibrational modes.

Finally, we note that the predicted methyl chloride DA
cross section at room temperature lies below that found in
even the smallest reported beam measurement. This indicates
that a more substantial effort to purify the compound and to
remove impurities in the collision region will be required.
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