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Results from a joint experimental and theoretical study of electron attachment to chloroform (CHCl3)
molecules in the gas phase are reported. In an electron swarm study involving a pulsed Townsend tech-
nique with equal gas and electron temperatures, accurate attachment rate coefficients were determined
over the temperature range 295-373 K; they show an Arrhenius-type rise with increasing temperature,
corresponding to an activation energy of 0.11(1) eV. In a high resolution electron beam experiment involv-
ing two versions of the laser photoelectron attachment method, the relative cross section for CI~ formation
from CHCl; over the energy range 0.001-1.25eV at the gas temperature Tg =300K was measured. It
exhibits clear downward cusp structure at the threshold for excitation of one quantum of the vibra-
tional symmetric deformation mode v, indicating that this mode is active in the primary attachment
process. With reference to our thermal attachment rate coefficient k(T=300K)=3.9(2) x 10~9cm3?s~1, a
new highly resolved absolute attachment cross section for T = 300 K was determined. This cross section is
extended to higher energies by measurements, carried out with a pulsed electron beam apparatus which
also provided new data for the distinctly weaker fragment anions HCl,~ and CCl,~. The resulting total
absolute cross section for anion formation is used to calculate the dependence of the attachment rate
coefficient k(Te;Tg) on electron temperature T. over the range 50-15000K at the fixed gas temperature
T =300K. In addition, we report the dependence of the relative cross section for Cl- formation on gas
temperature (Tg =310-435K). For comparison with the experimental data, R-matrix calculations have
been carried out for the dominant anion channel Cl~. The results recover the main experimental obser-
vations and predict the dependence of the DEA cross section on the initial vibrational level v3 and on
the vibrational temperature. Our results are compared with those of previous electron beam and electron
swarm experiments.
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1. Introduction

Attachment of low-energy electrons to molecules is an impor-
tant process in gaseous dielectrics and other environments
including excimer lasers, discharges used for etching, and the
earth’s atmosphere [1-3]. Due to the high electron affinity of halo-
gen atoms Y dissociative electron attachment (DEA) to halogen
containing molecules XY (short notation Y~ /XY)

e (E)+XY — XY™*(TNI) - X + Y~ (1)
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may often occur with large cross sections o(E) down to zero elec-
tron energy E, thus efficiently producing halogen anions as well
as halogen atoms or halogen containing radicals which are impor-
tant precursors for further reactions [1-5]. Following its formation,
the excited, temporary negative ion XY~* (TNI) can either decay by
autodetachment (corresponding to elastic or inelastic electron scat-
tering) or it may dissociate, thereby forming stable negative ions
Y~. In special cases (such as SFg [5-8]) long-lived anions XY~ may
be formed by fast intramolecular vibrational redistribution (IVR) in
the initially formed TNL

One point of special interest in studies of the DEA process is
the relation between the resonance energy (vertical attachment
energy VAE) and the size of the DEA cross section at its respective
maximum as well as the variation of these quantities with chemical
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substitution [9]. As an example we consider the methane deriva-
tives CH3Cl, CH;Cl,, CHCl3, and CCly. The lowest TNI state of these
molecules has 2A; symmetry; it is responsible for electron attach-
ment to these molecules at low energies via the process (q=1-4,

p+q=4):
e~ +CHpClg — CHpClg (A1) — CHpCly 1 + CI- (2)

The VAE of these molecules was studied by ab initio calculations
[10,11] and by electron transmission spectroscopy (ETS) [12-14].
For CCl, the 2A; anion state has a negative VAE (from —0.34 to
—0.08eV [10,11]), i.e., it is bound relative to the vibrationless neu-
tral molecule in the equilibrium conformation; its presence close
to zero energy induces a very large attachment cross section at low
energies, resulting in a high thermal attachment rate coefficient of
k(300K)=3.79(19) x 107 cm3 s~ [15]. Substituting Cl atoms with
H atoms raises the VAE substantially to 0.42 eV for CHCl3, 1.01 eV
for CH,Cl,, and 3.45eV for CH3Cl [14] while the thermal (300K)
attachment rate coefficients for these three molecules, relative to
those for CCly, drop strongly by about two, five, and more than
eight orders of magnitude [16]. Note that the DEA reaction (2) is an
exothermic process for CCly, CHCl3, and CH,Cl, since the electron
affinity of Cl (3.6127 eV [17]) exceeds the respective dissociation
energy (D(Z’98K =3.07,3.22(2),3.50(3) eV) for these three molecules
[18]; for CH3Cl (Dggsk =3.63 (2)eV [18]) reaction (2) is slightly
endothermic.

In essence, the strong variation of the respective rate coeffi-
cients reflects the fact that electron attachment to molecules in
the vibrational ground state at low electron energies is efficient
only if the anion potential surface crosses that of the neutral near
the equilibrium distance of the reaction coordinate. When the
anion curve is raised to higher energies by increasing the VAE, its
crossing point with the neutral curve is raised to larger distances
and the Franck-Condon factor for attachment of near-zero energy
electrons to molecules in the vibrational ground state decreases
exponentially. In these cases, attachment to vibrationally excited
molecules will exhibit strongly enhanced attachment cross sec-
tions at low electron energies [1,4,5,19-21]. Correspondingly, the
vibrationally averaged cross section and the rate coefficient will
show an Arrhenius-type rise with increasing vibrational tempera-
ture [1,19-24].

In this paper we concentrate on DEA to the molecule chlo-
roform (trichloromethane CHCl3). It possesses an electric dipole
moment of 1.04 D =0.41 a.u. [18] and a dipole polarizability of64a8
(ag =Bohr radius=52.9177 pm) [18], leading to a substantial long-
range attraction for the electron. Electron collisions with CHCl3
at low energies are strongly influenced by the 2A; resonance
(VAE=0.42eV [14]) and by the doubly degenerate 2E resonance
(VAE =1.76 eV [14]) which both arise from the three C-Cl o* orbitals.
These two resonances show up in both scattering [12,14] and DEA
cross sections (see below). The predominant channel in DEA to
CHCl3 at low energies is Cl~ formation according to the reaction

e~ + CHCl3 - CHCl3~*(2A;) — CHCl, +ClI~ +Q 3)

with an exothermicity of Q=0.39(2)eV.

Low-energy electron attachment to CHCl3 has been studied
quite extensively, both by electron swarm [1,16,22,23,25-38] and
by electron beam methods [9,39-46]. The swarm experiments
yielded thermal attachment rate coefficients (i.e., equal electron
temperature T and gas temperature Tg) at temperatures close to
T=300K that scatter over the range (1.3-5.0) x 10~2 cm3 s~1. With
rising temperature, the thermal rate coefficients were found to
increase with an Arrhenius-type behaviour k(T)=A exp(—Ea/(kgT))
(kg =Boltzmann constant), yielding activation energies E; around
0.1 eV.Three different methods were applied to measure the depen-

dence of the rate coefficients k(Te;Tg) on electron temperature for
fixed gas temperature. Blaunstein and Christophorou [26] used a
drift tube method to vary the mean electron energy (E) and found
a maximum of about 2 x 10~8 cm3 s~ at (E)=0.35 eV (Tg =300K).
Shimamori et al. [35] applied the microwave pulse radiolysis with
microwave heating (MWPR-MH) method and reported results over
the range from Te=Tg to Te ~12,000K ((E)=1.5eV) at Tg=300K
[23,35], 450K and 600K [23]. At Tg=300K, they found a maxi-
mum at (E) =0.33 eV [35] in agreement with the earlier work [26],
but the respective absolute values and the shapes of the energy
dependences are different. At Tg =450K, the rate coefficients at the
lower T were found to rise strongly whereas the values near the
maximum and above remained nearly the same [23]. At T =600K,
the rate coefficients were observed to decrease slowly with rising
(E) from a maximum of almost 3 x 10~8 cm3 s~1 [23]. Spanél et al.
[36,38] used a flowing afterglow Langmuir probe (FALP) appara-
tus to study either (using helium as carrier gas) thermal (Te =Tg)
attachment or (with argon carrier gas) attachment occurring at
Te > Tg =300 K with electron temperatures up to 4000 K (for details
of the latter approach see [47]). Their rate coefficients showed a rise
with increasing Te similar to that observed in [23,35], but at higher
absolute values.

DEA cross sections for anion formation from CHCl; have
been measured in electron beam experiments at resolutions of
(0.05-0.5)eV [9,39-46]. At energies below about 1 eV (only forma-
tion of C17), the attachment spectra either showed a single rather
broad peak [41,42] or a combination of a resolution-limited peak
close to 0eV and a broader peak with a maximum in the range
(0.2-0.3)eV [9,40,43-46]. The near-zero energy peak was found
to depend strongly on gas temperature, also indicating activation
energies around 0.1 eV [44,45] while the peak at the higher energy
appeared to be almost independent of gas temperature [45]. In an
experiment carried out at a gas temperature T ~ 338 K, Aflatooni
and Burrow [9] determined the absolute total attachment cross sec-
tion at the maximum of this peak (observed at 0.27 eV [9,42]) as
9.6 x 10720 m2 with a quoted uncertainty of +10%.

At energies below 3 eV, the anions HCl,~ and CCl,~ are weakly
produced in addition to ClI~ [39,42] with broad, nearly Gaussian-
shaped bands peaking at 1.6(1) and 1.45(10) eV, respectively [42].
Their energy-integrated intensities were determined as 0.2% and
0.07% (relative to that for CI~ formation) [42] whereas in [39] the
‘true relative peak heights’ of these two bands are listed as 1:3.
These processes occur through the higher-lying, doubly degener-
ate 2E resonance. In recent DEA work on CHCl3, Denifl et al. [46]
reported attachment spectra for several additional very weak anion
channels, namely CCI—, Cl,~, CHCI~, CHCl,~,CH~, C~,and H~. Their
spectra for Cl=, HCl,~, and CCl,~ showed maxima at 0.3, 1.71, and
1.56 eV and relative peak intensities of 100, 0.09, and 0.86, respec-
tively.

An interesting detail of the attachment dynamics at very low
electron energies was provided by an investigation of Rydberg elec-
tron transfer (RET) to CHCl3 molecules, involving highly excited
K**(nl) atoms for principal quantum numbers for n=10 and n=40
[48]. Measurements of the velocity and angular distributions of the
product positive (K*) and negative ions (Cl~) revealed that the tran-
sient negative ions CHCl;~" formed in the RET process undergo very
rapid dissociation. This finding is not compatible with models of
the DEA process involving CHCl3 [36] which assume formation of
a complex and randomization of rovibrational energy by IVR prior
to dissociation.

For a detailed understanding of the DEA process, attachment
cross sections should be measured over arange of gas temperatures
with a sufficiently low-energy width to exhibit the true thresh-
old behaviour of the cross section near zero energy. In the present
work, we combine the results from four experiments to determine
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a highly resolved absolute cross section for anion formation from
CHCl3 over the energy range 0-3.3eV. Using an improved elec-
tron swarm apparatus, we redetermine the thermal attachment
rate coefficient for CHCl3 at an uncertainty of about 5% over the
temperature range 295-373 K. Using two variants of the laser pho-
toelectron attachment (LPA) method with an energy resolution of
about 3 meV, we measure the relative cross section for formation
of the dominant anion Cl~ over the energy range 0.001-1.25eV
at the well-defined gas temperature Tg =300K; with reference to
the thermal rate coefficient at T=300K (3.9 x 10-2cm3s~1), the
absolute scale of this DEA cross section is calibrated. In a medium
resolution experiment involving a pulsed electron beam from a
trochoidal electron monochromator and a time-of-flight mass spec-
trometer, we measure the relative cross sections for the anions
Cl—, HCl,—, and CCl,~ at Tg=300K which are combined with the
LPA results to establish absolute cross sections for these three
anions over the range 0-3.3eV. Finally, an electron beam appa-
ratus, involving a hemispherical electron monochromator and a
temperature-variable target beam source, is used to measure the
dependence of the relative cross section for ClI~ formation on gas
temperature over the range Tg =310-435 K. In Section 2, we briefly
describe the experimental setups and methods. In Section 3, we
provide the essentials of the R-matrix calculations. In Section 4, we
report the experimental results and compare them with previous
experimental work and with the results of the R-matrix calcula-
tions. In Section 5, we conclude with a brief summary.

2. Experimental methods
2.1. Electron swarm experiment (Siedlce)

A pulsed Townsend (PT) technique [49,50] for studying electron
attachment processes has been applied. The experimental proce-
dure has been described in detail previously [51]. The apparatus
consists of a reaction chamber, a 5ns Nd:YAG frequency quadru-
pled laser (266 nm), a preamplifier, a fast oscilloscope and a power
supply system. In the reaction chamber the two parallel electrodes
separated by a distance d=1.5cm are stainless steel disks with a
diameter of 6 cm. In our version of the PT technique a swarm of
electrons is produced photoelectrically at the cathode using the
pulsed laser. Carbon dioxide is used as a buffer gas which quickly
thermalizes the electron swarm [52]. The electrons move towards
the collecting electrode under the influence of a uniform electric
field F Traversing electrons induce a change of the anode potential
which increases linearly as electrons move to the collecting elec-
trode in the pure buffer gas. In the mixture of electron acceptor and
buffer gas the electrons are captured by the attaching gas, and the
increase in the potential is no longer linear. The current output sig-
nal is amplified by a preamplifier, registered on an oscilloscope and
stored in a computer memory.

This technique allows separate measurements of the drift veloc-
ity W and of the thermal electron attachment rate coefficient k(T).
The drift velocity, at the particular F/N value (N = total density of the
mixture), can be easily obtained from W=d|ty, where tj is the elec-
tron swarm transit time which corresponds to the maximum of the
current profile. The thermal electron attachment rate coefficient is
determined from the shape of the pulse (as a function of the time).

The electron acceptor gas was introduced into the reaction
chamber in an excess of carbon dioxide. CO, was provided by Fluka
Co. with a stated purity of 99.998% and was used as delivered. The
CHCI3 sample (Chempur Co.) was of research grade purity (98.5%
with 0.6-1% ethanol as stabilizer), and it was additionally purified
by the freeze-pump-thaw technique before introduction into the
reaction chamber. The applied pressure of the electron acceptor

gas depends on its efficiency in attaching electrons and is chosen
to yield an attachment rate of approximately 10° s~!. For CHCl3 we
chose a partial pressure of 0.003-0.004 Torr. The total pressures of
the gas mixtures were in the range 100-130 Torr.

2.2. TEM-TOF experiment (Belfast)

The DEA experiments at Belfast used a trochoidal electron
monochromator (TEM) in combination with a time-of-flight (TOF)
mass spectrometer. The apparatus has been described before in
some detail [53], and only the essentials are summarized here.
The electron beam path is immersed in a parallel guiding magnetic
field of 0.008T. A deflection plate in the beam-monitoring Fara-
day cup moves the electrons off-axis and thus prevents return of
the electrons to the interaction region. The electron energy was set
by floating the electron gun potentials relative to the interaction
region. A plate near the filament is pulsed to send short (duration
about 1 us) pulses of electrons through the interaction region. A
repeller plate is pulsed to push the product anions from the source
region into the acceleration region of the TOF mass spectrometer
after all the electrons have left the interaction region. The anions
are further accelerated in the acceleration region before they pass
through a field-free drift region and strike the multichannel plate
detector. The repetition rate of this pulse scheme is 12 kHz. The
apparatus is operated under conditions where at most one ion is
detected per ten cycles to minimize any paralysis of the detector
due to the arrival of two ions at the same time. The electron energy
resolution (FWHM) was estimated from the width of the apparent
SFg~ yield due to electron attachment to SFg at near-zero energies
and amounted to 0.25-0.37 eV.

The experiment was carried out at room temperature
(T =300K). Liquid CHCl3 with a stated purity of 99.8 % was pro-
vided by ].T. Baker Ltd. with a small quantity of ethanol (0.5-1.0%)
added as a stabilizer. This sample was used without further purifi-
cation. Gas dissolved in the liquid was removed with a number of
freeze thaw cycles. The ethanol stabilizer forms no anions that could
affect the results and in all cases the negative ions observed had the
expected ratios of different masses due to 3>Cl and 37Cl isotopes.

2.3. HEM-QMS experiment (Innsbruck)

For the present DEA experiments in Innsbruck a crossed
electron/neutral beam apparatus is utilized. A more detailed
description of the setup can be found in [54]. Briefly, a neutral
beam of chloroform molecules intersects at right angle with a
monochromatized electron beam generated by a hemispherical
electron monochromator (HEM). Chloroform was purchased from
Sigma-Aldrich and has a stated purity of 99% (with 0.5-1% ethanol
as stabilizer). The electrons are produced by a hairpin filament and
are accelerated with a lens system into a hemispherical electro-
static field analyzer (pass energy about 1.5 eV), where the electron
energy distribution for the present experiment is reduced to a value
of about 80 meV. This resolution is chosen in favour of a higher
detection sensitivity of the apparatus whereas better energy reso-
lutions up to the optimum value of 35 meV result in too low electron
and ion currents. The monochromatized electrons are accelerated
with a second lens system to the desired energy and focused into
the collision chamber.

The chloroform gas is introduced via a curved stainless steel
tube (inner diameter 1.6 mm), connected to an external gas inlet
system and directly reaching into the collision chamber of the
HEM to a point located about 1 cm from the electron beam cross-
ing point. Both the gas inlet tube and the HEM are heated by two
halogen bulbs mounted in the main chamber and are thus kept at
the same temperature. The temperature is measured with a Pt100



J. Kopyra et al. / International Journal of Mass Spectrometry 277 (2008) 130-141 133

temperature sensor mounted at the collision chamber. Anions
formed are extracted out of the collision chamber by a weak electric
field and are mass analyzed with a quadrupole mass spectrometer
(QMS). The mass analyzed ion current is amplified by a channel
electron multiplier in single pulse counting mode and is recorded
using a computer. With this setup the ion intensity for mass selected
anions is recorded as a function of electron energy. The electron
energy scale is calibrated with the s-wave resonance of SFg~/SFg
[6]. The width of the corresponding resonance near 0eV is also
used for the determination of the electron energy resolution. SFg
was introduced simultaneously with CHCl3 into the chamber after a
careful check that no interference between both compounds occurs.
When changing the temperature, special emphasis was taken on
constant performance of the monochromator (energy resolution
and amount of zero electrons) which was monitored with SFg~/SFg.
In the case of deterioration the monochromator was retuned.
The background pressure in the main chamber is 1 x 10~7 mbar
measured with an ionization gauge. During measurements with
chloroform the pressure in the chamber is 2 x 10~6 mbar.

2.4. Laser photoelectron attachment experiment (Kaiserslautern)

In order to measure highly resolved cross sections for anion
formation in low-energy electron collisions with CHCl3, we used
two variants of the Laser Photoelectron Attachment (LPA) method,
as discussed elsewhere in detail [6,55-57]. The energy range
1-200 meV was covered at a resolution of about 3 meV by the stan-
dard LPA method [6,55]: energy-variable photoelectrons (typical
current 40 pA) are created in the reaction region with the target gas
by resonant two-color photoionization of ground-state potassium
atoms via the excited K(4ps;) level [56]. Higher electron energies
were accessed by the Extended Laser Photoelectron Attachment
(EXLPA) method [57]: here near-zero energy photoelectrons are
produced in an auxiliary photoionization chamber (distance from
reaction centre about 5cm), accelerated by a weak electric field
in a guiding magnetic field (0.002T), brought to the energy of
interest prior to traversal through the target region, and subse-
quently accelerated and deflected onto a collector plate. Care was
taken to align the exciting and the focused ionizing laser (diameter
0.12 mm) to avoid any collisions of the electron beam with surfaces
on its way from the photoionization chamber to the collector since
these would yield spurious low-energy electrons and thus lead to
unwanted attachment processes. This is especially critical in energy
ranges where the attachment cross section is small. In this way,
the drop of the SFg~ cross section, for example, could be followed
over five orders of magnitude towards higher electron energies
[57]. The effective resolution in the EXLPA experiment was about
20 meV.

Both the LPA and the EXLPA experiment were pulsed at a rate
of 100 kHz: following each photoelectron production and attach-
ment period, the infrared laser (767 nm), exciting the K(4s-4p3),)
transition, was switched off by an acousto-optical modulator, and
a voltage pulse was initiated to extract the anions. A stack of elec-
trodes imaged the anions onto the entrance hole of a quadrupole
mass filter which mass selected the species of interest. The trans-
mitted anions were detected by a channel electron multiplier (Fa.
Sjuts, background 0.02/s).

A diffuse low density target of CHCl3 molecules (Merck Co. 99%
CHCl3, stabilized by 1% Ethanol) at the gas temperature Tg =300K
was used; gas chromatography revealed the presence of 0.1% CCly
in the sample. In view of the large DEA cross section for the pro-
cess C17/CCly at low energies (thermal attachment rate coefficient
k(300K)=3.79(19) x 10-7 cm3 s~ [15]) the raw attachment spec-
trum for C1~/CHCl3 was corrected for this 0.1% contribution due to
CCly, using the known attachment cross section for CCl4 [58].

The LPA/EXLPA experiment provides a highly resolved yield Y(E)
for anion formation. This yield is proportional to the absolute DEA
cross section, i.e., o(E)=N Y(E) where N is a normalization fac-
tor, assumed to be independent of electron energy E. The size of
the normalization factor is established with reference to a known
thermal DEA rate coefficient for the same process. The thermal
rate coefficient k = (v.o0(vye1)) (Vie] = relative collision velocity of the
electron-molecule system) is given by the average [2,5,6]:

1/2
k(Te, Tg) = (%) /E”2 otot(E; T) f(E; Te)dE (4)

Here, T denotes the rovibrational temperature of the target gas,
Te the electron temperature and f(E;Te) the electron distribution
function. Note that the velocity of the gas molecules at T =300K
is much smaller than the electron velocity even at electron ener-
gies as low as 0.1 meV, and the relative collision velocity v, can
be replaced by the electron velocity. In calculating the rate coef-
ficient, we use a Maxwellian distribution function which is given
by:

f(E; Te)=2<§)]/zﬂ—3/2 exp (%f) (5)

with B=kgTe (kg =Boltzmann constant). The usual thermal aver-
age implies Te =T¢ in (4). In the calibration of the absolute DEA
cross section scale, we have used the thermal rate coefficient k(T)
measured for T=Te =T =300K.

3. R-matrix calculations of the DEA cross section for Cl-
formation from CHCl3

With the aim to provide some insight into the electron
attachment process we have carried out semiempirical R-matrix
calculations of the DEA cross sections. Low-energy inelastic elec-
tron scattering by chloroform is dominated by a shape resonance of
a; symmetry [9,43]. One should expect that this resonance drives
only totally symmetric vibrations: C—H stretch, symmetric C—Cl
stretch, and symmetric CCl3 deformation. However, dissociation of
Cl~ is an asymmetric process, therefore for a rigorous calculation of
the DEA process a multimode treatment, including the interaction
between the vibrational modes, is necessary. In the present work, in
order to describe the correct threshold behaviour of the DEA cross
section, we employ the R-matrix method [59], and because of its
complexity we use the one-mode approximation. First we identify
the symmetric vibrational mode which is most important for the
DEA process. Based on the observation of a direct anion dissociation
process following Rydberg electron transfer to CHCl3 [48] and the
present experimental finding of a substantial channel interaction
between the primary attachment process and vibrational excita-
tion of the symmetric CCl; deformation mode v3 (see Section 4.2),
we assume that the electron capture initially drives the v3 mode
and that the primary temporary anion state is stabilized rapidly
by motion along the v3 coordinate. Then, mediated by intramolec-
ular vibrational energy redistribution (IVR), the excess energy is
channeled into the C—CI stretch which eventually leads to the dis-
sociation into the fragments CI~ and CHCl,. The attachment process
is thus treated in a one-dimensional approximation, assuming cou-
pling of the anion state with only the v3 mode. This approach is
similar to our effective-range-theory treatment of electron attach-
ment to SFg [60].

The dominance of the v3 mode in the DEA process is confirmed
by a vibrational mode analysis [61] employing the density func-
tional approach with the hybrid B3LYP functional and the 6-31G(d)
basis set. It shows that the amplitude of vibration of the Cl atoms
is about three times greater in the v3 mode than in the symmetric
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stretch v, mode. The latter affects mostly the motion of the C—H
complex.

We represent the neutral molecule by an effective one-
dimensional potential energy curve generating the correct
quantum of the v3 vibration, w(v3)=45.0meV [62]. We use the
reduced effective mass (M=21.29u [61]) for the v3 motion and
the dissociation energy D,gg(CHCI,-Cl)=3.22(2)eV, as measured
at T=298 K [18]. Using the input data described above, we param-
eterize the neutral curve in the Morse form

V(p) = De[exp(—ap) — 1]? (6)

where p=R-—Re is the normal v3 coordinate relative to the
equilibrium separation Re, De = D2gg + w(v3)/2, and a = 0.6721 agl
(ap =Bohr radius=52.9 pm). The anion curve is parameterized in
the form

U(p) = Bexp(—2bp) — Cexp(-bp) + F (7)

The asymptotic value of the anion curve (F=-0.370eV) was
obtained from the dissociation energy De and the well-known
electron affinity EA(Cl)=3.6127 eV [17]. All other parameters were
considered as empirical.

The R-matrix surface amplitude y(p) which determines the res-
onance width [59,63], was parameterized in the form

-
[exp(¢p) + 7]

where Yo, ¢ and 7 are fit parameters. Typically, y(p) is a slowly
varying function, and its value between the equilibrium separation
(p=0) and the crossing point between the neutral and the anion
potential curves determines the absolute magnitude of the DEA
cross section. The parameters employed in our calculations for the
anion curve are b = O.4227a61, B=2.941eV, C=2.008 eV, resulting
in a (classical) barrier height (energy of the crossing point between
V(p) and U(p) above the minimum of the neutral potential) of
0.121 eV. The parameters of the surface amplitude were obtained as
¥0=0.4735 (ag x Hartree)!/? (1Hartree=27.211eV), { = 7.828a,",
and 7 =3.043. The vibrational motion for the calculation of the DEA
cross sections was included, using the quasiclassical approxima-
tion of the R-matrix theory [59,64]. To couple the resonant anion
state with the electron continuum, we calculate the electron wave
functions in electron scattering channels. For these calculations we
have employed the dipole moment of CHCl3 © =1.04D [18] and the
polarizability o = 64a] [18].

v(p) (8)

4. Results and discussion
4.1. Thermal attachment rate coefficients for CHCI3

In the swarm experiments carried out at Siedlce, thermal
rate coefficients k(T) for the electron capture process by CHCl;
molecules have been measured over the temperature range
T=295-373 K. Note that T refers to both the gas temperature Tg
and the electron temperature Te which have the same value atall T
in the present swarm experiments.

At room temperature (T=295K) the rate coefficient was deter-
mined from several measurements as k(295K)=3.7 x 10-2 cm3 s~
with an estimated overall uncertainty of +5%. The previously
reported (near) thermal rate coefficients (T=293-300K) range
from 1.3 x 1072 to 4.9x10~2cm?3s-! (see Table 1). The results
obtained with electron swarms either in drift tubes or in
flowing afterglows (combined with ECR or Langmuir probe
detection) fall into the narrower range (3.6-4.9) x 102 cm3s-!
[25,26,33,34,36-38]. From an analysis of electron beam attach-
ment data [9], taken with CHCl3 gas at a temperature of 338K,
Gallup et al. [11] derived an estimate for the rate coefficient

Table 1
Thermal electron attachment rate coefficients k(T) and activation energies E, for
CHCl5

T (K) k(T)(10°cm3s~') E,(eV) Reference; method

295 3.7+£5% 0.11(1)  Present

300 39 Pulsed Townsend

340 6.9 Carrier Gas CO;

298 49 [25] (see also [26,32]); Swarm, CG N,
~296 3.8 [26] (see also [16,32]); Swarm, CG N,
298 or 299 2.3(2) (four values [32]

quoted, ranging
from 2.0 to 3.8)
0.134(9) [27]
Pulse sampling

300 22-26 0.095  [28]([32]); Microwave, CG n-CsHys
293 13 0.10 [31]; ECR, CG Ar
300 2.2/2.6 010,  [30]; ECR, CG Ar
300 4.4+15% 011(1)* [33]; FALP, CG He
293 38 [34]; FA-ECR, CG He(Ar)
300 2.0+15% [35]

013(1) [23]

MWPR-MH, CG Xe

300 3.6+15% [36,38]; FALP, CG He or Ar
293 47 ~0.06  [37]; FA-ECR, CG He +Ar

2 From fit to data listed in [33]; these authors quoted 0.12 eV.

of 9.4 x 109 cm3s~1; our value at T=338K is 6.3 x 1079 cm3s~!
which can be considered as satisfactory agreement in view of the
uncertainties of the effective electron energy distribution function
at near zero electron energy (see also discussion below).

Over the temperature range T=295-373K, a strong increase
in k(T) is observed (see Fig. 1a) which exhibits Arrhenius-type
behaviour, as shown in Fig. 1b. From the fit to the data points with a
function k(T)=A exp[—E,/(kgT)] (A = constant) the activation energy
was determined as E; =0.11(1) eV. This value is in good to fair agree-
ment with previous determinations [23,27,28,30-33] (see Table 1)

| | 1 |
320 340 360 380

TIK]

by [T T T T T T

In(k,,)

-19.4

L | L | L 1 L |
0.0028 0.0030 0.0032 0.0034

UT K1

0.0026

Fig. 1. (a) Dependence of the thermal electron attachment rate coefficient k(T) on
temperature for CHCls. (b) Arrhenius plot of the rate coefficient k(T) for electron
attachment to CHCls. The full line is the fit to the data points, yielding the activation
energy E; =0.11(1) eV.
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Fig. 2. Absolute cross section for Cl- formation due to electron attachment to CHCl;
(gas temperature Tg =300 K). Open circles: combined LPA/EXLPA cross section over
the range 0.001-1.25eV. Full curve: result of R-matrix calculation (not convoluted
with the experimental resolution). The insert presents a magnified view of the
downward step-like structure which occurs at the threshold for vibrational exci-
tation (VE) of one quantum of the vs;(a;) mode (~45meV) and which is due to
interaction between the attachment and the VE channel.

while the estimate E; ~0.06 eV from the data in [37] appears to be
too low.

4.2. Highly resolved absolute cross section for CI~ formation in
DEA to CHCl3 molecules (Tg =300K) and comparison with
R-matrix theory

In agreement with the earlier work [39,41,42,44-46], the
present experiments in Belfast, Innsbruck, and Kaiserslautern con-
firm that Cl~ is by far the dominant anion formed in low-energy
electron attachment to CHCl3. In the following we discuss the highly
resolved LPA and EXLPA results which were obtained for the Cl~
anion over the range 0.001-1.25eV. With reference to the present
thermal rate coefficient k(300K)=3.9(2) x 102 cm3 s~1, the abso-
lute scale for this partial DEA cross section was determined which is
subsequently used to establish absolute cross sections also for the
two fragment anion channels HCl,~ and CCl,~ and for total anion
production.

In Fig. 2, we present the absolute DEA cross section for Cl-
formation due to electron attachment to CHCl3 (gas tempera-
ture Tg =300K) determined in this work by combining the LPA
(0.001-0.19eV) and the EXLPA (0.19-1.25 eV) data. The energy res-
olution was about 3 meV for the LPA data and about 20 meV for the
EXLPA results. The LPA anion yield was averaged over nine original
data points (about 10 channels/meV) and interpolated with respect
to an integer meV scale; the EXLPA anion yield was measured with
a channel width of 1meV and normalized to the LPA data in the
energy range from 70 to 180 meV where the LPA and EXLPA yields
exhibited the same shapes (with a minimum at 104 meV). Below
about 1eV the partial CI~ cross section is identical with the total
cross section since other fragment ions do not contribute at a sig-
nificant level (see below); therefore, it is possible to use the total
thermal rate coefficient k(T=300K) to establish the absolute cross
section scale shown in Fig. 2.

Close to E=45meV, a clear downward-step like Wigner cusp
is observed (see inset in Fig. 2) which is attributed to the inter-
action of the primary attachment process with the channel for
VE of one quantum of the v3(a;) mode (fundamental frequency
363 cm~! =45.0meV [62]). (The sharp cusp in the calculated cross
section occurs at an energy slightly below 45.0 meV because the
dominant contributions to the DEA cross section stem from the
initial vg = 1and 2 levels for which the onsets for the Av; =1 vibra-
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Fig. 3. Calculated state-specific partial absolute DEA cross sections for CHCl3
molecules in the initial vibrational level vi = 0 — 5 (indicated curves drawn with
different line styles). The measured DEA cross section is shown by the grey open cir-
cles and the calculated thermal vibrational average (Tg = 300 K) by the bold grey line.
The grey chain line represents the EVW cross section, normalized to the experiment
at E=3 meV.

tional transitions occur below 45 meV as a result of anharmonicity
effects.) As is known from the previous high resolution work on
molecules such as SFg [6,57], CCl4 [58], CF3Br [20], and CFsI [65],
these Wigner cusps are characteristic for the vibrational modes
which are active in the attachment process. Note that for CI~ forma-
tion, the vibrational modes which may be considered to promote
dissociation of the primary anion complex [CHCl3]~ towards the
fragments Cl~ + CHCI, are not identical with the channel interac-
tion mode v3(a; ) which represents the CCl3 symmetric deformation
mode with a; symmetry which is compatible with s-wave electron
attachment.

The observation of the cusp structure at the Avs(a;)=1 vibra-
tional onset was incorporated into our theoretical model, whose
results are included in Fig. 2 and presented in more detail in Fig. 3.
We note that the cross section calculated for Tg =300K represents
the appropriate vibrational average with regard to the initial ther-
mal population of the v3(a; ) mode. At Tg = 300K, the relative initial
populations in the vi = 0-3 levels are given by 100, 17.5, 3.1, and
0.54, respectively. Since the DEA cross sections for vg =1,2,and3
are much larger than that for vé = 0 at energies below 0.2eV as a
result of more favourable Franck-Condon factors for the transition
from the neutral to the anion state, the vg =1, 2, and 3 levels con-
tribute to the DEA cross section at a significant level in spite of their
minor populations.

In the calculated state-specific cross sections, sharp Wigner
cusp-type structure of different shape is observed at the onsets
for vibrational excitation of one or more quanta of the symmetric
deformation mode(Avg > 1).Moreover, wider oscillatory structure
is observed which is attributed to the effects of the nodal structure
in the vibrational wave functions for vg >1.

At low electron energies, we compare the measured cross sec-
tion shape with the prediction of the extended Vogt-Wannier (EVW)
capture model [5,66] (grey chain curve in Fig. 3), using the electric
dipole moment and the polarizability given above. The predicted
EVW cross section is a factor of 100 larger than the measured abso-
lute DEA cross section, indicating - in contrast to, e.g., the cases
of SFg or CCly [5,66] - that for the molecule CHCl3 the efficiency
for anion formation only amounts to 1% of the electron capture
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events. In the R-matrix description of the DEA process, the EVW
cross section behaviour is built into the theory via the long-range
electron-molecule interactions. The lowering of the DEA cross sec-
tion from the EVW value is due to two effects: (i) non-optimal
Franck-Condon factors for the transition from the neutral molecule
to the initial temporary negative ion (TNI) state upon electron cap-
ture; (ii) a smaller than unity survival probability for the evolution
of the TNI to the dissociated pair Cl~ + CHCl,.

According to the threshold law for exothermic reactions at very
low energies [66], the DEA cross section should be proportional
to E~X where the threshold exponent X depends on the molecular
dipole moment. For the CHCl3 molecule one obtains X=0.623. As
observed in Fig. 3, the state-specific and the vibrationally averaged
R-matrix cross sections are distinctly steeper at very low energies.
This can be explained by the presence of a weakly bound or a virtual
state due to the combined dipolar and polarization interactions,
making the region of validity of the threshold law extremely nar-
row. For the methyl iodide molecule, for example, the calculated
DEA cross section grows much faster towards lower energies than
predicted by the EVW threshold law and reaches the correct slope
only in the region below 0.1 meV [66]. A similar effect is observed
in the present case. However, whereas in the methyl iodide case
this effect is caused by a bound state leading to the vibrational
Feshbach resonance (VFR) below the first vibrational excitation
threshold [67], in the case of chloroform no evidence for a VFR
and a bound state is present, therefore the effect is due to a virtual
state. We should note also that the discussed behaviour is perti-
nent to collisions with molecules with fixed orientation. In reality
the molecules rotate, and when rotation is taken into account, the
Bethe-Wigner law o(E — 0) x E~1/2 should be restored in the sub-
meV region [66].

In Fig. 4 we compare the yield for Cl~ formation from three dif-
ferent experiments over the energy range from —0.4 to 3.1eV. In

the two diagrams (a) and (b), the small full circles (grey) repre-
sent the combined LPA/EXLPA anion yield (0.001-1.1 eV, taken from
Fig. 2). It is extended to higher energies by a brief interpolation
over the range 1.1-1.5eV (which can be regarded as a deconvo-
luted cross section around the fairly sharp bend near 1.1eV); it
merges into the broadly shaped Belfast data at energies above 1.5 eV
(open circles in Fig. 4a). For better visibility, the resulting joint Cl—
yield (E=0.001-3.1eV) is displayed in Fig. 4b by the grey full dots
(LPA/EXLPA) and the grey full curve (Belfast data above 1.5eV),
respectively. This joint Cl~ yield, when normalized to the thermal
rate coefficient as discussed in connection with Fig. 2, represents
our new absolute cross section for Cl~ formation from CHCl3 at
Tg=300K.

In Fig. 4a we compare the yield measured with the Belfast
TEM-TOF apparatus (open circles) with the yield (full curve),
obtained by convolution of the joint Cl~ yield with a Gaussian of
FWHM =0.27 eV (full width at half maximum), chosen to provide
an adequate description of the Belfast results at electron energies
above 0.2 eV. At energies below about 0.2 eV, the Belfast data devi-
ate substantially from this convoluted yield. This deviation is not
the result of an improper choice of the FWHM of the resolution
function, but rather due to the fact that the Belfast measurement
missed the energy range close to OeV. If the joint yield is trun-
cated (i.e., set to zero at energies below 0.01 eV) to approximately
account for this effect, the convolution with the same Gaussian
(FWHM =0.27 eV) leads to the broken curve which is somewhat
closer to the measured data points at low energies. We note that
the original energy scale of the Belfast data was shifted by 0.1 eV to
optimally match that of the convoluted spectrum.

In Fig. 4b, we compare the data measured at Innsbruck with the
HEM-QMS setup at T =310 K (open diamonds) with the yield (full
black curve), obtained by convolution of the joint CI~ yield with a
Gaussian of FWHM = 80 meV. The energy scale of the Innsbruck data
is shown as obtained with reference to the zero energy peak for SFg~
formation from SFg, see Section 2.3. The respective anion yields are
normalized to the same value at the maximum around 0.37 eV. In
addition, we show the yield (broken curve) which results by con-
volution of the truncated joint CI~ yield (cross section set to zero at
energies below 0.01 eV). Good agreement between the shapes of the
LPA/EXLPA yield and the HEM-QMS yield is observed over the range
0.2-0.8 eV (considering the uncertainty of the absolute energy scale
of the latter of about 0.03 eV). Substantial deviations are, however,
observed near OeV and towards larger energies where the Inns-
bruck yield progressively stays above the joint LPA/EXLPA/Belfast
anion yield (by about a factor of 3 at energies above 1.3 eV). The lat-
ter difference is attributed to ‘background’ which is probably due
to anion formation involving slow electrons resulting from inelastic
scattering at metal electrodes.

At near-zero energy, the yield measured with the HEM setup
stays substantially below the convoluted LPA anion yield. We
attribute this difference to the difficulty in reaching zero energy
with a decelerated electron beam, especially in the absence of a
guiding magnetic field. Even in the presence of a guiding mag-
netic field, transverse velocity components prevent the range close
to zero kinetic energy being accessed; moreover, electron spi-
ralling effects introduce uncertainties in the pathlength and thus
in the anion yield. Even if transverse components are ruled out or
reduced (as in the EXLPA experiment in which the photoelectrons
are formed with zero kinetic energy), there is still the uncertainty
whether the electrons are decelerated to near-zero energy in the
proper reaction volume and whether the electrons traverse this
volume only once. In our opinion, the only trustworthy, presently
available approach to reliably measure the shape of DEA cross sec-
tions at energies below about 50 meV is the laser photoelectron
attachment experiment in which monoenergetic electrons with
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variable kinetic energy undergo attachment reactions in essentially
the same (nearly) field-free volume in which they are formed by
photoionization.

4.3. Absolute cross section for CCl,~and HCl,~ formation in DEA
to CHCl3 molecules

In Fig. 5 we present the absolute partial cross sections for DEA
to CHCls, resulting in CCl, ~ (Fig. 5a) and HCl, ~ production (Fig. 5b).
These data were measured with the Belfast TEM-TOF apparatus
simultaneously with the partial yield for CI~ formation. Test mea-
surements suggest that the relative detection efficiencies of these
three anions at the multichannel plates were the same to within
20%. In principle, the detection efficiencies at multichannel plates
should increase with the kinetic energy of the incident ion until a
plateau is reached. lons of different masses with the same kinetic
energy will, however, strike the detector with different velocities
which may lead to lower detection efficiencies for heavier ions.
Variation of kinetic energy of the ions striking the multichannel
plate detector in the TOF apparatus by a factor of 8 did not sig-
nificantly alter the relative intensities of ions of different masses
observed under otherwise identical conditions. There should be
little discrimination against ions ejected in fragmentation with dif-
ferent kinetic energy releases because a field of 200 V/cm was used
to extract ions from the interaction region of the TOF apparatus.

The absolute cross section scale for Fig. 5 is deduced from the
respective relative anion intensities and the absolute cross section
scale for Cl~ formation (Figs. 2 and 4). The shape of both bands is
well described by Gaussians with nearly identical widths, located at
1.72(2)eV for CCl,~ (FWHM 0.79(1)eV) and at 1.84(3) eV for HCl,
(FWHM 0.78(2)eV). As already mentioned in the introduction, the
anions CCl;~ and HCl,~ are both formed through the first excited
negative ion resonance with 2E symmetry.

In Table 2, we summarize the information on the energy loca-
tion, the relative intensity, and the energy-integrated cross section
of the bands for the three anions Cl—, CCl,~ and HCl, ~, as obtained

Table 2
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Fig. 5. Absolute partial cross section for (a) CCl,~ formation and (b) HCl,~ pro-
duction due to electron attachment to CHCl3; molecules at the gas temperature
Tc =300K.

in the present work at Belfast and Innsbruck, and compare it with
that of previous studies [41,42,46]. With regard to the energy loca-
tions, good agreement is found between the two present sets of
results, (i.e., set (I): Belfast, Kaiserslautern, and set (II): Innsbruck),
with which those of the Oak Ridge group (read from Fig. 3a in Ref.
[41]) are compatible. Compared to the present values, the peak
energies of the Berlin group [42] for CCl,~ and HCl,~ are too low

Peak positions, branching ratios and energy-integrated partial cross sections for the formation of Cl-, CCl,~, and HCl,~ in DEA to CHCl3

Anion Peak position (eV) Peak width Peak Maximum Branching Integration Integral Branching ratio
(FWHM) (eV) (1029 m?) ratio (max.) range (eV) (1072 m? eV) (integral)
Cl-
(12 0.375(5)P 0.41(1)° 6.1(5)P:¢ 1000 0-3.2 3.2(2)¢ 1000
(11) 0.37(1)° 0.44(2)°
[41]d ~0.35
[46] 0.3
[42] 0.32(5)f
CC127
1) 1.72(2)° 0.79(1) 3.4 x1073¢ 0.56 0.76-3.2 29x103 0.91
(11) 1.70(5) 1.5 2.5
[41]d ~1.65 0.97
[46] 1.56 8.6
[42] 1.45(10) 0.7
HC127
1) 1.84(3)° 0.78(2) 3.4 x 1074 0.056 0.95-3.2 29x 104 0.091
(11) 1.81(6) 0.13 0.2
[41]d ~1.8 0.12
[46] 1.71 0.9
[42] 1.61(1) 2.0

The branching ratios are based on isotope-summed intensities. (I): combined LPA/EXLPA and Belfast data (Tg =300K), (II) Innbsruck data (T =310K).

2 From the combined partial cross section (see Fig. 4).
b Peak position, maximum, and width are given for the second broad peak.

¢ Error bar due to uncertainties of (i) thermal rate coefficient used for calibration of absolute cross section scale [5%], (ii) 0.10(5)% contamination by CCls [6%], and (iii)

extrapolation for E<1meV [2%].

d Evaluated from Fig. 3a of [41] (the anions CCl,~ and HCl,~ were incorrectly addressed as HCCl,~ and Cl,~, respectively).

¢ From a Gaussian peak fit to the data of Fig. 5.
f According to Fig. 5 of [42] located at ~0.21 eV.
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Fig. 6. Total (full line) and partial absolute cross sections for anion formation in
electron-CHCl; collisions (gas temperature Tg =300 K); CCl,~: open squares; HCl,~:
open circles. The open triangles represent the total DEA cross section, deduced from
the results of Aflatooni and Burrow [9] (T ~ 338 K) in modified form (see text).

by 0.2-0.25 eV while the earlier results of the Innsbruck group [46]
are lower by 0.1-0.15eV.

With regard to the branching ratios for the band maxima and
for the energy-integrated band intensities (normalized to 1000
for Cl7), the Belfast results agree with the present Innsbruck data
and with the Oak Ridge data [41] to within a factor of 2-3 while
the branching ratios reported by Dorman (ratio of peak maxima
1000:300:100, see caption of Fig. 2 in [39]), and those given in
[42], and [46] show larger deviations. These differences are mainly
attributed to systematic errors which are likely associated with
incomplete anion collection. Another possible source of error for
the data quoted in [46] may be pressure instabilities. As absolute
partial energy-integrated cross sections for the three anions Cl-,
CCl,~ and HCl,~ (energy range up to 3.2 eV) we recommend the
values (3.2,2.9 x 1073, 2.9 x 10%) x 10720 m2 eV, respectively.

4.4. Total cross section for DEA to CHCl3 (Tg =300K) and the
dependence of the DEA rate coefficient on electron temperature

Summation of the three partial absolute DEA cross sections in
Figs. 2, 4, and 5 yield the total absolute DEA cross section oot(E)
for CHCl3, shown as the full curve in Fig. 6 over the energy range
0.001-3.2 eV. For comparison, we included the partial cross sec-
tions for CCl,~ (open squares) and HCl, ~ formation (open circles).
We neglect the other very weak anion channels, detected by Denifl
etal.[46] (see above). The CI~ channel (not shown in Fig. 6) is found
to dominate throughout the energy range covered in Fig. 6, i.e., also
in the range of the first excited 2E resonance. Over the broad energy
range 0.2-3.2 eV, our total cross section is in very good agreement
with the cross section shown by the open triangles, as obtained
from the absolute total DEA cross section of Aflatooni and Bur-
row [9] (Tg ~338K) by imposing two modifications: (i) a shift of
the latter to higher energies by 0.07 eV, and (ii) a multiplication of
the absolute scale of the data reported in [9] by a factor of 0.58.
The energy shift is justified by the observation (see Section 4.5)
that the location of the peak observed at 0.37 eV in the LPA/EXLPA
measurement shifts by only 11 meV to lower energy when the gas
temperature is raised to 340K (see Figs. 8 and 9), and thus (most
of) the deviation between the peak locations in the LPA/EXLPA data
and the TEM data of Aflatooni and Burrow cannot be caused by the
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Fig. 7. Dependence of the total rate coefficient for DEA to CHCl; on electron tem-
perature T, over the range 50-15,000 K (mean electron energy (E) = 0.0065-1.94 eV)
at the fixed gas temperature Tg=300K. Full curve: rate coefficients calculated
from the total DEA cross section in Fig. 6 open circles: electron swarm results
(MWPR-MH method) from [23]. The full square denotes the thermal rate coefficient
(3.9 x 1072 cm3 s~ at T, = T = 300 K) which was used for calibration of the DEA cross
section (see text).

difference in gas temperature. Instead we suggest that this devia-
tion is mainly due to the fact that this TEM measurement did not
access energies close to 0eV (see also the discussion above). The
~40% deviation in the absolute size of the two total DEA cross sec-
tions is only in part covered by the uncertainties of the TEM result
(10%) [9] and of the rate coefficient (5%) to which the LPA/EXPLA
data have been normalized. An independent future measurement
of the absolute DEA cross section or of the thermal rate coefficient
would be desirable to shed light on the source of this difference.

In the following, we discuss the dependence of the total DEA
rate coefficient k(Te;Tg) on electron temperature Te for the fixed
gas temperature Tg =300K. We calculate k(Te;Tg) with (4), using
the total DEA cross section in Fig. 6 and a Maxwellian electron
distribution function. The latter choice appears to be justified for
the electron swarm experiment with varied electron temperature
[23,35] with which we compare the calculated rate coefficients.
Sunagawa and Shimamori [23,35] used the MWPR-MH (microwave
cavity pulse radiolysis with microwave heating) method in which
the electron temperature Te in the carrier gas xenon can be changed
by microwave heating at fixed gas temperature Tg.

In Fig. 7 we compare our calculated rate coefficients
k(Te;Tg =300) with the MWPR-MH results [23,35], as measured at
T =300K. The two data sets show good qualitative agreement in
the major feature, the maximum located at about Te =~ 2800 K (mean
electron energy (E) =(3/2)kgTe ~0.36 eV). The MWPR-MH rate coef-
ficient in this maximum exceeds the calculated value by only 7%.
The MWPR-MH result for Te = T = 300 K [23,35], however, is almost
a factor of 2 below the present thermal rate coefficient; the cause
for this difference is not clear.

We note that Sunagawa and Shimamori [23] proposed a DEA
cross section from an analysis of the T. dependence of their rate
coefficients measured at T = 300 K. This cross section is remarkably
close to our total DEA cross section in shape and absolute value at
electron energies above about 0.2 eV, but much too low at the lower
energies.

4.5. The dependence of the relative cross section for ClI~ formation
in DEA to CHCl3 on the gas temperature (Tg =310-435K)

Using the Innsbruck HEM-QMS setup with a temperature-
variable molecular beam source, we studied the dependence of
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Fig. 8. Dependence of the Cl- yield due to DEA to CHCl; (measured with the
HEM-QMS setup, resolution about 80 meV) on the gas temperature over the range
Tc =310-435K; the respective anion yields were normalized to the same value at the
higher energy peak and are shifted by adding a constant offset to each subsequent
spectrum for clarity.

the yield for CI~ formation from CHCl3 on the gas temperature Tg
over the range 310-435K, i.e., on the rovibrational temperature of
the molecules. The results are shown in Fig. 8; the anion yields
(respectively shifted by a constant amount in the vertical direction
for clarity) were normalized to the same value at the maximum
(see comments and justification below), observed here at ~0.37 eV
for T =310K, in agreement with the LPA/EXLPA result. We note
that in the previous TEM experiments the maximum of this peak
occurred at 0.25eV [44], 0.27 eV [45], and 0.30eV [46]. It appears
that the peak locations of these TEM data are all too low, proba-
bly as a result of the fact that these measurements did not really
reach zero electron energy. We further mention that the maximum
of the near-zero energy peak was placed at 0 eV in the previous data
[44-46] as well as in the DEA spectra shown in Fig. 8. This choice
is not appropriate for experiments with finite energy resolution
[58,68]; in spectra obtained by convolution of the calculated cross
sections with a Gaussian of 80 meV FWHM (see Fig. 9) the maxi-
mum of the near-zero energy peak is located at ~7 meV which for
the data in Fig. 8 is within the uncertainty of the overall energy
calibration.

The shape of the broad band changes rather little with gas tem-
perature at electron energies above 0.2 eV. The maximum position
of the band exhibits a monotonical weak shift to lower energies
with rising temperature (maximum location ~0.33 eV at 435K). In
contrast, a clear rise is seen for the peak observed near zero energy
in qualitative agreement with the previous observations [44,45]. An
Arrhenius-type plot of the maximum intensity of the peak at near-
zero energy yields an estimate for the (electron energy resolved)
activation energy of 0.15(2) eV, somewhat higher than the thermal
activation energies (0.11-0.13 eV), measured in swarm experiments
for equal electron and gas temperature (see Table 1). The previous
attempts to determine ‘activation’ energies’ from the temperature
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Fig. 9. Dependence of the calculated DEA cross section for Cl- formation on the
vibrational temperature T¢ of the CHCl; molecules, as obtained by convolution with
a Gaussian resolution function of 80 meV FWHM (Tg = 150-460K); for clarity, the
spectra are shifted vertically by a constant amount, respectively.

variation of the near-zero energy peak (using magnetically guided
electron beams) yielded estimates of 0.11(2) eV [44] and 0.08(2) eV
[45]. Clearly, all these electron beam results are rather uncertain
in view of the fact that maximum intensities for near-zero energy
peaks, measured with decelerated electron beams (with or without
a magnetic guiding field) are problematic, as discussed above. The
‘activation energy’ 0.08(2) eV reported in [45] is definitely too low;
as discussed in [45], this low value arose most likely from thermal
decomposition effects of chloroform at elevated gas temperatures
(up to 550K). The near-zero energy Cl~ ion yield reported in [44]
should be viewed with caution; it exhibited already at room tem-
perature a strongly enhanced yield near 0 eV (about 13 times higher
than that for the second peak observed at 0.3 eV). Revisited mea-
surements with ozone showed, however, that such enhanced yields
near zero energy like those observed in [44] have to be attributed to
an artifact due to multiple reflection of very low-energy electrons
in the collision chamber of the trochoidal electron monochromator
(see also the detailed discussion in [69]).

We add a remark on the comparison of thermal activation ener-
gies (Te = Tg) with non-thermal results: recent work, e.g., on DEA to
CH3Br [24] has demonstrated that the thermal activation energy is
significantly smaller than non-thermal values which result in exper-
iments with electrons of average energies much lower than the gas
temperature (as for instance measured by Rydberg electron transfer
[24]).

A comparison of the total cross section for anion production
reported by Aflatooni and Burrow at Tg ~ 338 K [9] with the HEM-
QMS yield for CI~ formation at Tg =343 K (normalized to the same
height at the peak around 0.37 eV) exhibits the following devia-
tions: the near-zero energy peak in the HEM data is about a factor
of 4 smaller while at energies above about 0.3 eV, they progressively
stay above the total anion yield. The former observation reflects the
tendency already reflected in the comparison between the HEM
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data and the LPA results, namely that the HEM anion yield near
zero energy is too low. The latter observation is partly due to the
background in the HEM data (especially at energies above 1.2 eV),
but also due to the fact that the maximum of the (original) TEM
data [9] occurs at about 0.3 eV while the HEM data peak at about
0.36eV for Tg =343 K.

We add a comment on the temperature (in)dependence of the
broad peak. In a recent study, covering the temperature range
300-550K, Matejcik et al. [45] found that the intensity of this peak
followed a TEO'S dependence for temperatures up to 420K. Since
the molecular density in the reaction volume is expected to vary
as Tg 05 this observation is compatible with a peak cross section
which is independent of gas temperature, and we have used this
independence in plotting the Innsbruck data in Fig. 8. Above about
470K, Matejcik et al. found the overall signal to decrease which was
ascribed to thermal decomposition of chloroform on the hot sur-
faces in the molecular beam source [45]. With the Innsbruck setup
it was not possible to exceed the temperature 435K, and hence
thermal decomposition of chloroform did not play a role.

The fact that the maximum cross section for the broad peak is
independent of gas temperature (as assumed in Fig. 8), is confirmed
by the results of the R-matrix calculations which are shown in Fig. 9
for six vibrational temperatures, ranging from 150 to 460K. The
spectra have been convoluted with a Gaussian of 80 meV FWHM
(simulating the resolution of the experimental results in Fig. 8).

The value of the calculated maximum cross section
(~5.9x10729m?2) of the broad peak is constant (to within
1%) over the range 150-460K. As expected from the shapes of the
DEA cross sections for the individual initial vibrational levels (see
Fig. 3), the maximum position of this band shifts somewhat to
lower energies with rising temperature (by —11 meV per 40 K tem-
perature rise over the range 300-460K), in good agreement with
the experimentally observed shifts. For T =150K the maximum
of the cross section occurs at 424 meV, i.e,, it is shifted by 34 meV
relative to the maximum for 300 K.

The near-zero energy peak of the convoluted theoretical spec-
tra is much stronger (relative to the maximum near 0.37 eV) than
that in the respective experimental Cl~ yield (Fig. 8); this reflects
the fact that the near-zero anion yield is suppressed in the Inns-
bruck data. A semilog plot of the intensity of the near-zero peaks
in Fig. 9 versus inverse gas temperature indicates Arrhenius-type
behaviour with an ‘energy-selected activation energy’ of 76 meV,
lower than both the present thermal activation energy and the
‘energy-selected’ value suggested by the Innsbruck data. A cal-
culation of the thermal rate coefficient (4) with the calculated
vibrationally averaged DEA cross sections yields a thermal activa-
tion energy of 62 meV; as expected, this value is somewhat lower
than the energy resolved near 0eV value of 76 meV. For compar-
ison we note that the energy of the crossing point between the
neutral and the (diabatic) anion curve lies 121 meV above the mini-
mum of the neutral potential curve (i.e., 98.4 meV above the lowest
vibrational level v3 =0). A recent theoretical investigation on the
validity range of the Arrhenius equation for exothermic DEA to
molecules [21] with an intermediate barrier (as in the present case)
has demonstrated that the thermal activation energy typically is
substantially smaller than the barrier height.

We conclude that the theoretical model underlying the R-matrix
calculations provides a good description of the major experimental
observations, i.e., the absolute DEA cross section, the energy loca-
tion of the broad peak near 0.37eV and the general variation of
the DEA cross section with vibrational temperature. On the quan-
titative level, the calculations yield a weaker rise of the near-zero
energy cross section with increasing vibrational temperature Tg
and of the thermal rate coefficient k(T) with increasing temperature
T=Te =Tg than observed in the experiments. This trend is similar to

that observed in previous comparisons, e.g., for the molecule CF;Br
[20]. The differences may be - at least in part - due to the fact that
other vibrational modes, not taken into account in the theoretical
model, may play a role and lead to a stronger dependence on the
vibrational temperature.

5. Conclusions

Results from a joint experimental study of electron attachment
to chloroform (CHCl3) molecules in the gas phase are reported. In
an electron swarm study involving a pulsed Townsend technique
with equal gas and electron temperatures, accurate attachment
rate coefficients were determined over the temperature range
295-373K; they show an Arrhenius-type rise with increasing
temperature, corresponding to an activation energy of 0.11(1)eV.
In a high resolution electron beam experiment involving two
versions of the laser photoelectron attachment method, the rela-
tive cross section for Cl~ formation from CHCI; over the energy
range 0.001-1.25eV at the gas temperature Tg =300K was mea-
sured. With reference to our thermal attachment rate coefficient
k(T=300K)=3.9(2) x 102 cm3s~1, a new highly resolved absolute
attachment cross section for Tg =300 K was determined. This cross
section is extended to higher energies by measurements carried
out with the TEM-TOF apparatus at Belfast which also provided
new cross sections for the distinctly weaker fragment anions CCl,~
and HCl,~. The resulting total absolute cross section for anion
formation is used to calculate the dependence of the attachment
rate coefficient k(Te;Tg) on electron temperature Te over the range
50-15000K at the fixed gas temperature Tg =300 K. In addition, we
report the dependence of the relative cross section for ClI- forma-
tion on gas temperature (Tg =310-435K).

For comparison with the experimental data, R-matrix calcu-
lations have been carried out for the DEA cross section of the
dominant anion channel Cl~. The results predict the dependence of
the DEA cross section on the initial vibrational level vg and provide
a good description of the main experimental observations.
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