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a b s t r a c t

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 Cl− formation
from CHCl3 over the energy range 0.001–1.25 eV at the gas temperature TG = 300 K was measured. It
exhibits clear downward cusp structure at the threshold for excitation of one quantum of the vibra-
tional symmetric deformation mode �3, indicating that this mode is active in the primary attachment
process. With reference to our thermal attachment rate coefficient k(T = 300 K) = 3.9(2) × 10−9 cm3 s−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 a pulsed electron beam apparatus which
also provided new data for the distinctly weaker fragment anions HCl2− and CCl2−. 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 50–15000 K at the fixed gas temperature
TG = 300 K. In addition, we report the dependence of the relative cross section for Cl− formation on gas
temperature (TG = 310–435 K). 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 �3 and on
the vibrational temperature. Our results are compared with those of previous electron beam and electron
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swarm experiments.

. Introduction

Attachment of low-energy electrons to molecules is an impor-
ant process in gaseous dielectrics and other environments
ncluding excimer lasers, discharges used for etching, and the
arth’s atmosphere [1–3]. Due to the high electron affinity of halo-

en atoms Y dissociative electron attachment (DEA) to halogen
ontaining molecules XY (short notation Y−/XY)

−(E) + XY → XY−∗(TNI) → X + Y− (1)

∗ Corresponding author. Tel.: +49 631 2052328; fax: +49 631 2053906.
E-mail address: hotop@physik.uni-kl.de (H. Hotop).
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ay often occur with large cross sections �(E) down to zero elec-
ron energy E, thus efficiently producing halogen anions as well
s halogen atoms or halogen containing radicals which are impor-
ant precursors for further reactions [1–5]. Following its formation,
he excited, temporary negative ion XY−* (TNI) can either decay by
utodetachment (corresponding to elastic or inelastic electron scat-
ering) or it may dissociate, thereby forming stable negative ions
−. In special cases (such as SF6 [5–8]) long-lived anions XY− may
e formed by fast intramolecular vibrational redistribution (IVR) in

he initially formed TNI.

One point of special interest in studies of the DEA process is
he relation between the resonance energy (vertical attachment
nergy VAE) and the size of the DEA cross section at its respective
aximum as well as the variation of these quantities with chemical

http://www.sciencedirect.com/science/journal/13873806
mailto:hotop@physik.uni-kl.de
dx.doi.org/10.1016/j.ijms.2008.05.026
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ubstitution [9]. As an example we consider the methane deriva-
ives CH3Cl, CH2Cl2, CHCl3, and CCl4. The lowest TNI state of these

olecules has 2A1 symmetry; it is responsible for electron attach-
ent to these molecules at low energies via the process (q = 1–4,
+ q = 4):

− + CHpClq → CHpClq−∗(2A1) → CHpClq−1 + Cl− (2)

he VAE of these molecules was studied by ab initio calculations
10,11] and by electron transmission spectroscopy (ETS) [12–14].
or CCl4 the 2A1 anion state has a negative VAE (from −0.34 to
0.08 eV [10,11]), i.e., it is bound relative to the vibrationless neu-

ral molecule in the equilibrium conformation; its presence close
o zero energy induces a very large attachment cross section at low
nergies, resulting in a high thermal attachment rate coefficient of
(300 K) = 3.79(19) × 10−7 cm3 s−1 [15]. Substituting Cl atoms with
atoms raises the VAE substantially to 0.42 eV for CHCl3, 1.01 eV

or CH2Cl2, and 3.45 eV for CH3Cl [14] while the thermal (300 K)
ttachment rate coefficients for these three molecules, relative to
hose for CCl4, drop strongly by about two, five, and more than
ight orders of magnitude [16]. Note that the DEA reaction (2) is an
xothermic process for CCl4, CHCl3, and CH2Cl2 since the electron
ffinity of Cl (3.6127 eV [17]) exceeds the respective dissociation
nergy (D0

298K = 3.07, 3.22(2), 3.50(3) eV) for these three molecules
18]; for CH3Cl (D0

298K = 3.63 (2) eV [18]) reaction (2) is slightly
ndothermic.

In essence, the strong variation of the respective rate coeffi-
ients reflects the fact that electron attachment to molecules in
he vibrational ground state at low electron energies is efficient
nly if the anion potential surface crosses that of the neutral near
he equilibrium distance of the reaction coordinate. When the
nion curve is raised to higher energies by increasing the VAE, its
rossing point with the neutral curve is raised to larger distances
nd the Franck–Condon factor for attachment of near-zero energy
lectrons to molecules in the vibrational ground state decreases
xponentially. In these cases, attachment to vibrationally excited
olecules will exhibit strongly enhanced attachment cross sec-

ions at low electron energies [1,4,5,19–21]. Correspondingly, the
ibrationally averaged cross section and the rate coefficient will
how an Arrhenius-type rise with increasing vibrational tempera-
ure [1,19–24].

In this paper we concentrate on DEA to the molecule chlo-
oform (trichloromethane CHCl3). It possesses an electric dipole
oment of 1.04 D = 0.41 a.u. [18] and a dipole polarizability of 64a3

0
a0 = Bohr radius = 52.9177 pm) [18], leading to a substantial long-
ange attraction for the electron. Electron collisions with CHCl3
t low energies are strongly influenced by the 2A1 resonance
VAE = 0.42 eV [14]) and by the doubly degenerate 2E resonance
VAE = 1.76 eV [14]) which both arise from the three C–Cl �* orbitals.
hese two resonances show up in both scattering [12,14] and DEA
ross sections (see below). The predominant channel in DEA to
HCl3 at low energies is Cl− formation according to the reaction

− + CHCl3 → CHCl3−∗(2A1) → CHCl2 + Cl− + Q (3)

ith an exothermicity of Q = 0.39(2) eV.
Low-energy electron attachment to CHCl3 has been studied

uite extensively, both by electron swarm [1,16,22,23,25–38] and
y electron beam methods [9,39–46]. The swarm experiments
ielded thermal attachment rate coefficients (i.e., equal electron
emperature Te and gas temperature TG) at temperatures close to

= 300 K that scatter over the range (1.3–5.0) × 10−9 cm3 s−1. With
ising temperature, the thermal rate coefficients were found to
ncrease with an Arrhenius-type behaviour k(T) = A exp(−Ea/(kBT))
kB = Boltzmann constant), yielding activation energies Ea around
.1 eV. Three different methods were applied to measure the depen-
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ence of the rate coefficients k(Te;TG) on electron temperature for
xed gas temperature. Blaunstein and Christophorou [26] used a
rift tube method to vary the mean electron energy 〈E〉 and found
maximum of about 2 × 10−8 cm3 s−1 at 〈E〉 = 0.35 eV (TG = 300 K).

himamori et al. [35] applied the microwave pulse radiolysis with
icrowave heating (MWPR-MH) method and reported results over

he range from Te = TG to Te ≈ 12,000 K (〈E〉 = 1.5 eV) at TG = 300 K
23,35], 450 K and 600 K [23]. At TG = 300 K, they found a maxi-

um at 〈E〉 = 0.33 eV [35] in agreement with the earlier work [26],
ut the respective absolute values and the shapes of the energy
ependences are different. At TG = 450 K, the rate coefficients at the

ower Te were found to rise strongly whereas the values near the
aximum and above remained nearly the same [23]. At TG = 600 K,

he rate coefficients were observed to decrease slowly with rising
E〉 from a maximum of almost 3 × 10−8 cm3 s−1 [23]. Spanĕl et al.
36,38] used a flowing afterglow Langmuir probe (FALP) appara-
us to study either (using helium as carrier gas) thermal (Te = TG)
ttachment or (with argon carrier gas) attachment occurring at
e > TG = 300 K with electron temperatures up to 4000 K (for details
f the latter approach see [47]). Their rate coefficients showed a rise
ith increasing Te similar to that observed in [23,35], but at higher

bsolute values.
DEA cross sections for anion formation from CHCl3 have

een measured in electron beam experiments at resolutions of
0.05–0.5) eV [9,39–46]. At energies below about 1 eV (only forma-
ion of Cl−), the attachment spectra either showed a single rather
road peak [41,42] or a combination of a resolution-limited peak
lose to 0 eV 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
o depend strongly on gas temperature, also indicating activation
nergies around 0.1 eV [44,45] while the peak at the higher energy
ppeared to be almost independent of gas temperature [45]. In an
xperiment carried out at a gas temperature TG ≈ 338 K, Aflatooni
nd Burrow [9] determined the absolute total attachment cross sec-
ion at the maximum of this peak (observed at 0.27 eV [9,42]) as
.6 × 10−20 m2 with a quoted uncertainty of ±10%.

At energies below 3 eV, the anions HCl2− and CCl2− are weakly
roduced in addition to Cl− [39,42] with broad, nearly Gaussian-
haped bands peaking at 1.6(1) and 1.45(10) eV, respectively [42].
heir energy-integrated intensities were determined as 0.2% and
.07% (relative to that for Cl− formation) [42] whereas in [39] the

true relative peak heights’ of these two bands are listed as 1:3.
hese processes occur through the higher-lying, doubly degener-
te 2E resonance. In recent DEA work on CHCl3, Denifl et al. [46]
eported attachment spectra for several additional very weak anion
hannels, namely CCl−, Cl2−, CHCl−, CHCl2−, CH−, C−, and H−. Their
pectra for Cl−, HCl2−, and CCl2− showed maxima at 0.3, 1.71, and
.56 eV and relative peak intensities of 100, 0.09, and 0.86, respec-
ively.

An interesting detail of the attachment dynamics at very low
lectron energies was provided by an investigation of Rydberg elec-
ron transfer (RET) to CHCl3 molecules, involving highly excited
**(nl) atoms for principal quantum numbers for n = 10 and n = 40

48]. Measurements of the velocity and angular distributions of the
roduct positive (K+) and negative ions (Cl−) revealed that the tran-
ient negative ions CHCl3−* formed in the RET process undergo very
apid dissociation. This finding is not compatible with models of
he DEA process involving CHCl3 [36] which assume formation of
complex and randomization of rovibrational energy by IVR prior

o dissociation.

For a detailed understanding of the DEA process, attachment

ross sections should be measured over a range of gas temperatures
ith a sufficiently low-energy width to exhibit the true thresh-

ld behaviour of the cross section near zero energy. In the present
ork, we combine the results from four experiments to determine
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highly resolved absolute cross section for anion formation from
HCl3 over the energy range 0–3.3 eV. Using an improved elec-
ron swarm apparatus, we redetermine the thermal attachment
ate coefficient for CHCl3 at an uncertainty of about 5% over the
emperature range 295–373 K. Using two variants of the laser pho-
oelectron attachment (LPA) method with an energy resolution of
bout 3 meV, we measure the relative cross section for formation
f the dominant anion Cl− over the energy range 0.001–1.25 eV
t the well-defined gas temperature TG = 300 K; with reference to
he thermal rate coefficient at T = 300 K (3.9 × 10−9 cm3 s−1), the
bsolute scale of this DEA cross section is calibrated. In a medium
esolution experiment involving a pulsed electron beam from a
rochoidal electron monochromator and a time-of-flight mass spec-
rometer, we measure the relative cross sections for the anions
l−, HCl2−, and CCl2− at TG = 300 K which are combined with the
PA results to establish absolute cross sections for these three
nions over the range 0–3.3 eV. Finally, an electron beam appa-
atus, involving a hemispherical electron monochromator and a
emperature-variable target beam source, is used to measure the
ependence of the relative cross section for Cl− formation on gas
emperature over the range TG = 310–435 K. In Section 2, we briefly
escribe the experimental setups and methods. In Section 3, we
rovide the essentials of the R-matrix calculations. In Section 4, we
eport the experimental results and compare them with previous
xperimental work and with the results of the R-matrix calcula-
ions. In Section 5, we conclude with a brief summary.

. Experimental methods

.1. Electron swarm experiment (Siedlce)

A pulsed Townsend (PT) technique [49,50] for studying electron
ttachment processes has been applied. The experimental proce-
ure has been described in detail previously [51]. The apparatus
onsists of a reaction chamber, a 5 ns Nd:YAG frequency quadru-
led laser (266 nm), a preamplifier, a fast oscilloscope and a power
upply system. In the reaction chamber the two parallel electrodes
eparated by a distance d = 1.5 cm are stainless steel disks with a
iameter of 6 cm. In our version of the PT technique a swarm of
lectrons is produced photoelectrically at the cathode using the
ulsed laser. Carbon dioxide is used as a buffer gas which quickly
hermalizes the electron swarm [52]. The electrons move towards
he collecting electrode under the influence of a uniform electric
eld F. Traversing electrons induce a change of the anode potential
hich increases linearly as electrons move to the collecting elec-

rode in the pure buffer gas. In the mixture of electron acceptor and
uffer gas the electrons are captured by the attaching gas, and the

ncrease in the potential is no longer linear. The current output sig-
al is amplified by a preamplifier, registered on an oscilloscope and
tored in a computer memory.

This technique allows separate measurements of the drift veloc-
ty W and of the thermal electron attachment rate coefficient k(T).
he drift velocity, at the particular F/N value (N = total density of the
ixture), can be easily obtained from W = d/t0, where t0 is the elec-

ron swarm transit time which corresponds to the maximum of the
urrent profile. The thermal electron attachment rate coefficient is
etermined from the shape of the pulse (as a function of the time).

The electron acceptor gas was introduced into the reaction
hamber in an excess of carbon dioxide. CO2 was provided by Fluka

o. with a stated purity of 99.998% and was used as delivered. The
HCl3 sample (Chempur Co.) was of research grade purity (98.5%
ith 0.6–1% ethanol as stabilizer), and it was additionally purified

y the freeze-pump-thaw technique before introduction into the
eaction chamber. The applied pressure of the electron acceptor

s
H
i
h
t
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as depends on its efficiency in attaching electrons and is chosen
o yield an attachment rate of approximately 105 s−1. For CHCl3 we
hose a partial pressure of 0.003–0.004 Torr. The total pressures of
he gas mixtures were in the range 100–130 Torr.

.2. TEM-TOF experiment (Belfast)

The DEA experiments at Belfast used a trochoidal electron
onochromator (TEM) in combination with a time-of-flight (TOF)
ass spectrometer. The apparatus has been described before in

ome detail [53], and only the essentials are summarized here.
he electron beam path is immersed in a parallel guiding magnetic
eld of 0.008 T. A deflection plate in the beam-monitoring Fara-
ay cup moves the electrons off-axis and thus prevents return of
he electrons to the interaction region. The electron energy was set
y floating the electron gun potentials relative to the interaction
egion. A plate near the filament is pulsed to send short (duration
bout 1 �s) pulses of electrons through the interaction region. A
epeller plate is pulsed to push the product anions from the source
egion into the acceleration region of the TOF mass spectrometer
fter all the electrons have left the interaction region. The anions
re further accelerated in the acceleration region before they pass
hrough a field-free drift region and strike the multichannel plate
etector. The repetition rate of this pulse scheme is 12 kHz. The
pparatus is operated under conditions where at most one ion is
etected per ten cycles to minimize any paralysis of the detector
ue to the arrival of two ions at the same time. The electron energy
esolution (FWHM) was estimated from the width of the apparent
F6

− yield due to electron attachment to SF6 at near-zero energies
nd amounted to 0.25–0.37 eV.

The experiment was carried out at room temperature
TG = 300 K). Liquid CHCl3 with a stated purity of 99.8 % was pro-
ided by J.T. Baker Ltd. with a small quantity of ethanol (0.5–1.0%)
dded as a stabilizer. This sample was used without further purifi-
ation. Gas dissolved in the liquid was removed with a number of
reeze thaw cycles. The ethanol stabilizer forms no anions that could
ffect the results and in all cases the negative ions observed had the
xpected ratios of different masses due to 35Cl and 37Cl isotopes.

.3. HEM-QMS experiment (Innsbruck)

For the present DEA experiments in Innsbruck a crossed
lectron/neutral beam apparatus is utilized. A more detailed
escription of the setup can be found in [54]. Briefly, a neutral
eam of chloroform molecules intersects at right angle with a
onochromatized electron beam generated by a hemispherical

lectron monochromator (HEM). Chloroform was purchased from
igma-Aldrich and has a stated purity of 99% (with 0.5–1% ethanol
s stabilizer). The electrons are produced by a hairpin filament and
re accelerated with a lens system into a hemispherical electro-
tatic field analyzer (pass energy about 1.5 eV), where the electron
nergy distribution for the present experiment is reduced to a value
f about 80 meV. This resolution is chosen in favour of a higher
etection sensitivity of the apparatus whereas better energy reso-

utions up to the optimum value of 35 meV result in too low electron
nd ion currents. The monochromatized electrons are accelerated
ith a second lens system to the desired energy and focused into

he collision chamber.
The chloroform gas is introduced via a curved stainless steel

ube (inner diameter 1.6 mm), connected to an external gas inlet

ystem and directly reaching into the collision chamber of the
EM to a point located about 1 cm from the electron beam cross-

ng point. Both the gas inlet tube and the HEM are heated by two
alogen bulbs mounted in the main chamber and are thus kept at
he same temperature. The temperature is measured with a Pt100
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emperature sensor mounted at the collision chamber. Anions
ormed are extracted out of the collision chamber by a weak electric
eld and are mass analyzed with a quadrupole mass spectrometer
QMS). The mass analyzed ion current is amplified by a channel
lectron multiplier in single pulse counting mode and is recorded
sing a computer. With this setup the ion intensity for mass selected
nions is recorded as a function of electron energy. The electron
nergy scale is calibrated with the s-wave resonance of SF6

−/SF6
6]. The width of the corresponding resonance near 0 eV is also
sed for the determination of the electron energy resolution. SF6
as introduced simultaneously with CHCl3 into the chamber after a

areful check that no interference between both compounds occurs.
hen changing the temperature, special emphasis was taken on

onstant performance of the monochromator (energy resolution
nd amount of zero electrons) which was monitored with SF6

−/SF6.
n the case of deterioration the monochromator was retuned.
he background pressure in the main chamber is 1 × 10−7 mbar
easured with an ionization gauge. During measurements with

hloroform the pressure in the chamber is 2 × 10−6 mbar.

.4. Laser photoelectron attachment experiment (Kaiserslautern)

In order to measure highly resolved cross sections for anion
ormation in low-energy electron collisions with CHCl3, we used
wo variants of the Laser Photoelectron Attachment (LPA) method,
s discussed elsewhere in detail [6,55–57]. The energy range
–200 meV was covered at a resolution of about 3 meV by the stan-
ard LPA method [6,55]: energy-variable photoelectrons (typical
urrent 40 pA) are created in the reaction region with the target gas
y resonant two-color photoionization of ground-state potassium
toms via the excited K(4p3/2) level [56]. Higher electron energies
ere accessed by the Extended Laser Photoelectron Attachment

EXLPA) method [57]: here near-zero energy photoelectrons are
roduced in an auxiliary photoionization chamber (distance from
eaction centre about 5 cm), accelerated by a weak electric field
n a guiding magnetic field (0.002 T), brought to the energy of
nterest prior to traversal through the target region, and subse-
uently accelerated and deflected onto a collector plate. Care was
aken to align the exciting and the focused ionizing laser (diameter
.12 mm) to avoid any collisions of the electron beam with surfaces
n its way from the photoionization chamber to the collector since
hese would yield spurious low-energy electrons and thus lead to
nwanted attachment processes. This is especially critical in energy
anges where the attachment cross section is small. In this way,
he drop of the SF6

− cross section, for example, could be followed
ver five orders of magnitude towards higher electron energies
57]. The effective resolution in the EXLPA experiment was about
0 meV.

Both the LPA and the EXLPA experiment were pulsed at a rate
f 100 kHz: following each photoelectron production and attach-
ent period, the infrared laser (767 nm), exciting the K(4s–4p3/2)

ransition, was switched off by an acousto-optical modulator, and
voltage pulse was initiated to extract the anions. A stack of elec-

rodes imaged the anions onto the entrance hole of a quadrupole
ass filter which mass selected the species of interest. The trans-
itted anions were detected by a channel electron multiplier (Fa.

juts, background 0.02/s).
A diffuse low density target of CHCl3 molecules (Merck Co. 99%

HCl3, stabilized by 1% Ethanol) at the gas temperature TG = 300 K
as used; gas chromatography revealed the presence of 0.1% CCl4
n the sample. In view of the large DEA cross section for the pro-
ess Cl−/CCl4 at low energies (thermal attachment rate coefficient
(300 K) = 3.79(19) × 10−7 cm3 s−1 [15]) the raw attachment spec-
rum for Cl−/CHCl3 was corrected for this 0.1% contribution due to
Cl4, using the known attachment cross section for CCl4 [58].

b
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The LPA/EXLPA experiment provides a highly resolved yield Y(E)
or anion formation. This yield is proportional to the absolute DEA
ross section, i.e., �(E) = N Y(E) where N is a normalization fac-
or, assumed to be independent of electron energy E. The size of
he normalization factor is established with reference to a known
hermal DEA rate coefficient for the same process. The thermal
ate coefficient k = 〈vrel�(vrel)〉 (vrel = relative collision velocity of the
lectron-molecule system) is given by the average [2,5,6]:

(Te, TG) =
(

2
m

)1/2
∫

E1/2 �tot(E; TG) f (E; Te) dE (4)

ere, TG denotes the rovibrational temperature of the target gas,
e the electron temperature and f(E;Te) the electron distribution
unction. Note that the velocity of the gas molecules at TG = 300 K
s much smaller than the electron velocity even at electron ener-
ies as low as 0.1 meV, and the relative collision velocity vrel can
e replaced by the electron velocity. In calculating the rate coef-
cient, we use a Maxwellian distribution function which is given
y:

(E; Te) = 2
(

E

�

)1/2
ˇ−3/2 exp

(−E

ˇ

)
(5)

ith ˇ = kBTe (kB = Boltzmann constant). The usual thermal aver-
ge implies Te = TG in (4). In the calibration of the absolute DEA
ross section scale, we have used the thermal rate coefficient k(T)
easured for T = Te = TG = 300 K.

. R-matrix calculations of the DEA cross section for Cl−
ormation from CHCl3

With the aim to provide some insight into the electron
ttachment process we have carried out semiempirical R-matrix
alculations of the DEA cross sections. Low-energy inelastic elec-
ron scattering by chloroform is dominated by a shape resonance of
1 symmetry [9,43]. One should expect that this resonance drives
nly totally symmetric vibrations: C H stretch, symmetric C Cl
tretch, and symmetric CCl3 deformation. However, dissociation of
l− is an asymmetric process, therefore for a rigorous calculation of
he DEA process a multimode treatment, including the interaction
etween the vibrational modes, is necessary. In the present work, in
rder to describe the correct threshold behaviour of the DEA cross
ection, we employ the R-matrix method [59], and because of its
omplexity we use the one-mode approximation. First we identify
he symmetric vibrational mode which is most important for the
EA process. Based on the observation of a direct anion dissociation
rocess following Rydberg electron transfer to CHCl3 [48] and the
resent experimental finding of a substantial channel interaction
etween the primary attachment process and vibrational excita-
ion of the symmetric CCl3 deformation mode �3 (see Section 4.2),
e assume that the electron capture initially drives the �3 mode

nd that the primary temporary anion state is stabilized rapidly
y motion along the �3 coordinate. Then, mediated by intramolec-
lar vibrational energy redistribution (IVR), the excess energy is
hanneled into the C Cl stretch which eventually leads to the dis-
ociation into the fragments Cl− and CHCl2. The attachment process
s thus treated in a one-dimensional approximation, assuming cou-
ling of the anion state with only the �3 mode. This approach is
imilar to our effective-range-theory treatment of electron attach-
ent to SF6 [60].

The dominance of the �3 mode in the DEA process is confirmed

y a vibrational mode analysis [61] employing the density func-
ional approach with the hybrid B3LYP functional and the 6-31G(d)
asis set. It shows that the amplitude of vibration of the Cl atoms

s about three times greater in the �3 mode than in the symmetric
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Table 1
Thermal electron attachment rate coefficients k(T) and activation energies Ea for
CHCl3

T (K) k(T) (10−9 cm3 s−1) Ea (eV) Reference; method

295 3.7 ± 5% 0.11(1) Present
300 3.9 Pulsed Townsend
340 6.9 Carrier Gas CO2

298 4.9 [25] (see also [26,32]); Swarm, CG N2

≈296 3.8 [26] (see also [16,32]); Swarm, CG N2

298 or 299 2.3(2) (four values
quoted, ranging
from 2.0 to 3.8)

[32]

0.134(9) [27]
Pulse sampling

300 2.2–2.6 0.095 [28] ([32]); Microwave, CG n-C6H14

293 1.3 0.10 [31]; ECR, CG Ar
300 2.2/2.6 0.104 [30]; ECR, CG Ar
300 4.4 ± 15% 0.11(1)a [33]; FALP, CG He
293 3.8 [34]; FA-ECR, CG He(Ar)
300 2.0 ± 15% [35]

0.13(1) [23]
MWPR-MH, CG Xe

300 3.6 ± 15% [36,38]; FALP, CG He or Ar

2

o
w
u
a

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[−Ea/(kBT)] (A = constant) the activation energy
was determined as Ea = 0.11(1) eV. This value is in good to fair agree-
ment with previous determinations [23,27,28,30–33] (see Table 1)
34 J. Kopyra et al. / International Journal

tretch �2 mode. The latter affects mostly the motion of the C H
omplex.

We represent the neutral molecule by an effective one-
imensional potential energy curve generating the correct
uantum of the �3 vibration, ω(�3) = 45.0 meV [62]. We use the
educed effective mass (M = 21.29 u [61]) for the �3 motion and
he dissociation energy D298(CHCl2–Cl) = 3.22(2) eV, as measured
t T = 298 K [18]. Using the input data described above, we param-
terize the neutral curve in the Morse form

(�) = De[exp(−a�) − 1]2 (6)

here � = R − Re is the normal �3 coordinate relative to the
quilibrium separation Re, De = D298 + ω(�3)/2, and a = 0.6721a−1

0
a0 = Bohr radius = 52.9 pm). The anion curve is parameterized in
he form

(�) = B exp(−2b�) − C exp(−b�) + F (7)

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

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

(�) = �0

[exp(��) + 	]
(8)

here �0, � and 	 are fit parameters. Typically, �(�) is a slowly
arying function, and its value between the equilibrium separation
� = 0) and the crossing point between the neutral and the anion
otential curves determines the absolute magnitude of the DEA
ross section. The parameters employed in our calculations for the
nion curve are b = 0.4227a−1

0 , B = 2.941 eV, C = 2.008 eV, resulting
n a (classical) barrier height (energy of the crossing point between
(�) and U(�) above the minimum of the neutral potential) of
.121 eV. The parameters of the surface amplitude were obtained as
0 = 0.4735 (a0 × Hartree)1/2 (1 Hartree = 27.211 eV), � = 7.828a−1

0 ,
nd 	 = 3.043. The vibrational motion for the calculation of the DEA
ross sections was included, using the quasiclassical approxima-
ion of the R-matrix theory [59,64]. To couple the resonant anion
tate with the electron continuum, we calculate the electron wave
unctions in electron scattering channels. For these calculations we
ave employed the dipole moment of CHCl3 
 = 1.04 D [18] and the
olarizability ˛ = 64a3

0 [18].

. Results and discussion

.1. Thermal attachment rate coefficients for CHCl3

In the swarm experiments carried out at Siedlce, thermal
ate coefficients k(T) for the electron capture process by CHCl3
olecules have been measured over the temperature range
= 295–373 K. Note that T refers to both the gas temperature TG
nd the electron temperature Te which have the same value at all T
n the present swarm experiments.

At room temperature (T = 295 K) the rate coefficient was deter-
ined from several measurements as k(295 K) = 3.7 × 10−9 cm3 s−1

ith an estimated overall uncertainty of ±5%. The previously
eported (near) thermal rate coefficients (T = 293–300 K) range
rom 1.3 × 10−9 to 4.9 × 10−9 cm3 s−1 (see Table 1). The results
btained with electron swarms either in drift tubes or in

owing afterglows (combined with ECR or Langmuir probe
etection) fall into the narrower range (3.6–4.9) × 10−9 cm3 s−1

25,26,33,34,36–38]. From an analysis of electron beam attach-
ent data [9], taken with CHCl3 gas at a temperature of 338 K,
allup et al. [11] derived an estimate for the rate coefficient

F
t
a
e

93 4.7 ∼0.06 [37]; FA-ECR, CG He + Ar

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

f 9.4 × 10−9 cm3 s−1; our value at T = 338 K is 6.3 × 10−9 cm3 s−1

hich can be considered as satisfactory agreement in view of the
ncertainties of the effective electron energy distribution function
t near zero electron energy (see also discussion below).

Over the temperature range T = 295–373 K, a strong increase
ig. 1. (a) Dependence of the thermal electron attachment rate coefficient k(T) on
emperature for CHCl3. (b) Arrhenius plot of the rate coefficient k(T) for electron
ttachment to CHCl3. The full line is the fit to the data points, yielding the activation
nergy Ea = 0.11(1) eV.
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Fig. 2. Absolute cross section for Cl− formation due to electron attachment to CHCl3
(gas temperature TG = 300 K). Open circles: combined LPA/EXLPA cross section over
the range 0.001–1.25 eV. Full curve: result of R-matrix calculation (not convoluted
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Fig. 3. Calculated state-specific partial absolute DEA cross sections for CHCl3
molecules in the initial vibrational level �i
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ith the experimental resolution). The insert presents a magnified view of the
ownward step-like structure which occurs at the threshold for vibrational exci-
ation (VE) of one quantum of the �3(a1) mode (≈45 meV) and which is due to
nteraction between the attachment and the VE channel.

hile the estimate Ea ≈ 0.06 eV from the data in [37] appears to be
oo low.

.2. Highly resolved absolute cross section for Cl− formation in
EA to CHCl3 molecules (TG = 300 K) and comparison with
-matrix theory

In agreement with the earlier work [39,41,42,44–46], the
resent experiments in Belfast, Innsbruck, and Kaiserslautern con-
rm that Cl− is by far the dominant anion formed in low-energy
lectron attachment to CHCl3. In the following we discuss the highly
esolved LPA and EXLPA results which were obtained for the Cl−

nion over the range 0.001–1.25 eV. With reference to the present
hermal rate coefficient k(300 K) = 3.9(2) × 10−9 cm3 s−1, the abso-
ute scale for this partial DEA cross section was determined which is
ubsequently used to establish absolute cross sections also for the
wo fragment anion channels HCl2− and CCl2− and for total anion
roduction.

In Fig. 2, we present the absolute DEA cross section for Cl−

ormation due to electron attachment to CHCl3 (gas tempera-
ure TG = 300 K) determined in this work by combining the LPA
0.001–0.19 eV) and the EXLPA (0.19–1.25 eV) data. The energy res-
lution was about 3 meV for the LPA data and about 20 meV for the
XLPA results. The LPA anion yield was averaged over nine original
ata points (about 10 channels/meV) and interpolated with respect
o an integer meV scale; the EXLPA anion yield was measured with
channel width of 1 meV and normalized to the LPA data in the

nergy range from 70 to 180 meV where the LPA and EXLPA yields
xhibited the same shapes (with a minimum at 104 meV). Below
bout 1 eV the partial Cl− cross section is identical with the total
ross section since other fragment ions do not contribute at a sig-
ificant level (see below); therefore, it is possible to use the total
hermal rate coefficient k(T = 300 K) to establish the absolute cross
ection scale shown in Fig. 2.

Close to E = 45 meV, a clear downward-step like Wigner cusp
s observed (see inset in Fig. 2) which is attributed to the inter-
ction of the primary attachment process with the channel for

E of one quantum of the �3(a1) mode (fundamental frequency
63 cm−1 = 45.0 meV [62]). (The sharp cusp in the calculated cross
ection occurs at an energy slightly below 45.0 meV because the
ominant contributions to the DEA cross section stem from the

nitial �i
3 = 1 and 2 levels for which the onsets for the ��3 = 1 vibra-

d
E
l
o
f

ifferent line styles). The measured DEA cross section is shown by the grey open cir-
les and the calculated thermal vibrational average (TG = 300 K) by the bold grey line.
he grey chain line represents the EVW cross section, normalized to the experiment
t E = 3 meV.

ional transitions occur below 45 meV as a result of anharmonicity
ffects.) As is known from the previous high resolution work on
olecules such as SF6 [6,57], CCl4 [58], CF3Br [20], and CF3I [65],

hese Wigner cusps are characteristic for the vibrational modes
hich are active in the attachment process. Note that for Cl− forma-

ion, the vibrational modes which may be considered to promote
issociation of the primary anion complex [CHCl3]− towards the
ragments Cl− + CHCl2 are not identical with the channel interac-
ion mode �3(a1) which represents the CCl3 symmetric deformation

ode with a1 symmetry which is compatible with s-wave electron
ttachment.

The observation of the cusp structure at the ��3(a1) = 1 vibra-
ional onset was incorporated into our theoretical model, whose
esults are included in Fig. 2 and presented in more detail in Fig. 3.

e note that the cross section calculated for TG = 300 K represents
he appropriate vibrational average with regard to the initial ther-

al population of the �3(a1) mode. At TG = 300 K, the relative initial
opulations in the �i

3 = 0–3 levels are given by 100, 17.5, 3.1, and
.54, respectively. Since the DEA cross sections for �i

3 = 1, 2, and 3
re much larger than that for �i

3 = 0 at energies below 0.2 eV as a
esult of more favourable Franck–Condon factors for the transition
rom the neutral to the anion state, the �i

3 = 1, 2, and 3 levels con-
ribute to the DEA cross section at a significant level in spite of their

inor populations.
In the calculated state-specific cross sections, sharp Wigner

usp-type structure of different shape is observed at the onsets
or vibrational excitation of one or more quanta of the symmetric
eformation mode (��i

3 ≥ 1). Moreover, wider oscillatory structure
s observed which is attributed to the effects of the nodal structure
n the vibrational wave functions for �i

3 ≥ 1.
At low electron energies, we compare the measured cross sec-

ion shape with the prediction of the extended Vogt-Wannier (EVW)
apture model [5,66] (grey chain curve in Fig. 3), using the electric

ipole moment and the polarizability given above. The predicted
VW cross section is a factor of 100 larger than the measured abso-
ute DEA cross section, indicating – in contrast to, e.g., the cases
f SF6 or CCl4 [5,66] – that for the molecule CHCl3 the efficiency
or anion formation only amounts to 1% of the electron capture
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ig. 4. Comparison of the highly resolved LPA/EXLPA yield (grey data points) for Cl−

ormation from CHCl3 with (a) the TEM-TOF results (Belfast, open circles) and (b) the
EM-QMS results (Innsbruck, open diamonds). For details see text (gas temperature
lose to TG = 300 K).

vents. In the R-matrix description of the DEA process, the EVW
ross section behaviour is built into the theory via the long-range
lectron-molecule interactions. The lowering of the DEA cross sec-
ion from the EVW value is due to two effects: (i) non-optimal
ranck–Condon factors for the transition from the neutral molecule
o the initial temporary negative ion (TNI) state upon electron cap-
ure; (ii) a smaller than unity survival probability for the evolution
f the TNI to the dissociated pair Cl− + CHCl2.

According to the threshold law for exothermic reactions at very
ow energies [66], the DEA cross section should be proportional
o E−X where the threshold exponent X depends on the molecular
ipole moment. For the CHCl3 molecule one obtains X = 0.623. As
bserved in Fig. 3, the state-specific and the vibrationally averaged
-matrix cross sections are distinctly steeper at very low energies.
his can be explained by the presence of a weakly bound or a virtual
tate due to the combined dipolar and polarization interactions,
aking the region of validity of the threshold law extremely nar-

ow. For the methyl iodide molecule, for example, the calculated
EA cross section grows much faster towards lower energies than
redicted by the EVW threshold law and reaches the correct slope
nly in the region below 0.1 meV [66]. A similar effect is observed
n the present case. However, whereas in the methyl iodide case
his effect is caused by a bound state leading to the vibrational
eshbach resonance (VFR) below the first vibrational excitation
hreshold [67], in the case of chloroform no evidence for a VFR
nd a bound state is present, therefore the effect is due to a virtual
tate. We should note also that the discussed behaviour is perti-
ent to collisions with molecules with fixed orientation. In reality

he molecules rotate, and when rotation is taken into account, the
ethe-Wigner law �(E → 0) ∝ E−1/2 should be restored in the sub-
eV region [66].
In Fig. 4 we compare the yield for Cl− formation from three dif-

erent experiments over the energy range from −0.4 to 3.1 eV. In

p
v
a
t
a

ss Spectrometry 277 (2008) 130–141

he two diagrams (a) and (b), the small full circles (grey) repre-
ent the combined LPA/EXLPA anion yield (0.001–1.1 eV, taken from
ig. 2). It is extended to higher energies by a brief interpolation
ver the range 1.1–1.5 eV (which can be regarded as a deconvo-
uted cross section around the fairly sharp bend near 1.1 eV); it

erges into the broadly shaped Belfast data at energies above 1.5 eV
open circles in Fig. 4a). For better visibility, the resulting joint Cl−

ield (E = 0.001–3.1 eV) is displayed in Fig. 4b by the grey full dots
LPA/EXLPA) and the grey full curve (Belfast data above 1.5 eV),
espectively. This joint Cl− yield, when normalized to the thermal
ate coefficient as discussed in connection with Fig. 2, represents
ur new absolute cross section for Cl− formation from CHCl3 at
G = 300 K.

In Fig. 4a we compare the yield measured with the Belfast
EM-TOF apparatus (open circles) with the yield (full curve),
btained by convolution of the joint Cl− yield with a Gaussian of
WHM = 0.27 eV (full width at half maximum), chosen to provide
n adequate description of the Belfast results at electron energies
bove 0.2 eV. At energies below about 0.2 eV, the Belfast data devi-
te substantially from this convoluted yield. This deviation is not
he result of an improper choice of the FWHM of the resolution
unction, but rather due to the fact that the Belfast measurement

issed the energy range close to 0 eV. If the joint yield is trun-
ated (i.e., set to zero at energies below 0.01 eV) to approximately
ccount for this effect, the convolution with the same Gaussian
FWHM = 0.27 eV) leads to the broken curve which is somewhat
loser to the measured data points at low energies. We note that
he original energy scale of the Belfast data was shifted by 0.1 eV to
ptimally match that of the convoluted spectrum.

In Fig. 4b, we compare the data measured at Innsbruck with the
EM-QMS setup at TG = 310 K (open diamonds) with the yield (full
lack curve), obtained by convolution of the joint Cl− yield with a
aussian of FWHM = 80 meV. The energy scale of the Innsbruck data

s shown as obtained with reference to the zero energy peak for SF6
−

ormation from SF6, see Section 2.3. The respective anion yields are
ormalized to the same value at the maximum around 0.37 eV. In
ddition, we show the yield (broken curve) which results by con-
olution of the truncated joint Cl− yield (cross section set to zero at
nergies below 0.01 eV). Good agreement between the shapes of the
PA/EXLPA yield and the HEM-QMS yield is observed over the range
.2–0.8 eV (considering the uncertainty of the absolute energy scale
f the latter of about 0.03 eV). Substantial deviations are, however,
bserved near 0 eV and towards larger energies where the Inns-
ruck yield progressively stays above the joint LPA/EXLPA/Belfast
nion yield (by about a factor of 3 at energies above 1.3 eV). The lat-
er difference is attributed to ‘background’ which is probably due
o anion formation involving slow electrons resulting from inelastic
cattering at metal electrodes.

At near-zero energy, the yield measured with the HEM setup
tays substantially below the convoluted LPA anion yield. We
ttribute this difference to the difficulty in reaching zero energy
ith a decelerated electron beam, especially in the absence of a

uiding magnetic field. Even in the presence of a guiding mag-
etic field, transverse velocity components prevent the range close
o zero kinetic energy being accessed; moreover, electron spi-
alling effects introduce uncertainties in the pathlength and thus
n the anion yield. Even if transverse components are ruled out or
educed (as in the EXLPA experiment in which the photoelectrons
re formed with zero kinetic energy), there is still the uncertainty
hether the electrons are decelerated to near-zero energy in the

roper reaction volume and whether the electrons traverse this
olume only once. In our opinion, the only trustworthy, presently
vailable approach to reliably measure the shape of DEA cross sec-
ions at energies below about 50 meV is the laser photoelectron
ttachment experiment in which monoenergetic electrons with
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ariable kinetic energy undergo attachment reactions in essentially
he same (nearly) field-free volume in which they are formed by
hotoionization.

.3. Absolute cross section for CCl2−and HCl2− formation in DEA
o CHCl3 molecules

In Fig. 5 we present the absolute partial cross sections for DEA
o CHCl3, resulting in CCl2− (Fig. 5a) and HCl2− production (Fig. 5b).
hese data were measured with the Belfast TEM-TOF apparatus
imultaneously with the partial yield for Cl− formation. Test mea-
urements suggest that the relative detection efficiencies of these
hree anions at the multichannel plates were the same to within
0%. In principle, the detection efficiencies at multichannel plates
hould increase with the kinetic energy of the incident ion until a
lateau is reached. Ions of different masses with the same kinetic
nergy will, however, strike the detector with different velocities
hich may lead to lower detection efficiencies for heavier ions.
ariation of kinetic energy of the ions striking the multichannel
late detector in the TOF apparatus by a factor of 8 did not sig-
ificantly alter the relative intensities of ions of different masses
bserved under otherwise identical conditions. There should be
ittle discrimination against ions ejected in fragmentation with dif-
erent kinetic energy releases because a field of 200 V/cm was used
o extract ions from the interaction region of the TOF apparatus.

The absolute cross section scale for Fig. 5 is deduced from the
espective relative anion intensities and the absolute cross section
cale for Cl− formation (Figs. 2 and 4). The shape of both bands is
ell described by Gaussians with nearly identical widths, located at

.72(2) eV for CCl2− (FWHM 0.79(1) eV) and at 1.84(3) eV for HCl2−

FWHM 0.78(2) eV). As already mentioned in the introduction, the

nions CCl2− and HCl2− are both formed through the first excited
egative ion resonance with 2E symmetry.

In Table 2, we summarize the information on the energy loca-
ion, the relative intensity, and the energy-integrated cross section
f the bands for the three anions Cl−, CCl2− and HCl2−, as obtained

t
r
w
[
e

able 2
eak positions, branching ratios and energy-integrated partial cross sections for the form

nion Peak position (eV) Peak width
(FWHM) (eV)

Peak Maximum
(10−20 m2)

l−

(I)a 0.375(5)b 0.41(1)b 6.1(5)b,c

(II) 0.37(1)b 0.44(2)b

[41]d ≈0.35
[46] 0.3
[42] 0.32(5)f

Cl2−

(I) 1.72(2)e 0.79(1)e 3.4 × 10−3e

(II) 1.70(5)
[41]d ≈1.65
[46] 1.56
[42] 1.45(10)

Cl2−

(I) 1.84(3)e 0.78(2)e 3.4 × 10−4e

(II) 1.81(6)
[41]d ≈1.8
[46] 1.71
[42] 1.61(1)

he branching ratios are based on isotope-summed intensities. (I): combined LPA/EXLPA
a From the combined partial cross section (see Fig. 4).
b Peak position, maximum, and width are given for the second broad peak.
c Error bar due to uncertainties of (i) thermal rate coefficient used for calibration of a

xtrapolation for E < 1 meV [2%].
d Evaluated from Fig. 3a of [41] (the anions CCl2− and HCl2− were incorrectly addressed
e From a Gaussian peak fit to the data of Fig. 5.
f According to Fig. 5 of [42] located at ≈0.21 eV.
ig. 5. Absolute partial cross section for (a) CCl2− formation and (b) HCl2− pro-
uction due to electron attachment to CHCl3 molecules at the gas temperature
G = 300 K.

n the present work at Belfast and Innsbruck, and compare it with
hat of previous studies [41,42,46]. With regard to the energy loca-

ions, good agreement is found between the two present sets of
esults, (i.e., set (I): Belfast, Kaiserslautern, and set (II): Innsbruck),
ith which those of the Oak Ridge group (read from Fig. 3a in Ref.

41]) are compatible. Compared to the present values, the peak
nergies of the Berlin group [42] for CCl2− and HCl2− are too low

ation of Cl− , CCl2− , and HCl2− in DEA to CHCl3

Branching
ratio (max.)

Integration
range (eV)

Integral
(10−20 m2 eV)

Branching ratio
(integral)

1000 0–3.2 3.2(2)c 1000

0.56 0.76–3.2 2.9 × 10−3 0.91
1.5 2.5
0.97
8.6

0.7

0.056 0.95–3.2 2.9 × 10−4 0.091
0.13 0.2
0.12
0.9

2.0

and Belfast data (TG = 300 K), (II) Innbsruck data (TG = 310 K).

bsolute cross section scale [5%], (ii) 0.10(5)% contamination by CCl4 [6%], and (iii)

as HCCl2− and Cl2− , respectively).
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Fig. 7. Dependence of the total rate coefficient for DEA to CHCl3 on electron tem-
perature Te over the range 50–15,000 K (mean electron energy 〈E〉 = 0.0065–1.94 eV)
at the fixed gas temperature TG = 300 K. Full curve: rate coefficients calculated
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ig. 6. Total (full line) and partial absolute cross sections for anion formation in
lectron-CHCl3 collisions (gas temperature TG = 300 K); CCl2−: open squares; HCl2−:
pen circles. The open triangles represent the total DEA cross section, deduced from
he results of Aflatooni and Burrow [9] (TG ≈ 338 K) in modified form (see text).

y 0.2–0.25 eV while the earlier results of the Innsbruck group [46]
re lower by 0.1–0.15 eV.

With regard to the branching ratios for the band maxima and
or the energy-integrated band intensities (normalized to 1000
or Cl−), the Belfast results agree with the present Innsbruck data
nd with the Oak Ridge data [41] to within a factor of 2–3 while
he branching ratios reported by Dorman (ratio of peak maxima
000:300:100, see caption of Fig. 2 in [39]), and those given in
42], and [46] show larger deviations. These differences are mainly
ttributed to systematic errors which are likely associated with
ncomplete anion collection. Another possible source of error for
he data quoted in [46] may be pressure instabilities. As absolute
artial energy-integrated cross sections for the three anions Cl−,
Cl2− and HCl2− (energy range up to 3.2 eV) we recommend the
alues (3.2, 2.9 × 10−3, 2.9 × 10−4) × 10−20 m2 eV, respectively.

.4. Total cross section for DEA to CHCl3 (TG = 300 K) and the
ependence of the DEA rate coefficient on electron temperature

Summation of the three partial absolute DEA cross sections in
igs. 2, 4, and 5 yield the total absolute DEA cross section �tot(E)
or CHCl3, shown as the full curve in Fig. 6 over the energy range
.001–3.2 eV. For comparison, we included the partial cross sec-
ions for CCl2− (open squares) and HCl2− formation (open circles).

e neglect the other very weak anion channels, detected by Denifl
t al. [46] (see above). The Cl− channel (not shown in Fig. 6) is found
o dominate throughout the energy range covered in Fig. 6, i.e., also
n the range of the first excited 2E resonance. Over the broad energy
ange 0.2–3.2 eV, our total cross section is in very good agreement
ith the cross section shown by the open triangles, as obtained

rom the absolute total DEA cross section of Aflatooni and Bur-
ow [9] (TG ≈ 338 K) by imposing two modifications: (i) a shift of
he latter to higher energies by 0.07 eV, and (ii) a multiplication of
he absolute scale of the data reported in [9] by a factor of 0.58.
he energy shift is justified by the observation (see Section 4.5)

hat the location of the peak observed at 0.37 eV in the LPA/EXLPA

easurement shifts by only 11 meV to lower energy when the gas
emperature is raised to 340 K (see Figs. 8 and 9), and thus (most
f) the deviation between the peak locations in the LPA/EXLPA data
nd the TEM data of Aflatooni and Burrow cannot be caused by the

4
i

v

rom 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 × 10−9 cm3 s−1 at Te = TG = 300 K) which was used for calibration of the DEA cross
ection (see text).

ifference in gas temperature. Instead we suggest that this devia-
ion is mainly due to the fact that this TEM measurement did not
ccess energies close to 0 eV (see also the discussion above). The
40% deviation in the absolute size of the two total DEA cross sec-

ions 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
ata have been normalized. An independent future measurement
f the absolute DEA cross section or of the thermal rate coefficient
ould be desirable to shed light on the source of this difference.

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

In Fig. 7 we compare our calculated rate coefficients
(Te;TG = 300) with the MWPR-MH results [23,35], as measured at
G = 300 K. The two data sets show good qualitative agreement in
he major feature, the maximum located at about Te ≈ 2800 K (mean
lectron energy 〈E〉 = (3/2)kBTe ≈ 0.36 eV). The MWPR-MH rate coef-
cient in this maximum exceeds the calculated value by only 7%.
he MWPR-MH result for Te = TG = 300 K [23,35], however, is almost
factor of 2 below the present thermal rate coefficient; the cause

or this difference is not clear.
We note that Sunagawa and Shimamori [23] proposed a DEA

ross section from an analysis of the Te dependence of their rate
oefficients measured at TG = 300 K. This cross section is remarkably
lose to our total DEA cross section in shape and absolute value at
lectron energies above about 0.2 eV, but much too low at the lower
nergies.

−
.5. The dependence of the relative cross section for Cl formation
n DEA to CHCl3 on the gas temperature (TG = 310–435 K)

Using the Innsbruck HEM-QMS setup with a temperature-
ariable molecular beam source, we studied the dependence of
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Fig. 8. Dependence of the Cl− yield due to DEA to CHCl3 (measured with the
HEM-QMS setup, resolution about 80 meV) on the gas temperature over the range
T
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G = 310–435 K; the respective anion yields were normalized to the same value at the
igher energy peak and are shifted by adding a constant offset to each subsequent
pectrum for clarity.

he yield for Cl− formation from CHCl3 on the gas temperature TG
ver the range 310–435 K, i.e., on the rovibrational temperature of
he molecules. The results are shown in Fig. 8; the anion yields
respectively shifted by a constant amount in the vertical direction
or clarity) were normalized to the same value at the maximum
see comments and justification below), observed here at ≈0.37 eV
or TG = 310 K, in agreement with the LPA/EXLPA result. We note
hat in the previous TEM experiments the maximum of this peak
ccurred at 0.25 eV [44], 0.27 eV [45], and 0.30 eV [46]. It appears
hat the peak locations of these TEM data are all too low, proba-
ly as a result of the fact that these measurements did not really
each zero electron energy. We further mention that the maximum
f 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
s not appropriate for experiments with finite energy resolution
58,68]; in spectra obtained by convolution of the calculated cross
ections with a Gaussian of 80 meV FWHM (see Fig. 9) the maxi-
um of the near-zero energy peak is located at ≈7 meV which for

he data in Fig. 8 is within the uncertainty of the overall energy
alibration.

The shape of the broad band changes rather little with gas tem-
erature at electron energies above 0.2 eV. The maximum position
f the band exhibits a monotonical weak shift to lower energies
ith rising temperature (maximum location ≈0.33 eV at 435 K). In

ontrast, a clear rise is seen for the peak observed near zero energy
n qualitative agreement with the previous observations [44,45]. An
rrhenius-type plot of the maximum intensity of the peak at near-
ero energy yields an estimate for the (electron energy resolved)

ctivation energy of 0.15(2) eV, somewhat higher than the thermal
ctivation energies (0.11–0.13 eV), measured in swarm experiments
or equal electron and gas temperature (see Table 1). The previous
ttempts to determine ‘activation’ energies’ from the temperature

t
o
s
t

ibrational temperature TG of the CHCl3 molecules, as obtained by convolution with
Gaussian resolution function of 80 meV FWHM (TG = 150–460 K); for clarity, the

pectra are shifted vertically by a constant amount, respectively.

ariation of the near-zero energy peak (using magnetically guided
lectron beams) yielded estimates of 0.11(2) eV [44] and 0.08(2) eV
45]. Clearly, all these electron beam results are rather uncertain
n view of the fact that maximum intensities for near-zero energy
eaks, measured with decelerated electron beams (with or without
magnetic guiding field) are problematic, as discussed above. The

activation energy’ 0.08(2) eV reported in [45] is definitely too low;
s discussed in [45], this low value arose most likely from thermal
ecomposition effects of chloroform at elevated gas temperatures
up to 550 K). The near-zero energy Cl− ion yield reported in [44]
hould be viewed with caution; it exhibited already at room tem-
erature a strongly enhanced yield near 0 eV (about 13 times higher
han that for the second peak observed at 0.3 eV). Revisited mea-
urements with ozone showed, however, that such enhanced yields
ear zero energy like those observed in [44] have to be attributed to
n artifact due to multiple reflection of very low-energy electrons
n 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-
ies (Te = TG) with non-thermal results: recent work, e.g., on DEA to
H3Br [24] has demonstrated that the thermal activation energy is
ignificantly smaller than non-thermal values which result in exper-
ments with electrons of average energies much lower than the gas
emperature (as for instance measured by Rydberg electron transfer
24]).

A comparison of the total cross section for anion production
eported by Aflatooni and Burrow at TG ≈ 338 K [9] with the HEM-
MS yield for Cl− formation at TG = 343 K (normalized to the same
eight at the peak around 0.37 eV) exhibits the following devia-

ions: the near-zero energy peak in the HEM data is about a factor
f 4 smaller while at energies above about 0.3 eV, they progressively
tay above the total anion yield. The former observation reflects the
endency already reflected in the comparison between the HEM
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ata and the LPA results, namely that the HEM anion yield near
ero energy is too low. The latter observation is partly due to the
ackground in the HEM data (especially at energies above 1.2 eV),
ut also due to the fact that the maximum of the (original) TEM
ata [9] occurs at about 0.3 eV while the HEM data peak at about
.36 eV for TG = 343 K.

We add a comment on the temperature (in)dependence of the
road peak. In a recent study, covering the temperature range
00–550 K, Matejcik et al. [45] found that the intensity of this peak
ollowed a T−0.5

G dependence for temperatures up to 420 K. Since
he molecular density in the reaction volume is expected to vary
s T−0.5

G , this observation is compatible with a peak cross section
hich is independent of gas temperature, and we have used this

ndependence in plotting the Innsbruck data in Fig. 8. Above about
70 K, Matejcik et al. found the overall signal to decrease which was
scribed to thermal decomposition of chloroform on the hot sur-
aces in the molecular beam source [45]. With the Innsbruck setup
t was not possible to exceed the temperature 435 K, and hence
hermal decomposition of chloroform did not play a role.

The fact that the maximum cross section for the broad peak is
ndependent of gas temperature (as assumed in Fig. 8), is confirmed
y the results of the R-matrix calculations which are shown in Fig. 9
or six vibrational temperatures, ranging from 150 to 460 K. The
pectra 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
≈5.9 × 10−20 m2) of the broad peak is constant (to within
%) over the range 150–460 K. As expected from the shapes of the
EA cross sections for the individual initial vibrational levels (see
ig. 3), the maximum position of this band shifts somewhat to
ower energies with rising temperature (by −11 meV per 40 K tem-
erature rise over the range 300–460 K), in good agreement with
he experimentally observed shifts. For TG = 150 K the maximum
f the cross section occurs at 424 meV, i.e., it is shifted by 34 meV
elative to the maximum for 300 K.

The near-zero energy peak of the convoluted theoretical spec-
ra is much stronger (relative to the maximum near 0.37 eV) than
hat in the respective experimental Cl− yield (Fig. 8); this reflects
he fact that the near-zero anion yield is suppressed in the Inns-
ruck data. A semilog plot of the intensity of the near-zero peaks

n Fig. 9 versus inverse gas temperature indicates Arrhenius-type
ehaviour with an ‘energy-selected activation energy’ of 76 meV,

ower than both the present thermal activation energy and the
energy-selected’ value suggested by the Innsbruck data. A cal-
ulation of the thermal rate coefficient (4) with the calculated
ibrationally averaged DEA cross sections yields a thermal activa-
ion energy of 62 meV; as expected, this value is somewhat lower
han the energy resolved near 0 eV value of 76 meV. For compar-
son we note that the energy of the crossing point between the
eutral and the (diabatic) anion curve lies 121 meV above the mini-
um of the neutral potential curve (i.e., 98.4 meV above the lowest

ibrational level �3 = 0). A recent theoretical investigation on the
alidity range of the Arrhenius equation for exothermic DEA to
olecules [21] with an intermediate barrier (as in the present case)

as demonstrated that the thermal activation energy typically is
ubstantially smaller than the barrier height.

We conclude that the theoretical model underlying the R-matrix
alculations provides a good description of the major experimental
bservations, i.e., the absolute DEA cross section, the energy loca-
ion of the broad peak near 0.37 eV and the general variation of

he DEA cross section with vibrational temperature. On the quan-
itative level, the calculations yield a weaker rise of the near-zero
nergy cross section with increasing vibrational temperature TG
nd of the thermal rate coefficient k(T) with increasing temperature
= Te = TG than observed in the experiments. This trend is similar to
ss Spectrometry 277 (2008) 130–141

hat observed in previous comparisons, e.g., for the molecule CF3Br
20]. The differences may be – at least in part – due to the fact that
ther vibrational modes, not taken into account in the theoretical
odel, may play a role and lead to a stronger dependence on the

ibrational temperature.

. Conclusions

Results from a joint experimental study of electron attachment
o chloroform (CHCl3) molecules in the gas phase are reported. In
n electron swarm study involving a pulsed Townsend technique
ith equal gas and electron temperatures, accurate attachment

ate coefficients were determined over the temperature range
95–373 K; they show an Arrhenius-type rise with increasing
emperature, corresponding to an activation energy of 0.11(1) eV.
n a high resolution electron beam experiment involving two
ersions of the laser photoelectron attachment method, the rela-
ive cross section for Cl− formation from CHCl3 over the energy
ange 0.001–1.25 eV at the gas temperature TG = 300 K was mea-
ured. With reference to our thermal attachment rate coefficient
(T = 300 K) = 3.9(2) × 10−9 cm3 s−1, a new highly resolved absolute
ttachment cross section for TG = 300 K was determined. This cross
ection is extended to higher energies by measurements carried
ut with the TEM-TOF apparatus at Belfast which also provided
ew cross sections for the distinctly weaker fragment anions CCl2−

nd HCl2−. The resulting total absolute cross section for anion
ormation is used to calculate the dependence of the attachment
ate coefficient k(Te;TG) on electron temperature Te over the range
0–15000 K at the fixed gas temperature TG = 300 K. In addition, we
eport the dependence of the relative cross section for Cl− forma-
ion on gas temperature (TG = 310–435 K).

For comparison with the experimental data, R-matrix calcu-
ations have been carried out for the DEA cross section of the
ominant anion channel Cl−. The results predict the dependence of
he DEA cross section on the initial vibrational level �i

3 and provide
good description of the main experimental observations.
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