
Dissociative electron attachment to CCl4 molecules at low
electron energies with meV resolution

D. Klar, M.-W. Ruf, H. Hotop*
Fachbereich Physik, Universita¨t Kaiserslautern, D-67653 Kaiserslautern, Germany

Received 23 March 2000; accepted 29 May 2000

Abstract

Using the laser photoelectron attachment (LPA) method we investigated dissociative electron attachment to carbon
tetrachloride [e2(E) 1 CCl4 3 Cl2 1 CCl3] in the electron energy range 0, E # 173 meV with very high resolution
(energy width 1 meV). With reference to a reliable thermal electron attachment rate coefficientke(T 5 300 K) absolute values
for the attachment cross sectionse(E) are derived. These(E) } E21/ 2 behaviour of the cross section forE3 0, theoretically
predicted fors-wave attachment to molecules without permanent electric dipole moment, is approximately reached at very low
energies (E & 0.3 meV). Toward higher energies the cross section decreases more rapidly. At thresholds for vibrational
excitation of the neutral molecule, the cross section exhibits pronounced cusp structure of downward step character due to
coupling of the attachment process with scattering channels. Comparisons are made with cross sections derived from previous
photoelectron attachment work and from experiments involving electron beams, electron swarms and Rydberg atoms.
Combination of our LPA cross section with beam data results in a recommended total DA cross section for CCl4 over the
energy range 0–2 eV. Based on this cross section, we calculate and report the energy dependence of the rate coefficientke(E)
for monoenergetic free electron attachment and the electron temperature dependence of the rate coefficientke(Te) for free
electron attachment involving a Maxwellian electron ensemble and CCl4 gas at room temperature (TG 5 300 K). The effects
of electron energy resolution on measured low energy electron attachment yields, in particular on the effective location and
energy width of the “zero energy peak,” are discussed in some detail. (Int J Mass Spectrom 205 (2001) 93–110) © 2001
Elsevier Science B.V.
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1. Introduction

The investigation of electron attachment to mole-
cules XY and the determination of cross sections
se(E) for the process:

e2~E! 1 XYO¡
se~E!

XY 2* 3 X 1 Y2 (1)

[dissociative attachment (DA), short notation: Y2/XY]
have been subjects of a considerable number of
studies [1–20]. Following its formation the excited,
temporary anion XY2* can either decay by autode-
tachment (corresponding to elastic or inelastic elec-
tron scattering) or it may dissociate, thereby forming
stable negative ions Y2; in some cases a long-lived
complex XY2* is created which can be detected mass
spectrometrically (e.g. SF6

2 [4,14,16,19]). In DA pro-
cesses part of the excess energy stored in the excited
negative ion XY2* is converted into kinetic energy of
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the fragment particles. For attachment of an electron
with kinetic energyE to a molecule XY, the kinetic
energyEY2 of the fragment Y2 is given by

EY2 5 ~1 2 mY/mXY!@E 1 EA(Y) 2 D~XY ! 2 EF#

(2)

where EA(Y) andD(XY) are the electron affinity of Y
and the dissociation energy of XY, respectively.EF

represents the internal excitation energy of the frag-
ments andmY and mXY are the respective masses.
Electron attachment experiments, motivated by a
fundamental interest in the dynamics of such reactions
and in the properties of negative ions, but also by
practical applications like the design of gaseous di-
electrics [6], include several complementary methods
like electron swarms [4,6,7,9,13,15,21,22], beam ex-
periments [1–3,5,10,18,20,23–26], electron transfer
from high Rydberg atoms [16,27,28], and threshold
photoionization methods producing slow photoelec-
trons with variable energy [8,12,14,17,19,29,30].

Electron attachment in the energy range distinctly
below 1 eV is of special interest in connection with
the test of quantum mechanical threshold laws
[14,16,19,31] and with the investigation of cross
section shapes [Wigner cusps, vibrational (“nuclear-
excited”) Feshbach resonances] at thresholds for vi-
brational excitation of the neutral target molecule
[14,17,24,30–36]. For the cross sectionse(E; L)
associated with the partial wave of orbital angular
momentumL, the physics of threshold laws [31]
requires the following limiting energy dependence (as
long as the electron–target interaction potential is
sufficiently short-ranged, i.e.V(r ) } r2m, m . 2,
excluding molecules with permanent dipole moments):

se~E3 0; L! } EL21/2 (3)

For s-wave attachment (L 5 0) the cross section
diverges as

se~E3 0; L 5 0! } E21/2 } v21 (4)

For molecules without permanent electric dipole or
quadrupole moments the leading long-range interac-
tion between electron and target is the polarization
potentialV(r ) 5 2ae2/ 2r4. For this case Vogt and
Wannier [37] predicted that Eq. (4) takes the explicit

form (a0 5 Bohr radius5 529.177 pm, polarizabil-
ity a and energyE in atomic units):

sc~E3 0; L 5 0! 5 4pa0
2~a/ 2E!1/2. (5)

The capture cross section (5) also represents the low
energy limit of a semiempirical formula suggested by
Klots [38] to describe low energy electron attachment
processes:

sK 5 ~pa0
2/ 2E!$1 2 exp@24~2aE!1/2#% (6)

which interpolates between the Vogt and Wannier
formula (5) forE3 0 and thes-wave reaction cross
sectionpÂ2 5 pa0

2/(2E) [for 4(2aE)1/ 2 .. 1; Â 5
reduced de Broglie wavelength] [14,30]. The Klots
formula (6) has been frequently used to calculate rate
coefficients for Rydberg electron attachment [16,27].
More recently, a variant of the Klots formula has been
used by Klar and co-workers [14,17] for fits to their
high resolution attachment cross sections obtained
with the laser photoelectron attachment (LPA)
method (see the following):

se~E! 5 ~s0/E!@1 2 exp~2bE1/2!#. (7)

The parameterb characterizes the energy range
(b2E . 0.1) above which substantial deviations from
the limiting s-wave attachment behaviourse(E 3
0) 5 s0bE21/ 2 occur. For SF6

2 formation, use of the
Klots formula (6) corresponds to choosingb 5 0.228
[a(SF6) 5 44.1 a0

3 [39], E in meV], whereas from
their LPA experiment [14] Klar et al. determinedb 5
0.4056 10% (see also [29]). We note that for mol-
ecules with permanent electric dipole moment one
expects a limitings-wave attachment cross section of
the formse(E 3 0; L 5 0) } E2x with 0.5 , x ,
1 [11,16,40], i.e. a behaviour between those for
capture in short range potentials (m . 2, x 5 0.5)
and in the Coulomb potential (x 5 1, independent of
L) [31].

In order to experimentally establish the range of
validity of the threshold law a method with the highest
possible energy resolution should be used. Chutjian
and co-workers [8,12,19] developed the threshold
photoelectron spectroscopy for attachment (TPSA)
method, which involves the production of energy
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variable electrons by photoionization of rare gas
atoms Rg (mostly Rg5 Kr) at and above the
Rg1(2P1/ 2) threshold with monochromatized VUV
light, and applied it to DA of a large number of
molecules at typical quoted resolutions around 6–8
meV. In our group, the LPA method [14,41] was
developed and sub-meV resolution in a free electron
collision experiment was demonstrated for the first
time by Klar et al. [14] in a detailed study of SF6

2

formation. More recently, energies down to 20meV at
energy widths as low as 20meV were achieved by
Schramm et al. [29]. In order to reach sub-meV
resolution a careful characterization of the residual
electric field is mandatory, and for this purpose laser
diagnostics at narrow bandwidths is very well suited
and important [29,41]. Comparison with the TPSA
data for SF6 revealed that energy widths$5 meV are
not sufficient for a detailed study of the threshold
behaviour forE 3 0 or for the detection of cusp
features at vibrationally inelastic thresholds in poly-
atomic molecules such as SF6 or CCl4 [14,17,34].

An interesting alternative to investigate electron
attachment to molecules or clusters at very low
energies is electron transfer from highly excited
Rydberg atoms A**(nl ) (abbreviated by RET)
[16,27,28,42–45]:

A** ~nl ! 1 XYO¡
knl

@A1 2 XY 2*#

3 A1 1 X 1 Y2 (8)

as investigated in great detail especially by Dunning
and colleagues [16,27]. At high principal quantum
numbersn the influence of postattachment reactions
due to the Coulomb attraction of the intermediate ion
pair complex [A1 2 XY2*] can be neglected
[16,28]. Then, in the framework of the quasifree
Rydberg electron model [16,27,28,46], the connection
of the rate coefficientsknl andke (ke 5 seve, ve 5
free electron velocity) for Rydberg and free electron
attachment is given by

knl 5 E ke~v! fnl~v! dv (9)

where fnl(v) is the normalized Rydberg electron
velocity distribution. To test the adequacy of the free
electron model, experimental rate coefficientsknl

should be compared with values calculated from Eq.
(9) on the basis of dependable and sufficiently high-
resolved experimental data forke, taken at sufficiently
high resolution and down to the lowest possible
energies. In evaluating Eq. (9) [16,28] our LPA
results forke [incorporating the fit function (7) at very
low electron energies] and normalized classical dis-
tribution functionsfnl(v) were used.

Using the LPA method, described in detail in
[14,41] and summarized in Sec. 2, we have carried out
a detailed investigation of dissociative free electron
attachment to the carbon tetrachloride (CCl4) mole-
cule with very high resolution (energy width#1
meV). Similar LPA experiments have been performed
on the dipolar molecules CFCl3, 1,1,1-C2Cl3F3, HI,
CCl3Br, and CH2Br2; these results will be published
elsewhere. In Sec. 3 we present the experimental
results and compare them with data of other groups.
Previous work, performed at substantially larger en-
ergy widths, includes the TPSA results [8], electron
beam studies [2,10,18,25,47,48] and several investi-
gations with electron swarms [13,21,49–52]. In addi-
tion, RET studies at medium [27,53–55] and up to
very high quantum numbers [16,56] have been carried
out.

2. LPA method

The LPA method, its experimental parameters and
the results for XY5 SF6 have been reported in detail
in [14,29,41]. Here we outline the basic features and
discuss some special aspects pertinent to the molecule
under study. The LPA experiment involves the gen-
eration of free electrons with variable energy and
narrow energy spread by photoionization of suitable
atoms with a monochromatic tunable laser, in our case
resonant, two-step photoionization of metastable Ar*
atoms. The photoelectrons react with molecules of an
ambient diffuse gas target (TG 5 300 K) [14,17,30]
(or, alternatively, with molecules or clusters in a
collimated target beam [29,57]) under conditions of
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low residual electric field (F # 0.5 V/m) and
negligible magnetic field (B , 2 3 1026 T). Nega-
tive ions resulting from electron attachment reactions
are extracted by a pulsed electric field and analyzed
by a quadrupole mass spectrometer.

The experimental setup and excitation scheme are
shown in Fig. 1. A collimated beam of metastable
argon atoms Ar*(4s, 3P2) is excited to Rydberg states
(ns, nd) or to the ionization continuum by two lasers
via the Ar*(4p, 3D3) intermediate level. A continu-
ous wave (cw) single mode dye laser (l1 5 811.75
nm) transversely excites the closed transition Ar*(4s,
3P2 3 4p, 3D3) and a small fraction of the Ar*(4p,
3D3) population is excited further by a tunable intra-
cavity dye laser (mode spacing about 40 MHz). A

three plate birefringent filter as wavelength selecting
element narrows the bandwidth of the laser to about
150meV; an additional thin etalon (free spectral range
about 900 GHz) improves the bandwidth by another
factor of three. Both lasers are linearly polarized with
electric vectors parallel to each other and to the
direction of ion extraction. By tuning the intracavity
laser over the wavelength range 473–425 nm, bound
Ar**( nl )-Rydberg levels (n * 15, E , 0) or free
electrons (energiesE . 0 up to 230 meV) are created.
Electron transfer from Rydberg atoms (RET) or free
electron attachment processes to a diffuse molecular
gas target take place in the center of a specially
designed reaction chamber. The experiment is pulsed
at a repetition rate of 140 kHz: a time interval of
essentially field-free conditions for electron produc-
tion and attachment (phase I, 2.7ms) is followed by a
period for ion extraction with a delayed pulsed elec-
tric field (23 V/cm) (phase II, 3.4ms). During phase II
the infrared laser and thereby the electron production
are switched off by an acousto-optical modulator. The
accelerated negative ions are imaged into a quadru-
pole mass spectrometer, and the mass-selected ions
are detected by a dual channel plate following a 90°
deflection by an electric field. Weak, energy indepen-
dent background signals, e.g. dark counts of the
channel plate detector and Cl2 production due to
attachment reactions of electrons resulting from Pen-
ning ionization of CCl4 in collisions with metastable
Ar*(4 s 3P2,0) and laser-excited Ar*(4p 3D3) atoms,
were repeatedly determined by interrupting photo-
electron production through insertion of a glass plate
into the cavity of the ionization laser. Subtraction of
this background from the total count rate yielded the
negative ion signalI e due to electron attachment.
Simultaneously withI e, the output powerPg

oc of the
intracavity dye laser and its transmission through a
calibrated etalon is measured. The latter interference
fringes establish a relative energy scale for the spec-
tra, accurate to within 1023. Absolute energies are
considered to be accurate to within60.4 meV or less.
Correcting the signalI e for the wavelength dependent
intracavity photon fluxFg

ic(E) and the known energy
dependence of the Ar*(4p, 3D3) photoionization

Fig. 1. Schematic setup of the laser photoelectron attachment
experiment. The beam of metastable Ar*(4s 3P0,2) atoms is inter-
sected in the centre of the reaction chamber by the excitation (laser
1) and the intracavity ionization laser (laser 2). Photoelectrons of
variable energy react with molecules in a diffuse gas target (phase
I), and the negative product ions are extracted from the reaction
chamber into the ion optics by a pulsed electric field (phase II) and
mass analyzed by a quadrupole mass spectrometer. After the
negative ions have passed a 90° deflection unit, they are detected by
a dual microchannel plate detector in chevron arrangement.
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cross sectionYg(E) [14,58] results in the negative ion
yield Ye [14,41]:

Ye~E! 5
I e~E!

Yg~E! Fg
ic~E!

5
I e~E!

Yg~E!

T~E!hn

2Pg
oc~E!

(10)

whereT(E) is the wavelength dependent transmission
of the terminating mirror of the intracavity laser. For
E . 0 (free electron attachment)Ye(E) represents the
relative attachment cross section, while forE , 0 the
negative ion yield is proportional to the rate coeffi-
cient for Rydberg electron attachment [14,29]. Abso-
lute attachment cross sectionsse(E) 5 NYe(E) were
established by normalization of the relative cross
sectionYe(E) to a well-known thermal energy attach-
ment rate coefficientke(T), obtained in electron
swarm experiments at equal electron and gas temper-
ature (i.e. T 5 Te 5 TG 5 300 K, see Table 1),
using the expression [8,14]:

ke~T! 5 NÎ2/m E
0

`

Ye~E! E1/2f~E; T! dE (11)

with f(E; T) 5 (2/=p)E# 3/ 2 exp(2E/E# ) (E# 5
kBT 5 25.85 meV forT 5 300 K). The uncertain-
ties for se(E) given in the following sections do not
include the uncertainty of the literature value for
ke(T).

Carbon tetrachloride is a liquid at room tempera-
ture and standard pressure. Following pump out of the
target gas line, the CCl4 vapour was expanded into the
vacuum apparatus from the vapour above the liquid
surface. The gas inlet system was partly heated to
prevent condensation of the vapor and to minimize
pressure variations in the reaction volume. Pressure
variations in the range (0–5)% were observed over the
scan period of the ionizing laser. By correcting each
spectrum with the registrated pressure variation and
addition of several measurements to generate the final
data, we reduced the overall uncertainties associated
with pressure variations to below 1%. The target gas
density was adjusted to values below 1011 cm23 at
low energies and to values up to 83 1011 cm23 at
higher electron energies, ensuring single collision
conditions in all cases.

Electric stray fields in the reaction volume were
determined through the measured shift of the
Ar1(3p5 2P3/ 2) ionization threshold and model cal-
culations to reproduce the behaviour of negative ion
yield for E * 0 (see the following, for details see
[41]). In the present work typical stray fields
amounted toFS ' 0.5 V/m (see Sec. 3); from the
dimensions of the reaction volume [41] the effective
energy widths for the attachment experiment is thus
estimated to beDE ' 1 meV or below. The cross
section values presented below are based on measure-
ments over the energy interval240 & E & 200 meV,
carried out with an intracavity laser bandwidthDEL of
about 150meV, and data obtained for the negative ion
yield close to the Ar1(3p5 2P3/ 2) ionization threshold
with a photon bandwidth of 50meV.

A further systematic error for the dissociative
processes is connected with a possible variation of the
negative ion detection efficiency over the covered

Table 1
Molecular properties and electron attachment characteristics for
SF6 and CCl4

Property SF6 CCl4

a [a0
3] 44.1a 75.6a

m [D] 0 0
kc [1027 cm3 s21]

(Vogt, Wannier)
5.15b 6.74b

ke(Te 5 300 K) [1027 cm3 s21]
(electron swarms,TG 5 300 K)

2.27(9)c 3.79(19)d

knl [1027 cm3 s21]
(RET, TG 5 300 K)

4(1)e 11(2)f

s0 [10220 m2 meV]g 7130(360)h 11160(560)i

b [(meV)21/2]g 0.405(40)h 0.59(6)i

ke(E 3 0) [1027 cm3 s21]
(LPA, TG 5 300 K)

5.4(8)h 12.3(19)i

Energy integrated cross section
[10220 m2 eV] (LPA, TG 5 300 K)

30.0h,j 53.3i,j

57.6i,k

a See [39].
b Using Eq. (15) and polarizabilities in first column (ignoring

effects of other long-range electron-molecule interactions).
c See [7].
d See [51].
e See [54].
f See [56].
g Fit parameter in Eq. (7).
h See [14].
i Present work.
j Integrated from 0 to 200 meV.
k Integrated from 0 to 2000 meV.
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electron energy range due to the fact that the kinetic
energy of the negatively charged dissociation frag-
ments depends on the energyE of the attached
electron [see Eq. (2)]. The ion optical properties in the
reaction chamber during the extraction period II (as
previously discussed) minimize such a variation by
collecting ions over an extended volume. Discrimina-
tion effects concern predominantly the negative ions
created at the beginning of the electron production
and attachment period I and among them mainly those
moving initially perpendicular to the detection direc-
tion. By taking an average over the whole attachment
period and the total detection volume, we estimate the
overall variation in ion detection efficiency over the
electron energy range (0–173) meV to be smaller than
10% for Cl2 production from CCl4. We note that for
the production of Cl2 from CCl4 at low electron
energies, RET studies of Dunning’s group [55] (see
also Sec. 3.1) have demonstrated that only a small
fraction of the excess energy appears as translational
energy of the DA products.

3. Results and discussion

3.1. Absolute dissociative electron attachment cross
sections for CCl4

The molecule CCl4 hasTd symmetry and possesses
four distinct vibrational modes: the totally symmetric
stretching moden1 [A1 symmetry, energyE(n1) 5
56.9meV], the doubly degenerate deformation mode
n2 [E symmetry, E(n2) 5 26.9 meV], the triply
degenerate (asymmetric) stretching moden3 [F2 sym-
metry,E(n3) 5 92.2meV], and the triply degenerate
deformation moden4 [F2 symmetry,E(n4) 5 38.9
meV] [59]. Attachment of free electrons to CCl4 leads
to dissociation of the molecule [10]; at low energies
only Cl2 ions are formed:

e2~E! 1 CCl4~
1A1!3 Cl2 1 CCl3. (12)

At low energies process (12) proceeds bys-wave
electron attachment through the symmetric
CCl4

2(2A1) resonance state [15,51], correlating to the
lowest Cl2 1 CCl3 limit which lies about 0.6 eV [55]

below the vibrational ground state of CCl4(
1A1). At

higher energies another broad peak in the total nega-
tive yield was observed at 0.8 eV and assigned to the
excited CCl4

2*(2T2) state [25]. At energies above
about 0.6 eV other product ions including CCl3

2,
CCl2

2, and Cl2
2 are observed [10]. We note that the

present article addresses the total electron attachment
cross section.

The energy dependence of our measured Cl2 yield
Ye(E) is shown in Fig. 2.For E , 0 the negative ion
signal is due to RET according to the reaction
Ar**( ns, nd) 1 CCl4 3 Ar1 1 Cl2 1 CCl3. As
discussed for the experiments on SF6 [14,41], the step
at E ' 23.4 meV is due to field ionization of
Rydberg states withn* * 63 (n* 5 effective prin-
cipal quantum number) in the pulsed electric field,
used for ion extraction and resulting in a decrease of
the effective Rydberg atom density. For quantum
numbersn* * 63, the effective Rydberg excitation
probability at a laser bandwidth of 0.15 meV is
essentially constant; therefore the measured negative
ion yield directly reflects then dependence of the rate

Fig. 2. Yield of Cl2 ions due to collisions of Ar**(ns, nd) Rydberg
atoms (E , 0) and of free electrons (E . 0) with CCl4 molecules
(gas temperatureTG 5 300 K), measured with a photon energy
bandwidth of 0.15 meV (FWHM) at a residual electric field of 0.55
V/m. In the range 0, E , 173 meV the Cl2 yield is proportional
to the dissociative attachment cross section. The downward steps a,
b and c are due to channel interaction with onsets for excitation of
1, 2, and 3 quanta of the symmetric stretch vibrationn1. The sharp
peak d corresponds to Cl2 formation by very slow electrons
associated with the Ar1(2P1/ 2) threshold (see text).
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coefficientsknl [14,28,29]. In Fig. 2 the dashed line at
E 5 0 corresponds to the Ar1(3p5 2P3/ 2) fine struc-
ture ionization threshold.

For E . 0 the Cl2 yield is proportional to the free
electron attachment cross section [14] for the disso-
ciative process (12). It decreases rapidly with increas-
ing electron energy and shows significant structure
labeled (a), (b), (c), and (d) in Fig. 2. The energy
positions Ea 5 56.9 meV, Eb 5 113.8 meV, and
Ec 5 170.7 meVmark the thresholds for excitation
of one, two or three quanta of the totally symmetricn1

stretch vibration in neutral CCl4. The downward steps
in the cross section are due to coupling between the
electron attachment process and the different scatter-
ing channels with2A1 symmetry for the [CCl4 1 e2

(L 5 0)] system. An equivalent threshold effect was
observed for free electron attachment to SF6, as
reported in [14] and previously predicted theoretically
[34]. The downward steps in the CCl4 data have a
somewhat smoother, rounded-off appearance in com-
parison to then1 feature in SF6 [14] (some broadening
occurs for CCl4 through the presence of the two
isotopes35Cl and37Cl). The sharp peak (d) in Fig. 2
(Ed ' 177.4 meV), located close to the excited
Ar1(3p5 2P1/ 2) fine structure threshold (E 5 177.5
meV), is strongly affected by reactions involving
field-stabilized autoionizing Rydberg atoms
Ar**( 2P1/ 2 nl9):

Ar** ~2P1/2nl9! 1 CCl43 Ar1 1 Cl2 1 CCl3.

(13)

This effect was discussed in detail in [41]. The total
negative ion signal forE . 177.5 meV(i.e. l2 ,

433.3 nm) results from the superposition of the two
attachment reactions (12) and (14):

e2~E9 5 E 2 177.5 meV!

1 CCl43 Cl2 1 CCl3. (14)

Apart from the dominant generation of fast photoelec-
trons with energyE[Ar1(3p5 2P3/ 2) formation] slow
electrons with energyE9 5 E 2 177.5 meV are
produced which are associated with the formation of
Ar1(3p5 2P1/ 2). The latter channel occurs with much

lower probability (about 1%) [14,58], but process (14)
clearly stands out at threshold where the attachment
cross section is very large. We note that the energy
position of the equivalent threshold peak in the SF6

2

data, reported in [14] and Fig. 5 in [41], has to be
revised by shifting the peak 0.2 meV to lower ener-
gies, as already done in Fig. 8 in [41]. This shift is
within the uncertainty of the energy calibration of the
data at the Ar1(3p5 2P1/ 2) threshold which amounts
to 0.2 meV [14,41].

In order to obtain information on the effective
residual electric field during the LPA data runs,
measurements in a narrow energy range around the
Ar1(3p5 2P3/ 2) threshold (E 5 0) were carried out
with an optical resolution of about 50meV; the result
is shown in Fig. 3. As discussed previously in detail
for SF6

2 formation [14,41], model calculations of the
negative ion yield in the threshold region have been
performed, which incorporate the effects of a residual
electric stray field with adjustable strengthFs and use
the analytical cross section (7) for energies above 0
eV with the parameterb appropriately chosen (b 5
0.59(6) (meV)21/2, see the following) and a constant

Fig. 3. Cl2 yield due to dissociative attachment to CCl4 molecules
measured over the range from24.5 to 14.5 meV with a photon
energy bandwidth of 0.05 meV (FWHM). The data are compared
with model calculations of the attachment yield (smooth line) in
which a residual electric field of 0.55 V/m was assumed.
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negative ion yield at energies below 0 eV, simulating
the RET induced Cl2 signal at high principal quantum
numbers (see also [41], Eq. (16), and accompanying
discussion). The latter is convoluted with the energy
profile of the ionizing laser which was deduced from
the appearance of RET signals at low principal
quantum numbers aroundn 5 20; the profile is
nearly Gaussian with energy widths of 0.15 meV
(without etalon) and 0.05 meV (with etalon in cavity).
From the comparison of the measured data with the
calculated energy dependence (shown in Fig. 3 as
smooth line) an electric stray field ofFs 5 0.55 V/m
was determined. At this field, the classical prediction
for the (negative) shift of the ionization threshold
DEF 5 75.9 meV 3 (FS[V/m])1/2, which amounts
to DEF 5 56 meV, is consistent with the experimen-
tally observed (negative) threshold shift of (706 25)
meV, determined relative to the known energy posi-
tion of the highn Rydberg structure in Fig. 3.

The higher resolution data in Fig. 3 were combined
with those in Fig. 2 in order to construct an optimal
attachment yield functionYe(E) which forms the
basis for further evaluations. Absolute cross sections
se(E) for process (12) were obtained from this
combined attachment yieldYe(E) with the procedure
outlined above [see Eq. (11)] and are presented in Fig.
4 over the energy range from 0.1 to 2000 meV
together with results from other experiments. We use
the thermal electron attachment rate coefficient
ke(T 5 300 K) 5 3.79(19)3 1027 cm3 s21 given
by Orient et al. [51] which has a quoted uncertainty of
only 5% and agrees well with several other indepen-
dent determinations (see Table I in [13], Table 1 in
[60], and Table 1 in [21]), including the FALP results
of Smith et al. [3.9(5)3 1027 cm3 s21 [50]], Spanel
et al. [3.3(5)3 1027 cm3 s21 [52]], and Burns et al.
[3.6 3 1027 cm3 s21 [21], calibration of apparatus
usingk(T 5 300 K; SF6) 5 2.2 3 1027 cm3 s21] as
well as the pulse-radiolysis microwave-cavity based
determination of Shimamori et al. [4.0(5)3 1027

cm3 s21 [13]]. In Fig. 4, the LPA results are shown by
the thick line, connecting the original data points in
the energy range 0.8–173 meV. Below the first
vibrational threshold (E 5 56.9 meV) our measured
cross section is very well described by (7) with the

fitted parameterss0 and b given in Table 1. This
function is represented by the dash-dotted line for

Fig. 4. Absolute cross section for Cl2 formation in free electron
attachment to CCl4 molecules in the energy range from 0.1 to 2000
meV. The overlapping data points (thick line) from 0.8 to 173 meV
represent the LPA cross section (energy width#1 meV, absolute
scale determined by normalization to swarm data, see text); below
0.8 meV the dash-dotted line shows the extrapolation of the fit to
the LPA cross section with Eq. (7) and the parameters given in the
text and in Table 1. The dotted line shows thes-wave reaction cross
sectionpÂ2 } E21. The dash-dot-dot line (C) denotes the capture
cross section, equation (5). The dashed line (TPSA) represents
VUV photoelectron attachment results [8] (quoted energy width 6
meV, FWHM), according to the fitted cross section (16) with
parameters given in the text. The open squares in the range
100–2000 meV, labeled CB, represent electron beam data [25,48];
data points below 100 meV have been omitted in view of the
limited experimental resolution (energy width 105 meV, for abso-
lute calibration see text). The cross section curve labeled JD
represents the joint LPA and beam [25] data (divided by 10) and is
compared with the beam results of Matejcik and co-workers
[47,63], which we normalized to the JD cross section at 95 meV
(open diamonds, labeled MM; quoted energy width 20 meV for
energies above 18 meV and 7 meV (FWHM) for lower energies,
data points below 4 meV have been omitted in view of limited
resolution, data points above 200 meV have been replaced by their
five point average).
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energies below 0.8 meV; between 0.8 and 55 meV,
this function cannot be distinguished from the exper-
imental data on the given scale and layout. In order to
illustrate the quality of the fit we show in Fig. 5 the
DA cross section and the relative difference between
the fit function and the data points (lower panel in Fig.
5) over the range 0.8 to 55 meV.

The criterionb2E . 0.1 for “substantial” devia-
tions from the limiting threshold behaviours0bE21/ 2

(see previous discussion) applies for energiesE .
0.3 meV, i.e. the limitings-wave law is reached at
energies below those experimentally covered. More
explicitly, the deviation of the experimental cross
section from the limitings-wave behaviour amounts
to 224% and255% at electron energies ofE 5 1
and 10 meV, respectively. The limiting DA rate
coefficient, calculated froms0 and b, amounts to

ke(E 3 0) 5 12.3(19)3 1027 cm3 s21. While
formula (7) is well capable to parametrize the rising
slope of the measured decreasing cross section in a
simple analytical way for energies up to 55 meV, it
also provides a satisfactory description of the absolute
cross section at energies below 0.5 meV, as discussed
next.

As shown by Dunning and co-workers (Fig. 1 in
[56]), good agreement (to within 10%–20%) is ob-
tained between the measured, essentially constant rate
coefficients (mean valueknl 5 11(2) 3 1027 cm23

[56]) for Cl2 formation in K**(np) 1 CCl4 collisions
at high n (n 5 70–1100,Rydberg electron binding
energies 2.8–0.011 meV) with values calculated on
the basis of our analytical cross section and the free
electron model, Eq. (9). Frey et al. [16,56] also
derived absolute attachment cross sections from their
RET data throughsnl 5 knl/vM, using the “median”
electron velocityvM and corresponding effective elec-
tron energies from 0.4 down to 0.004 meV, which are
much lower than the corresponding Rydberg binding
energies (for explanations, see [16,28]). Good agree-
ment between these effective energy dependent RET
cross sections with the absolute cross sections given
by our analytical fit function (7) is observed (see Fig.
1 in [56] and Fig. 3 in [16]). We note that similarly
good agreement also exists between our LPA results
and the RET data of Dunning’s group for SF6

2

formation (Figs. 2 and 6 in [16]). In view of the
independence in the way how the absolute cross
sections (rate coefficients) were obtained in the LPA
and RET studies this mutual agreement for the two
basic molecules SF6 and CCl4 establishes a firm
platform for their use as benchmark systems in future
studies.

Both SF6 and CCl4 belong to the few molecules for
which the Vogt-Wannier capture model should be
applicable in view of missing electric dipole and
quadrupole moments, and it is of interest to compare
the prediction of the Vogt-Wannier formula (5) with
the LPA and the RET data. Assuming the validity of
Eq. (5) in the relevant Rydberg electron velocity
range one obtains from Eq. (9) with Eq. (5)knl 5 kc

where the capture rate coefficientkc is given by [14]

Fig. 5. Comparison of the experimentally determined LPA cross
section with the fitted cross section based on the modified Klots
formula (7) within the energy range 0.8–55 meV (upper graph).
The lower graph shows the relative differences between the fitted
and the experimental cross section.
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kc 5 7.7553 1028a1/2 cm3 s21 (15)

with a in atomic units ofa0
3. Usinga(SF6) 5 44.1a0

3

[39] and a(CCl4) 5 75.6 a0
3 [39], one obtains

kc(SF6) 5 5.153 1027 cm3 s21 and kc(CCl4) 5

6.743 1027 cm3 s21. For SF6, the RET value at high
n knl 5 4.0(10)3 1027 cm3 s21 [54] and the LPA
result forke(E3 0) 5 5.4(8) 3 1027 cm3 s21 [14]
are both in satisfactory agreement with the capture
rate coefficientkc. For CCl4, knl 5 11(2) 3 1027

cm3 s21 [56] and the LPA resultke(E 3 0) 5

12.3(19)3 1027 cm3 s21 are compatible with each
other, as discussed above, but they are both distinctly
higher than the capture rate coefficientkc. If the
experimental rate coefficients were smaller than the
capture rate coefficient, this difference could be ex-
plained by pathways (e.g. by reemission of the elec-
tron) in which the negative ion complex, formed in
the primary capture process, does not form stable (or
sufficiently long-lived) negative ions. The opposite
finding is more difficult to rationalize and will be
discussed with regard to the possible influence of a
virtual or weakly bound anion state in a future paper
[61].

We now come back to the discussion of Fig. 4. The
dashed line represents the attachment cross section
determined with the TPSA method by Chutjian and
Alajajian from measurements with an estimated en-
ergy resolution of 6 meV (FWHM) [8]. We note that
the original TPSA data points did not provide evi-
dence for the downward-step like structure in the
attachment yield, clearly seen in the LPA data at the
onsets for vibrationally inelastic scattering. The fol-
lowing analytical form for the attachment cross sec-
tion was used to describe the TPSA data over the
range from 0 to 140 meV [8,19]:

sTPSA~E! 5 N@aE21/2 exp~2E2/l2!

1 exp~2E/g!#. (16)

It contains three fit parametersa, l, and g and a
normalization constantN; the latter is determined in
the same way as for our LPA cross sections [see Eq.
(11)]. For the process Cl2/CCl4 Chutjian and Alaja-
jian [8] found the valuesa 5 3.7, l 5 5.0, andg 5

56.1 (energyE in meV) by fitting their measured Cl2

yield with Eq. (16). For a proper comparison with our
data we replaced their original normalization constant
N 5 545 3 10220 m2 by the valueN 5 700 3
10220 m2, thereby accounting for the different, more
recent thermal attachment rate coefficientke(T 5
300 K) [51], used in this article (see previous discus-
sion and Table 1). Systematic deviations between the
LPA and TPSA results are obvious and very similar to
those observed and discussed earlier for free electron
attachment to SF6 [14,41]. The TPSA cross section is
too small in the range 0, E , 20 meV and—
correspondingly (normalization to the same thermal
rate coefficient)—too large towards higher energies.
At low energies the TPSA data appear to exhibit a
reduced attachment yield which may be due to the
effects of the electric fields continuously present for
ion extraction in the TPSA experiment. We also note
that the ansatz (16) has the deficiency that the second
exponential term (which serves to describe the fast
decrease of the cross section at higher energies) is not
cut off toward very low energies where the first term
(which describes the limitings-wave behaviour)
should take over. As long as the first term is not much
larger than the second one, this leads to a more or less
substantial perturbation of thes-wave term; atE 5 2
meV, for example, the first term is only 2.3 times
larger than the second one.

In Fig. 4 we have also included the results of recent
electron beam experiments [18,25,47]. Chu and Bur-
row [25] used a magnetically collimated electron
beam from a trochoidal monochromator and found, in
addition to a resolution limited peak close to 0 eV
(FWHM ' 105 meV), a broader peak centered at 800
meV (FWHM about 660 meV). The peak height of
the second peak amounts to 1.9% of the peak at 0 eV;
its absolute cross section, recently determined with
reference to CCl3H [25,48,62], amounts to 4.953
10220 m2 (630%). In Fig. 4 we have included the
absolute beam cross sections (open squares) over the
range from 0.1 to 2.0 eV [48] (the energy scale of the
original data [25] has been shifted by123 meV for
reasons explained in the Appendix). The smooth line
in Fig. 4, denoted as JD (joint data), represents a
combination of our LPA results (ten point average)
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with the absolute cross section data of Burrow [48]
with suitable interpolation between 173 and 238 meV.
For clarity of presentation, the JD cross section has
been multiplied by (1/10). It is compared with the
beam data of Matejcik et al. (open diamonds, results
from Fig. 6 in [47], augmented by points at higher
energies [63], quoted energy width 20 meV) which
are normalized to the JD cross section atE 5 85
meV. Matejcik and co-workers used an improved
trochoidal electron monochromator, capable of reso-
lutions down to about 7 meV, and detected Cl2 ions
with a quadrupole mass spectrometer (for energies
above about 0.6 eV the Cl2 yield starts to be smaller
than the total attachment cross section because of the
production of the other fragment ions [10], see
above). Due to the improved resolution Matejcik et al.
found the height of the peak at higher energy to be
only 0.3% [18] and 0.16% [47] relative to their zero
energy peak. For the JD data set, the ratio of the cross
section at 800 meV relative to those at 10 and 1 meV
amounts to 0.53% and 0.10%, respectively (In the
Appendix, we quote ratios of the cross section at 800
meV relative to that at the zero energy peak for
different experimental resolutions). Satisfactory over-
all agreement is found between the JD cross section
and the results of Matejcik et al. [47,63], but there is
no clear evidence in these beam data for the sharp
downward-steplike decrease in the attachment cross
section at the onsets for vibrationally inelastic scat-
tering.

We mention that we did not include in Fig. 4 the
cross section, derived from analyses of electron
swarm data in conjunction with deconvolution tech-
niques and reported by Christophorou et al. (Fig. 31 in
[64], see also Fig. 19, upper right in [65]). This
unfolded cross section exhibits—in substantial con-
trast to the trend of the LPA cross section and to the
electron beam data [18,25,47]—a distinct peak at an
energy of about 0.2 eV. We attribute this peak to
problems in the deconvolution procedure of the
swarm data; note that even weak shoulders in the
original swarm data as a function of mean electron
energy can result in a peak in the unfolded energy
dependent cross section.

In view of its high resolution and good statistical

quality we recommend to use the JD cross section as
benchmark data for future low energy DA work. The
JD cross section may, e.g. be used to construct the
energy dependent cross section for backward electron
scattering from CCl4 by subtracting it from the cross
section reported by Randell et al. [66]. Measuring the
transmission of a magnetically confined electron
beam (quoted width 5.5 meV) through a static scat-
tering cell, these authors obtained the sum of the cross
sections for backward electron scattering and electron
attachment. At low energies, the energy dependence
of their cross section, which does not show specific
structure, can be approximately represented bysR }
E20.9. Randell et al. established an absolute scale by
normalizing their relative data to the Klots cross
section atE 5 10 meV which is somewhat lower
than our LPA cross section.

3.2. Energy dependent rate coefficients for electron
attachment to CCl4

In Fig. 6 we present the energy dependent LPA rate
coefficientke(E) over the range (0.8–173) meV. Our
limiting value ke(E 3 0) 5 12.3(19)3 1027 cm3

s21 (full circle) is in good agreement with the most
recent rate coefficientsknl ' 11(2) 3 1027 cm3 s21

[56] for RET in K**( np) 1 CCl4 collisions at high
principal quantum numbers (n $ 70), already quoted
above (note that this value replaces the somewhat
lower number 8.5(20)3 1027 cm3 s21 determined by
Ling et al. [54], see also the discussion in the survey
article of Dunning [16]). Toward higher electron
energieske(E) decreases substantially, and one might
expect to see this decrease reflected in a certain drop
of the RET rate coefficientsknl toward smallern. The
data of the Rice group [16,27,54] appear to be
compatible with such a trend, but results with smaller
uncertainties in then dependent Rydberg rate coeffi-
cients are needed to confirm this expectation. We note
that effects of postattachment interactions in the final
state ionic complex, formed in RET toward lowern,
have to be carefully considered for a meaningful
comparison of measured rate coefficients withknl

values derived fromke(E) on the basis of quasifree
electron model.
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As compared to their appearance in Figs. 2 and 4,
the downward steps at the onsets for excitation of one
(n1 5 1), two (n1 5 2), and three quanta (n1 5 3) of
the symmetric stretch vibration appear to be clearer in
the plot of the DA rate coefficientke(E) in Fig. 6. The
vertical dashed lines at the three vibrational onsets
label the respective energy positions, determined by
Raman spectroscopy. So far, no theoretical calcula-
tions for DA involving CCl4 are available to our
knowledge. Normally, DA calculations assume
prompt dissociation of the temporary negative ion
formed in the primary electron attachment process;
this assumption cannot be made for CCl4, however, as
indicated by detailed analyses of Cl2 production from
K**( np) 1 CCl4 collisions at low and high principal
quantum numbers by Popple et al. [55]. These authors
measured the angular and velocity distribution of the
Cl2 ions resulting from the RET process with velocity
selected K**(np) atoms. Information on the decay

energetics of the CCl4
2* intermediate was obtained

from measurements at highn (n 5 55) where elec-
trostatic interactions (postattachment effects) between
the product ions are negligible. Studies at lown (n 5
14) in conjunction with Monte Carlo modeling of the
reaction kinematics yielded information on the life-
time of the intermediate which was determined to be
7.5(25) ps [55] with the consequence that only a small
fraction of the available excess energy of reaction
(here about 0.6 eV) appears as translational energy.
As mentioned in Sec. 2, this finding (if applicable also
to free electron attachment at low energy) suggests
that possible discrimination effects associated with
variations of product kinetic energy as a function of
electron energy [see Eq. (2)] are negligible for DA to
CCl4.

Using the recommended JD cross section (see Fig.
4), we calculated thermal DA rate coefficientske(Te)
for fixed gas temperatureTG 5 300 K as a function
of electron temperatureTe. In Fig. 7 the results are
compared with two sets of swarm data, obtained by
Shimamori et al. [13] with a microwave cavity pulse
radiolysis–microwave heating (MWPR–MH) method
and by Spanel et al. [52] with a flowing afterglow/
Langmuir probe (FALP) apparatus involving an elec-
tron swarm with a variable temperature [52]. We note
that the respective rate coefficients atT 5 Te 5
TG 5 300 K agree within their mutual experimental
uncertainties: LPA calibration: 3.79(9)3 1027 cm3

s21; MWPR–MH: 4.0(5)3 1027 cm3 s21; FALP:
3.3(5)3 1027 cm3 s21. Good overall agreement with
regard to the dependence on electron temperature is
observed between the calculated results and the
swarm data although it appears that the drop in the
rate coefficients towards higher temperatures is some-
what slower in the FALP data than in both the LPA
derived and in the MWPR–MH results. Possibly, the
electron energy distribution in the FALP method [52]
at the elevated electron temperatures is somewhat
lower than assigned. We note that this is the first time
that reliable electron beam-derived rate coefficients
for dissociative attachment are compared with swarm
data over such an extended range of electron temper-
ature (at the fixed gas temperature ofTG 5 300 K).
We emphasise that it is important that the beam data

Fig. 6. Energy dependence of the electron attachment rate coeffi-
cient ke(E) 5 se(E)ve for Cl2 formation to CCl4 over the range
0.8–173 meV. The open circle with error bars (displaced fromE 5
0 eV for clarity) represents the rate coefficient for Rydberg electron
attachment to CCl4 molecules at high principal quantum numbers
[16,56], see text. The closed circle represents the rate coefficient for
threshold electron attachmentke(E3 0) which corresponds to the
extrapolated, limiting LPA cross section (see text). The vertical
dashed lines denote the onsets for vibrational excitation of one, two,
and three quanta of the symmetric stretch vibrational mode.
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include results obtained with very high (meV) reso-
lution in order to avoid uncertainties associated with
the true behaviour of the attachment cross section at
the lowest energies. In this connection we mention
that about 60% of the total rate coefficientke(Te 5
TG 5 300 K) stem from electrons with energiesE #

25.85 meV(i.e. energies below the thermal energy
kBT at T 5 300 K). For illustration, we present in
Fig. 8 the percent fractionkacc(E)/ke(Te 5 TG 5
300 K) of the accumulated rate coefficientkacc(E),
defined by [14]

kacc~E! 5 E
0

E

ke~E9! f~E9! dE9. (17)

At E 5 20 meV,kacc(E) amounts to 50% of the full
value while for energies up to the mean electron
energy E 5 (3/ 2)kBTe 5 38.8 meV atTe 5 300

K, kacc(E) reaches 78% of the total value. For
comparison we mention that for electron attachment
to SF6 the 50% value ofkacc(E)/ke(Te 5 TG 5 300
K) is reached atE 5 22.3 meV[14]; this slightly
higher value as compared to CCl4 reflects the fact that
the value ofb is smaller for SF6 than for CCl4 (see
previous discussion). Toward lower electron temper-
atures, the contributions from energies below 10 meV
become increasingly important. For illustration we
have included in Fig. 8 the fractionkacc(E)/ke(Te 5
30 K, TG 5 300 K) at an electron temperature of 30
K while the gas temperature is kept atTG 5 300 K.
The 50% value ofkacc(E) is reached atE 5 2.6 meV.
The contribution tokacc(E) from energies at which
our cross section relies on the extrapolation formula
(7) becomes substantial at these low electron temper-
atures [kacc(E 5 1 meV)/ke(Te 5 30 K, TG 5 300
K) 5 18.6%]. On the other hand, for the highest
temperature exampleTe 5 3000 K shown in Fig. 8,
the contributions from electron energiesE $ 173
meV (beyond the energy range of our experiment)
amount to only 20% of the total thermal rate.

It would be interesting to have available DA cross

Fig. 7. Thermal rate coefficientke(Te) for electron attachment to
CCl4 molecules as a function of electron temperatureTe for a
Maxwellian electron energy distribution and constant gas temper-
atureTG 5 300 K. The solid line represents rate coefficients for
Te 5 30–10 000 Kcalculated on the basis of the recommended
total electron attachment cross section labelled JD in Fig. 4. The
open circles and closed squares present the swarm results, obtained
with the MWPR–MH [13] and the temperature variable FALP
method [52], respectively.

Fig. 8. Fraction of the accumulated rate coefficientkacc(E) relative
to the total rate coefficientke(Te, TG 5 300 K) for three Max-
wellian electron distributions with temperatures ofTe 5 30 K
(open squares),Te 5 300 K (open circles), andTe 5 3000 K
(open triangles) (see text).
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sections of comparable quality as those reported here
for CCl4 at TG 5 300 K at several other gas temper-
atures and for molecules which exhibit vastly differ-
ent variations of the rate coefficientske(T) as a
function of the global temperatureT 5 Te 5 TG

[15]. For CCl4, swarm data of Smith et al. [50] and
Burns et al. [21], carried out with two variants of the
FALP method in the temperature rangeT 5 200 K to
800 K, indicate that the rate coefficientske(T) de-
crease toward higher temperatures, but the quantita-
tive trends in the two data sets are quite different:
Smith et al. [50] find a continuous decrease from
4.1 3 1027 cm3 s21 at T 5 205 K to 3.53 1027

cm3 s21 at T 5 590 K, while Burns et al. [21] report
a much faster falloff from 3.63 1027 cm3 s21 atT 5
293 K via 1.43 1027 cm3 s21 at T 5 590 K to
1.2 3 1027 cm3 s21 at T 5 777 K. Burns et al.
normalize their rate coefficients at each temperature to
those for attachment to SF6 and assume thatke(T;
SF6) 5 2.2 3 1027 cm3 s21 is independent of the
temperatureT over the range of interest. This assump-
tion is supported by swarm data of Fehsenfeld [67]
and Petrovic and Crompton [7] as well as by electron
beam work of Spence and Schulz [2] who found the
total, energy integrated cross section for formation of
negative ions in low energy electron collisions with
SF6 to be independent of gas temperature within the
range TG 5 300–1200 K.Spence and Schulz [2]
found essentially the same behaviour for CCl4; this
trend is in line with the weak variation ofke(T)
reported by Smith et al. [50], but in contrast to the
observations of Burns et al. [21]. Further experimental
investigations are needed to clarify the situation.

4. Conclusions

Using the LPA method at an energy width of 1
meV, we have determined absolute cross sections for
dissociative electron attachment to the CCl4 molecule
over the electron energy range 0.8# E # 173 meV.
At thresholds for vibrational excitation of the neutral
molecule, the cross section exhibits pronounced, pre-
viously unobserved cusp structure of downward step
character due to coupling of the attachment process

with scattering channels. At energies below these on-
sets thecross section is well described by the empir-
ical formula se(E) 5 (s0/E)[1 2 exp(2bE1/ 2)],
whereb takes the value 0.59(6) (meV)21/2. Thus the
threshold behaviour of the cross sectionse(E) }
E21/ 2, theoretically predicted fors-wave attachment
to molecules without permanent electric dipole mo-
ment, is approximately reached at very low energies
(E & 0.3 meV). As found and discussed before for
SF6, the cross sections derived from previous photo-
electron attachment work (TPSA) deviate substan-
tially from the present work. Lower resolution work
with electron beams and swarms is also compared
with the LPA data. A joint LPA-beam data set is
obtained over the range 0–2 eV which we recommend
to use as total electron attachment cross section for the
CCl4 molecule and as benchmark cross section in
future low energy electron attachment studies. Based
on this cross section, we calculate and report the
energy dependence of the rate coefficientske(E) for
monoenergetic free electron attachment and the elec-
tron temperature dependence of the rate coefficients
ke(Te) for free electron attachment involving a Max-
wellian electron ensemble and a gas at room temper-
ature (TG 5 300 K). The LPA result for the limiting
value ke(E 3 0) is found to be in good agreement
with the rate coefficientknl for Rydberg electron
attachment at high principal quantum numbers [16];
these values are both significantly higher than the rate
coefficientkc(E3 0) for electron capture through the
static polarization interaction between the electron
and the CCl4 molecule.
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Appendix

We discuss in some detail the effects of the finite
energy width on measured electron attachment cross
sections for the CCl4 molecule, in particular, in
regions over which the cross section varies strongly,
e.g. close to zero energy and around vibrational
onsets. We note that electron attachment to CCl4 has
been recently used by the Innsbruck group (see, e.g.
[47]), to obtain information on the effective energy
width in their electron attachment experiments. For
clarity we distinguish between the true DA cross
sectionse(E) (represented by the JD cross section in
Fig. 4) and the measured DA yield functionY(U)
which represents an effective cross section resulting
from the convolution of the electron energy distribu-
tion function f(U 2 E) (whose integral over energy
is assumed to be normalized to 1) with the cross
section [68], i.e.

Y~U! 5 E se~E! f~U 2 E! dE. (18)

The energyU denotes the peak energy of the distri-
bution function to which the experimental apparatus
has been set. Although experimental electron energy
distribution functions are often not symmetrical (see,
e.g. the analysis of electron attachment data for C60

and C70 in the Appendix of [68]) we use a normalized
Gaussian function for simplicity. Qualitatively one
expects that the convolution of a Gaussian (energy
width DEFWHM) with an integrable divergence at zero
energy [such as the LPA fit cross section of the form
Eq. (7)] results in a peak which appears at an effective
energyUp slightly above zero and a widthDUFWHM

somewhat broader thanDE. Apart from the peak
position Up and the widthDU of the “zero energy
peak,” another aspect of interest is the energy range

over which the finite experimental energy width
causes significant deviations of the measured yield
Y(U) from the true cross section functionse(U).

In Figs. 9 and 10 we show several examples of
yield functionsY(U), obtained by convolution of the
true DA cross section for CCl4 with Gaussians with
widths DEFWHM of 1, 6, 10, 20 and 20, 50, 100, 200
meV, respectively. In order to handle the singularity
at zero energy as precisely as possible, the recom-
mended cross section (JD) has been replaced by the
modified Klots formula Eq. (7) belowE 5 45 meV
(see Fig. 5) and arranged into 0.2 meV bins (Ei 6 0.1
meV): for E # 4 meV, the respective integrals of Eq.
(7) over these 0.2 meV intervals have been set atEi

Fig. 9. Effects of energy resolution on measured dissociative
electron attachment yields for the CCl4 molecule, as obtained by
convoluting the recommended DA cross section (solid line) with
Gaussian electron energy distributions of widthsDEFWHM of 1, 6,
10, and 20 meV, respectively (see text). The downward step
structure at the onset for vibrational excitation of then1 5 1 mode
is shown in the insert on expanded linear scales.
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(for Ei 5 0, the integral from 0 to 0.1 meV has been
taken); forE . 4 meV, the values of Eq. (7) atEi are
nearly identical to the respective integrals. The result-
ing true cross section, shown as full line in Fig. 9, has
been the basis for calculating the convoluted cross
section forDE 5 1 meV. Then, theDE 5 1 meV
curve (0# E # 55 meV) and the data set JD (55,
E # 2000 meV) have been the basis for calculating

the other convoluted cross sections shown in Figs. 9
and 10. For energiesU below (above) about 1.5Up,
the yield functionsY(U) stay below (above) the true
cross section. At some higher energy pointsUm, the
yield functions Y(U) match the true cross section,
depending on the energy widthsDE in a more difficult
way (due to the cusp structures and the minimum
between the zero energy peak and the second peak at
800 meV) so that no simple relation can be estab-
lished betweenUp andUm. The sharp downward step
structure at the onsets for vibrational excitation of the
symmetric stretch mode (n1 5 1, n1 5 2) can be
clearly seen even at an energy width of 10 meV if data
are taken with good statistical accuracy (but barely at
a width of 20 meV, see insert in Fig. 9 for then1 5 1
threshold). In Table 2 we summarize the results
obtained for the effective peak positionsUp and the
effective widthsDUFWHM as a function of the exper-
imental energy widthDEFWHM. We note that the peak
shift of the zero energy peak has been neglected in
most of the previous work. This shift is intrinsically
related to the asymmetry of the cross section which
only exists for positive values of the energy while the
energy U (tuned by a voltage) can take negative
values. Note that the convolution of symmetrical
sharp structure in the cross section, centered at higher
energies around the valueUr will yield peak locations
Up which agree withUr. In contrast asymmetrical
structure such as the vibrational Feshbach resonance

Fig. 10. Effects of energy resolution on measured dissociative
electron attachment yields for the CCl4 molecule, as obtained by
convoluting the recommended DA cross section with Gaussian
electron energy distributions of widthsDEFWHM of 20, 50, 100,
150, and 200 meV, respectively (see text).

Table 2
Effects of energy resolution on the true cross section for electron attachment to CCl4

Experimental
electron energy
resolution
DEFWHM (meV)

Apparent peak
position of zero
energy peak
Up (meV)

Apparent width
of zero energy
peak
DUFWHM (meV)

Apparent cross
section of zero
energy peak
(10220 m2)

Apparent cross
section ratio of
second peak at
0.8 eV (1022)

1 0.3 1.7 8800 0.056
6 1.5 8.5 3106 0.16

10 2.3 13.7 2240 0.22
20 4.1 26 1413 0.35
30 5.6 38 1058 0.47
50 8.5 61 730 0.67
70 11.0 82 567 0.86

100 13.5 113 425 1.14
150 17 163 302 1.58
200 19 213 236 1.98
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at aboutE 5 60 meV in DA to CH3I (yielding I2

ions) and followed by a strong sharp decrease of the
cross section on the high energy side will result in
peak shifts and asymmetrical broadening upon con-
volution (see [30]).

In Table 1 we list also energy integrated cross
sections derived from our recommended data for
electron attachment to CCl4 (as well as for SF6) which
are helpful quantities when comparing cross section
data of different quality with respect to energy reso-
lution. Our results for both molecules are larger than
those presented by Spence and Schulz [2] by factors
of 1.25 (SF6) and 3.5 (CCl4). Note, however, that the
data in [2] were normalized in absolute value to
swarm data which are superseded by more recent
work, in particular the results presented in this article.
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