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Abstract

Using the laser photoelectron attachment (LPA) method we investigated dissociative electron attachment to carbo
tetrachloride ¢ (E) + CCIl, — CI~ + CCl] in the electron energy range € E = 173 meV with very high resolution
(energy width 1 meV). With reference to a reliable thermal electron attachment rate coeKi¢lernt 300 K) absolute values
for the attachment cross sectiog(E) are derived. Ther(E) = E~*'2 behaviour of the cross section fér— 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
coupling of the attachment process with scattering channels. Comparisons are made with cross sections derived from previo
photoelectron attachment work and from experiments involving electron beams, electron swarms and Rydberg atom:
Combination of our LPA cross section with beam data results in a recommended total DA cross section, foveCGe
energy range 0—2 eV. Based on this cross section, we calculate and report the energy dependence of the ratekg@Efficient
for monoenergetic free electron attachment and the electron temperature dependence of the rate dogffigidat free
electron attachment involving a Maxwellian electron ensemble and g5l at room temperaturé { = 300 K). The effects
of electron energy resolution on measured low energy electron attachment yields, in particular on the effective location an
energy width of the “zero energy peak,” are discussed in some detail. (Int J Mass Spectrom 205 (2001) 93-110) © 200:
Elsevier Science B.V.
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1. Introduction [dissociative attachment (DA), short notation: /XY]
The investigation of electron attachment to mole- have been subjects of a considerable number of
cules XY and the determination of cross sections Studies [1-20]. Following its formation the excited,

o(E) for the process: temporary anion XY* can either decay by autode
o(E) tachment (corresponding to elastic or inelastic elec-
e (E) + XY ——= XY "X + Y~ (1) tron scattering) or it may dissociate, thereby forming

stable negative ions Y; in some cases a long-lived
complex XY *is created which can be detected mass
- spectrometrically (e.qg. 4,14,16,19]). In DA pre
* Corresponding author. E-mail: hotop@physik.uni-kl.de P y (€. SF ) . P .
Dedicated to Professor Aleksandar Stamatovic on the occasion C€SS€S part of the excess energy stored in the excited
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the fragment particles. For attachment of an electron
with kinetic energyE to a molecule XY, the kinetic
energyE. - of the fragment Y is given by

Ey- = (1 — my/myy)[E + EA(Y) — D(XY) — E]

(2)
where EA(Y) and (XY) are the electron affinity of Y
and the dissociation energy of XY, respectiveliy
represents the internal excitation energy of the frag-
ments andm, and my, are the respective masses.
Electron attachment experiments, motivated by a

D. Klar et al./International Journal of Mass Spectrometry 205 (2001) 93-110

form (ap, = Bohr radius= 529.177 pm, polarizabil
ity a and energyE in atomic units):

0J{E—0; L =0)=4ma3(al2E)Y2 (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:
o = (ma3 2E){1 — exd —4(2«E)Y?]} (6)

which interpolates between the Vogt and Wannier

fundamental interest in the dynamics of such reactions formula (5) forE — 0 and thes-wave reaction cross

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 section(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.eV(r) « r ™, m > 2,
excluding molecules with permanent dipole moments):

0JE—0; L)« E-"Y2 (3)

For s-wave attachmentl(= 0) the cross section
diverges as

0(E—0;L=0)xc E Y2yt (4)

For molecules without permanent electric dipole or
guadrupole moments the leading long-range interac-
tion between electron and target is the polarization
potential V(r) = —ae? 2r. For this case Vogt and

Wannier [37] predicted that Eq. (4) takes the explicit

sectionmx? = wad/(2E) [for 4(2aE)Y2 > 1; X =
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):

0(E) = (0g/E)[1 — exp(—BEY?)]. (7)

The parameterB characterizes the energy range
(B’E > 0.1) above which substantial deviations from
the limiting s-wave attachment behaviour,(E —

0) = o,BE 2 occur. For SE formation, use of the
Klots formula (6) corresponds to choosifg= 0.228
[a(SFy) = 44.1 a3 [39], E in meV], whereas from
their LPA experiment [14] Klar et al. determingd=
0.405=* 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 formo(E — 0; L = 0) « E ¥ with 0.5 < x <

1 [11,16,40], i.e. a behaviour between those for
capture in short range potentials1(> 2, x = 0.5)
and in the Coulomb potentiak(= 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 Rg= Kr) at and above the
Rg"(°P,,,) 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 §F
formation. More recently, energies down to 26V at
energy widths as low as 2fdeV 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 SEk revealed that energy widths5 meV are
not sufficient for a detailed study of the threshold
behaviour forE — 0 or for the detection of cusp
features at vibrationally inelastic thresholds in poly-
atomic molecules such as $6r CCl, [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**(l) (abbreviated by RET)
[16,27,28,42—-45]:

I(nl
A** (nl) + XY — [AT — XY "]

A"+ X +Y" (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 [A" — XY *] can be neglected
[16,28]. Then, in the framework of the quasifree
Rydberg electron model [16,27,28,46], the connection
of the rate coefficientk,,, andk, (ke = 0gVe, Ve =
free electron velocity) for Rydberg and free electron
attachment is given by

Kni = f ke(V) fri(v) dv (9)
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where f,(v) is the normalized Rydberg electron
velocity distribution. To test the adequacy of the free
electron model, experimental rate coefficierkg
should be compared with values calculated from Eq.
(9) on the basis of dependable and sufficiently high-
resolved experimental data flog, taken at sufficiently
high resolution and down to the lowest possible
energies. In evaluating Eqg. (9) [16,28] our LPA
results fork, [incorporating the fit function (7) at very
low electron energies] and normalized classical dis-
tribution functionsf,,,(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 (QGhole
cule with very high resolution (energy widtk=1
meV). Similar LPA experiments have been performed
on the dipolar molecules CF£I11,1,1-GCl5F5, HI,
CCI;Br, and CHBr,; 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 XY= SK; have been reported in detalil
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{ = 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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OUTPUT three plate birefringent filter as wavelength selecting
HARADAY MIRROR ) element narrows the bandwidth of the laser to about
@ AEbONER 150 ueV; an additional thin etalon (free spectral range
S about 900 GHz) improves the bandwidth by another
) factor of three. Both lasers are linearly polarized with
REACTION electric vectors parallel to each other and to the
CHAMBER . . . . . . .
direction of ion extraction. By tuning the intracavity
laser over the wavelength range 473—425 nm, bound
DREWSTER A aTABLE Ar=*( nl)-Rydberg levelsif = 15, E < 0) or free
D4 SOURCE electrons (energids > 0 up to 230 meV) are created.
O T Electron transfer from Rydberg atoms (RET) or free

LASER

electron attachment processes to a diffuse molecular

QUADRUPOLE s At (P ) gas target take place in the center of a specially
SPECTROMETER APy designed reaction chamber. The experiment is pulsed
hy=473-4250m Ar (D) at a repetition rate of 140 kHz: a time interval of
A, =811.8nm A (3P:) gssentially field-free conditions for electron produc-
tion and attachment (phase |, 2u8) is followed by a
ACrON ] period for ion extraction with a delayed pulsed elec-
BETECTOR Ar('sy) tric field (23 V/cm) (phase 11, 3.4s). During phase Il

Fig. 1. Schematic setup of the laser photoelectron attachment
experiment. The beam of metastable Ar@P, ,) atoms is inter

the infrared laser and thereby the electron production
are switched off by an acousto-optical modulator. The

sected in the centre of the reaction chamber by the excitation (laser 2CC€lerated negative ions are imaged into a quadru-
1) and the intracavity ionization laser (laser 2). Photoelectrons of pole mass spectrometer, and the mass-selected ions

variable energy react with molecules in a diffuse gas target (phase are detected by a dual channel plate foIIowing a 90°
1), and the negative product ions are extracted from the reaction

chamber into the ion optics by a pulsed electric field (phase Iy and deflection by an electric field. Weak, energy indepen-
mass analyzed by a quadrupole mass spectrometer. After the dent background signals, e.g. dark counts of the

negative ions have passed a 90° deflection unit, they are detected bychanne| plate detector and Clproduction due to

a dual microchannel plate detector in chevron arrangement. . .
attachment reactions of electrons resulting from Pen-
ning ionization of CCJ in collisions with metastable

low residual electric field 8 = 0.5 V/m) and Ar<(4s°P, o) and laser-excited Ar<(g °D;) atoms,
negligible magnetic field§ < 2 X 10° T). Nega were repeatedly determined by interrupting photo-
tive ions resulting from electron attachment reactions €lectron production through insertion of a glass plate
are extracted by a pulsed electric field and analyzed into the cavity of the ionization laser. Subtraction of
by a quadrupole mass spectrometer. this background from the total count rate yielded the
The experimental setup and excitation scheme are Negative ion signal, due to electron attachment.
shown in Fig. 1. A collimated beam of metastable Simultaneously with, the output poweP?® of the
argon atoms Ar*(4, °P,) is excited to Rydberg states intracavity dye laser and its transmission through a
(ns, nd) or to the ionization continuum by two lasers calibrated etalon is measured. The latter interference
via the Ar*(4p, 3D,) intermediate level. A continu fringes establish a relative energy scale for the spec-
ous wave (cw) single mode dye lasey; (= 811.75 tra, accurate to within 10°. Absolute energies are
nm) transversely excites the closed transition Asi(4  considered to be accurate to withir0.4 meV or less.
3P, — 4p, 3D,) and a small fraction of the Ar*(d, Correcting the signdl, for the wavelength dependent
3D,) population is excited further by a tunable intra  intracavity photon qu>«F‘y°(E) and the known energy
cavity dye laser (mode spacing about 40 MHz). A dependence of the Ar*@ 3D,) photoionization
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Table 1
Molecular properties and electron attachment characteristics for
SF; and CC},

Property Sk CCl,

a[ad) 447 75.6

w [D] 0 0

k. [10 7 cnPs Y 518 6.74
(Vogt, Wannier)

ke(Te = 300 K) [1077 cm® s77] 2.27(9¥ 3.79(19¢
(electron swarmsJ 5 = 300 K)

Ko [1077 cm® s} 4(1y 11(2)
(RET, Tg = 300 K)

0o [1072° m? meV]? 7130(360) 11160(560)

B [(meVv)~%/39 0.405(40% 0.59(6)

ko(E — 0) [1077 e s7Y 5.4(8)" 12.3(19)
(LPA, Tg = 300 K)

Energy integrated cross section 30.0" 53.31
[1072°m? eV] (LPA, T = 300 K) 57.6%

2See [39].

P Using Eq. (15) and polarizabilities in first column (ignoring
effects of other long-range electron-molecule interactions).

¢See [7].

dSee [51].

¢ See [54].

f See [56].

9 Fit parameter in Eq. (7).

" See [14].

" Present work.

I Integrated from 0 to 200 meV.

Integrated from 0 to 2000 meV.

cross sectioiy (E) [14,58] results in the negative ion
yield Y, [14,41]:

I(E) _ I{E) T(E)hv

Ye(B) = Y (E)F(E) ~ Y,(E) 2PE)

(10)

whereT(E) is the wavelength dependent transmission
of the terminating mirror of the intracavity laser. For
E > 0 (free electron attachment),(E) represents the
relative attachment cross section, while o< 0 the
negative ion yield is proportional to the rate coeffi-
cient for Rydberg electron attachment [14,29]. Abso-
lute attachment cross sectiomg(E) = NY,(E) were
established by normalization of the relative cross
sectionY(E) to a well-known thermal energy attach
ment rate coefficientk(T), obtained in electron

swarm experiments at equal electron and gas temper-

ature (i.e.T =T, = Tg = 300 K, see Table 1),
using the expression [8,14]:
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o

ke(T) = N\2/m j Y{(E)EY#(E; T) dE (12)

0

with f(E; T) = (2/V7)E¥? exp(-E/E) (E =
kgT = 25.85 meV forT = 300 K). The uncertain
ties for o(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 C¢lapour 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*iem 3 at
low energies and to values up to>8 10" cm 2 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
Ar*(3p® ?P5,,) ionization threshold and model eal
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 toFg =~ 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 be\E ~ 1 meV or below. The cross
section values presented below are based on measure-
ments over the energy interval40 < E < 200 meV,
carried out with an intracavity laser bandwidtf, of
about 15QueV, and data obtained for the negative ion
yield close to the Af (3p® ?P5,,) ionization threshold
with a photon bandwidth of 5@.eV.

A further systematic error for the dissociative
processes is connected with a possible variation of the
negative ion detection efficiency over the covered
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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 enerdy of the attached
electron [see Eg. (2)]. The ion optical properties in the
reaction chamber during the extraction period Il (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 | 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 CI" production from CCJ. We note that for
the production of CI from CCIl, 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 CCJ

The molecule CClhasT, symmetry and possesses
four distinct vibrational modes: the totally symmetric
stretching modev; [A; symmetry, energye(v,) =
56.9meV], the doubly degenerate deformation mode
v, [E symmetry, E(v,) = 26.9 meV], the triply
degenerate (asymmetric) stretching megéF, sym-
metry,E(v3) = 92.2meV], and the triply degenerate
deformation modev, [F, symmetry,E(v,) = 38.9
meV] [59]. Attachment of free electrons to CQéads
to dissociation of the molecule [10]; at low energies
only CI™ ions are formed:

e (E) + CCl,(*A,) > CI~ + CCl,. (12)

At low energies process (12) proceeds &yvave
electron attachment through the symmetric
CCI, (°A,) resonance state [15,51], correlating to the
lowest CI" + CCl; limit which lies about 0.6 eV [55]
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10°E

T L B LA S B
20dJ=4,22sJ=2 -
cri/ccl,

CI'" YIELD [arb. units]

b

" 1L n 1 1 n 1
40 80 120
ELECTRON ENERGY [meV]

olL--ccmme -

-40

Fig. 2. Yield of CI” ions due to collisions of Ar**(is, nd) Rydberg
atoms E < 0) and of free electron€(> 0) with CCl, molecules

(gas temperaturdg = 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 CI 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 vibratignThe sharp
peak d corresponds to Clformation by very slow electrons
associated with the Ar(>P,,,) threshold (see text).

below the vibrational ground state of GCIA;). At
higher energies another broad peak in the total nega-
tive yield was observed at 0.8 eV and assigned to the
excited CCJ"(°T,) state [25]. At energies above
about 0.6 eV other product ions including GCI
CCl;, and C} are observed [10]. We note that the
present article addresses the total electron attachment
Cross section.

The energy dependence of our measuredyild
Y<(E) is shown in Fig. 2For E < 0 the negative ion
signal is due to RET according to the reaction
Ar**(ns, nd) + CCl, - Ar" + ClI- + CCl,. As
discussed for the experiments ong$F4,41], the step
at E =~ —3.4 meV is due to field ionization of
Rydberg states witm* = 63 (n* = 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 thea dependence of the rate
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coefficientsk,,, [14,28,29]. In Fig. 2 the dashed line at
E = 0 corresponds to the A(3p°® 2P,,,) fine strue
ture ionization threshold.

ForE > 0 the CI" 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
positionsE, = 56.9 meV, E, = 113.8 meV, and
E. = 170.7 meVmark the thresholds for excitation
of one, two or three quanta of the totally symmeirjc
stretch vibration in neutral CGlThe downward steps
in the cross section are due to coupling between the
electron attachment process and the different scatter-
ing channels wittfA; symmetry for the [CGJ + e~
(L = 0)] system. An equivalent threshold effect was
observed for free electron attachment togSEs
reported in [14] and previously predicted theoretically
[34]. The downward steps in the Ctlata have a
somewhat smoother, rounded-off appearance in com-
parison to they, feature in SE[14] (some broadening
occurs for CCJ through the presence of the two
isotopes®Cl and*’Cl). The sharp peak (d) in Fig. 2
(Eq = 177.4 meV), located close to the excited
Ar*(3p® ?P,,,) fine structure thresholdg(= 177.5
meV), is strongly affected by reactions involving
field-stabilized  autoionizing  Rydberg  atoms
Ar( 2P, nl'):

Ar** (2P, nl") + CCl, — Ar* + CI~ + CCl.
(13)

This effect was discussed in detail in [41]. The total
negative ion signal foE > 177.5 meV(i.e. A, <
433.3 nm) results from the superposition of the two
attachment reactions (12) and (14):

e (E' =E—-177.5 meVy

+ CCl, —> CI™~ + CCl,. (14)

Apart from the dominant generation of fast photoelec-
trons with energyE[Ar * (3p° 2P5,,) formation] slow
electrons with energyE’ = E — 177.5 meV are
produced which are associated with the formation of
Ar*(3p® ?P,,,). The latter channel occurs with much
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Fig. 3. CI" yield due to dissociative attachment to G@lolecules
measured over the range from4.5 to +4.5 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.

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;SF
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 Af(3p® ?P,,,) 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
Ar*(3p® ?P5,,) threshold E = 0) were carried out
with an optical resolution of about 5@eV; the result
is shown in Fig. 3. As discussed previously in detalil
for SK; 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 strendthand use
the analytical cross section (7) for energies above 0
eV with the parametef appropriately chosens(=
0.59(6) (meV) 2 see the following) and a constant
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negative ion yield at energies below 0 eV, simulating
the RET induced Cl signal at high principal quantum
numbers (see also [41], Eqg. (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
guantum numbers around = 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 &f = 0.55 V/m
was determined. At this field, the classical prediction
for the (negative) shift of the ionization threshold
AE; = 75.9 peV X (FgV/m])*2, which amounts

to AE; = 56 peV, is consistent with the experimen
tally observed (negative) threshold shift of (2025)
peV, 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 functionY,(E) which forms the
basis for further evaluations. Absolute cross sections
o.(E) for process (12) were obtained from this
combined attachment yieM,(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
ko(T = 300 K) = 3.79(19)x 10 " cm® s™* 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 | in [13], Table 1 in
[60], and Table 1 in [21]), including the FALP results
of Smith et al. [3.9(5)x 10’ cm® s~ [50]], Spanel
et al. [3.3(5)x 10’ cm® s * [52]], and Burns et al.
[3.6 X 10 7 cm® s~ [21], calibration of apparatus
usingk(T = 300 K; Sk) = 2.2 X 10 "cm®s Y] as
well as the pulse-radiolysis microwave-cavity based
determination of Shimamori et al. [4.0(%) 10’
cm®s 1 [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 thresholdE = 56.9 meV) our measured
cross section is very well described by (7) with the
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Fig. 4. Absolute cross section for Cformation in free electron
attachment to CGIimolecules 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 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 g@ave reaction cross
sectionmx? « E~1. 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).

fitted parametersr, and 8 given in Table 1. This
function is represented by the dash-dotted line for
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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.

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 criterion 3°E > 0.1 for “substantial” devia
tions from the limiting threshold behavioup,BE /2
(see previous discussion) applies for enerdies>
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 —24% and—55% at electron energies & = 1
and 10 meV, respectively. The limiting DA rate
coefficient, calculated fronv, and B, amounts to
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ko(E — 0) = 12.3(19)%X 107 cm® s . 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 valuke,, = 11(2) X 10~ cm™3
[56]) for CI™ formation in K**(np) + CCI, collisions
at highn (n = 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 througle,,, = k,, /vy, using the “median”
electron velocity,, 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.
1in [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 SF
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 SFand CCJ, establishes a firm
platform for their use as benchmark systems in future
studies.

Both SK, and CC]J, belong to the few molecules for
which the Vogt-Wannier capture model should be
applicable in view of missing electric dipole and
guadrupole 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
Eqg. (5) in the relevant Rydberg electron velocity
range one obtains from Eq. (9) with Eq. (&), = k.
where the capture rate coefficidntis given by [14]
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k.=7.755X 10 8aY2cmis? (15) 56.1 (energ\E in meV) by fitting their measured ClI

) . ] . 3 ) 3 yield with Eq. (16). For a proper comparison with our
with o in atomic units ofag. Usinga(SFy) = 44.13, data we replaced their original normalization constant
[39] and «(CCl) = 75.6 a3 [39], one obtains N — 545 % 1020 m? by the valueN = 700 X
ko(SFg) = 5.15x 10" cm’ s and k,(CCl,) = 10 2° m?, thereby accounting for the different, more
6.74 10 "cm’s . For Sk, the RET value athigh  ecent thermal attachment rate coefficidg(T =
Nk, = 4.0(10)x 10" " cm®s* [54] and the LPA 300 k) [51], used in this article (see previous discus-

result forky(E — 0) = 5.4(8) X 10" " cm’ s *[14] sion and Table 1). Systematic deviations between the
are both in satisfactory agreement with the capture | pA and TPSA results are obvious and very similar to
rate coefficientk.. For CCl, ky = 11(2) X 10"’ those observed and discussed earlier for free electron
cm® st [56] and the LPA resultky(E — 0) = attachment to SH14,41]. The TPSA cross section is

12.3(19)%x 10 " cm’ s * are compatible with each oo small in the range 6< E < 20 meV and—
other, as discussed above, but they are both distinctly correspondingly (normalization to the same thermal
higher than the capture rate coefficiekt If the rate coefficient)—too large towards higher energies.
experimental rate coefficients were smaller than the At low energies the TPSA data appear to exhibit a
capture rate coefficient, this difference could be ex- reduced attachment yield which may be due to the
plained by pathways (e.g. by reemission of the elec- effects of the electric fields continuously present for
tron) in which the negative ion complex, formed in jon extraction in the TPSA experiment. We also note
the primary capture process, does not form stable (or that the ansatz (16) has the deficiency that the second
sufficiently long-lived) negative ions. The opposite exponential term (which serves to describe the fast
finding is more difficult to rationalize and will be  decrease of the cross section at higher energies) is not
discussed with regard to the possible influence of a cut off toward very low energies where the first term
virtual or weakly bound anion state in a future paper (which describes the limitings-wave behaviour)
[61]. should take over. As long as the first term is not much
We now come back to the discussion of Fig. 4. The larger than the second one, this leads to a more or less
dashed line represents the attachment cross sectiorsubstantial perturbation of treewave term; aE = 2
determined with the TPSA method by Chutjian and meV, for example, the first term is only 2.3 times
Alajajian from measurements with an estimated en- larger than the second one.
ergy resolution of 6 meV (FWHM) [8]. We note that In Fig. 4 we have also included the results of recent
the original TPSA data points did not provide evi- electron beam experiments [18,25,47]. Chu and Bur-
dence for the downward-step like structure in the row [25] used a magnetically collimated electron
attachment yield, clearly seen in the LPA data at the beam from a trochoidal monochromator and found, in
onsets for vibrationally inelastic scattering. The fol- addition to a resolution limited peak close to 0 eV
lowing analytical form for the attachment cross sec- (FWHM ~ 105 meV), a broader peak centered at 800
tion was used to describe the TPSA data over the meV (FWHM about 660 meV). The peak height of

range from 0 to 140 meV [8,19]: the second peak amounts to 1.9% of the peak at 0 eV,
1 a its absolute cross section, recently determined with
orpsa(E) = N[aE™ ' “ exp(—E7A%) reference to CGH [25,48,62], amounts to 4.9%

1072° m? (+30%). In Fig. 4 we have included the
absolute beam cross sections (open squares) over the
It contains three fit parametees A, andy and a range from 0.1 to 2.0 eV [48] (the energy scale of the
normalization constar¥; the latter is determined in  original data [25] has been shifted bBy23 meV for

the same way as for our LPA cross sections [see Eq. reasons explained in the Appendix). The smooth line
(11)]. For the process CICCI, Chutjian and Alaja in Fig. 4, denoted as JD (joint data), represents a
jian [8] found the valuesa = 3.7, = 5.0, andy = combination of our LPA results (ten point average)

+ exp(—Ely)]. (16)
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with the absolute cross section data of Burrow [48] quality we recommend to use the JD cross section as
with suitable interpolation between 173 and 238 meV. benchmark data for future low energy DA work. The
For clarity of presentation, the JD cross section has JD cross section may, e.g. be used to construct the
been multiplied by (1/10). It is compared with the energy dependent cross section for backward electron
beam data of Matejcik et al. (open diamonds, results scattering from CClby subtracting it from the cross
from Fig. 6 in [47], augmented by points at higher section reported by Randell et al. [66]. Measuring the
energies [63], quoted energy width 20 meV) which transmission of a magnetically confined electron
are normalized to the JD cross sectionEat= 85 beam (quoted width 5.5 meV) through a static scat-
meV. Matejcik and co-workers used an improved tering cell, these authors obtained the sum of the cross
trochoidal electron monochromator, capable of reso- sections for backward electron scattering and electron
lutions down to about 7 meV, and detected @bns attachment. At low energies, the energy dependence
with a quadrupole mass spectrometer (for energies of their cross section, which does not show specific
above about 0.6 eV the Clyield starts to be smaller  structure, can be approximately representedrRyx
than the total attachment cross section because of theE ~°-°. Randell et al. established an absolute scale by
production of the other fragment ions [10], see normalizing their relative data to the Klots cross
above). Due to the improved resolution Matejcik et al. section atE = 10 meV which is somewhat lower
found the height of the peak at higher energy to be than our LPA cross section.
only 0.3% [18] and 0.16% [47] relative to their zero
energy peak. For the JD data set, the ratio of the cross3.2. Energy dependent rate coefficients for electron
section at 800 meV relative to those at 10 and 1 meV attachment to CGl
amounts to 0.53% and 0.10%, respectively (In the
Appendix, we quote ratios of the cross section at 800  In Fig. 6 we present the energy dependent LPA rate
meV relative to that at the zero energy peak for coefficientk,(E) over the range (0.8—173) meV. Our
different experimental resolutions). Satisfactory over- limiting value ky(E — 0) = 12.3(19)x 10’ cm®
all agreement is found between the JD cross sections™* (full circle) is in good agreement with the most
and the results of Matejcik et al. [47,63], but there is recent rate coefficients, ~ 11(2) X 10 " cm®s ™ *
no clear evidence in these beam data for the sharp[56] for RET in K**(np) + CCI, collisions at high
downward-steplike decrease in the attachment crossprincipal quantum numbers (= 70), already quoted
section at the onsets for vibrationally inelastic scat- above (note that this value replaces the somewhat
tering. lower number 8.5(20x 10’ cm®s ! determined by
We mention that we did not include in Fig. 4 the Ling et al. [54], see also the discussion in the survey

cross section, derived from analyses of electron
swarm data in conjunction with deconvolution tech-
nigues 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

article of Dunning [16]). Toward higher electron
energiek (E) decreases substantially, and one might
expect to see this decrease reflected in a certain drop
of the RET rate coefficients,, toward smallen. The
data of the Rice group [16,27,54] appear to be
compatible with such a trend, but results with smaller
uncertainties in th& dependent Rydberg rate coeffi-
cients are needed to confirm this expectation. We note
that effects of postattachment interactions in the final

swarm data; note that even weak shoulders in the state ionic complex, formed in RET toward lower

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

have to be carefully considered for a meaningful
comparison of measured rate coefficients wiih

values derived fronk,(E) on the basis of quasifree

electron model.
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e L R energetics of the CGl intermediate was obtained

{ . from measurements at high(n = 55) where elec-
10 _—% Cl/CCly trostatic interactions (postattachment effects) between
i the product ions are negligible. Studies at lon =
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
7 (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

DA RATE COEFFICIENT k, [107 cm’s™]

I
]
]
I
I
!
v =2)
I
I
I
I

=3 1 r o .
| . . V: j variations of product kinetic energy as a function of
0 50 00 150 electron energy [see Eq. (2)] are negligible for DA to
ELECTRON ENERGY [meV] ccl,

Fig. 6. Energy dependence of the electron attachment rate coeffi- Using the recommended JD cross section (see Fig.

cientke(E) = oo(E)v, for CI~ formation to CC} over the range 4), we calculated thermal DA rate coefficiehigT,)
0.8-173 meV. The open circle with error bars (displaced fiom for fixed gas temperaturég; = 300 K as a function
0 eV for clarity) represents the rate coefficient for Rydberg electron of electron temperatur&,. In Fig. 7 the results are
attachment to CGlmolecules at high principal quantum numbers ) & ) .
[16,56], see text. The closed circle represents the rate coefficient for compared with two sets of swarm data, obtained by
threshold electron attachmeky(E — 0) which corresponds to the  Shimamori et al. [13] with a microwave cavity pulse
extrapolated, limiting LPA cross section (see text). The vertical radiolysis—microwave heating (MWPR-MH) method
dashed lines denote the onsets for vibrational excitation of one, two, dbv S | et al. [52] with a flowi fteralow/
and three quanta of the symmetric stretch vibrational mode. and by ) panel et al. [52] with a _meg. afterglow
Langmuir probe (FALP) apparatus involving an elec-
tron swarm with a variable temperature [52]. We note
As compared to their appearance in Figs. 2 and 4, that the respective rate coefficients at= T, =
the downward steps at the onsets for excitation of one T = 300 K agree within their mutual experimental
(v, = 1), two (v, = 2), and three quanta{ = 3) of uncertainties: LPA calibration: 3.79(% 10"’ cm®
the symmetric stretch vibration appear to be clearer in s *; MWPR-MH: 4.0(5)X 107 cm® s % FALP:
the plot of the DA rate coefficiet,(E) in Fig. 6. The  3.3(5) X 10 ' cm®s *. Good overall agreement with
vertical dashed lines at the three vibrational onsets regard to the dependence on electron temperature is
label the respective energy positions, determined by observed between the calculated results and the
Raman spectroscopy. So far, no theoretical calcula- swarm data although it appears that the drop in the
tions for DA involving CC|, are available to our rate coefficients towards higher temperatures is some-
knowledge. Normally, DA calculations assume what slower in the FALP data than in both the LPA
prompt dissociation of the temporary negative ion derived and in the MWPR-MH results. Possibly, the
formed in the primary electron attachment process; electron energy distribution in the FALP method [52]
this assumption cannot be made for G@lowever, as  at the elevated electron temperatures is somewhat
indicated by detailed analyses of Qbroduction from lower than assigned. We note that this is the first time
K**( 'np) + CCl, collisions at low and high principal  that reliable electron beam-derived rate coefficients
guantum numbers by Popple et al. [55]. These authors for dissociative attachment are compared with swarm
measured the angular and velocity distribution of the data over such an extended range of electron temper-
Cl™ ions resulting from the RET process with velocity ature (at the fixed gas temperatureTef = 300 K).
selected K**(hp) atoms. Information on the decay We emphasise that it is important that the beam data
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Fig. 7. Thermal rate coefficierity(T,) for electron attachment to  wellian electron distributions with temperatures Bf = 30 K
CCl, molecules as a function of electron temperatiigefor a (open squares)T, = 300 K (open circles), and’, = 3000 K
Maxwellian electron energy distribution and constant gas temper- (open triangles) (see text).
atureTg = 300 K. The solid line represents rate coefficients for
T. = 30-10 000 Kcalculated on the basis of the recommended

total el_e-ctron attachment cross section labelled JD in Fig. 4. The K, kodE) reaches 78% of the total value. For
open circles and closed squares present the swarm results, obtained . .
with the MWPR-MH [13] and the temperature variable FALP comparison we mention that for electron attachment
method [52], respectively. to SK; the 50% value ok, .{E)/ks(T. = Tg = 300

K) is reached alE = 22.3 meV[14]; this slightly

higher value as compared to GCéflects the fact that
include results obtained with very high (meV) reso- the value ofg is smaller for Sk than for CC}, (see
lution in order to avoid uncertainties associated with previous discussion). Toward lower electron temper-
the true behaviour of the attachment cross section at atures, the contributions from energies below 10 meV
the lowest energies. In this connection we mention become increasingly important. For illustration we
that about 60% of the total rate coefficidQ{T, = have included in Fig. 8 the fractiok,.{E)/ke(Te =
Ts = 300 K) stem from electrons with energigs= 30 K, Tg = 300 K) at an electron temperature of 30
25.85 meV(i.e. energies below the thermal energy K while the gas temperature is kept = 300 K.
kgT at T = 300 K). For illustration, we present in  The 50% value ok,.{(E) is reached & = 2.6 meV.

Fig. 8 the percent fractiork,(E)/k(Te = Tg = The contribution tok,.(E) from energies at which
300 K) of the accumulated rate coefficieki.{E), our cross section relies on the extrapolation formula
defined by [14] (7) becomes substantial at these low electron temper-
atures K o{E = 1 meV)k (T, = 30 K, Tg = 300
E , , , K) = 18.6%]. On the other hand, for the highest
Kacd B) = j ke(B") f(E') dE'. (17) temperature exampl€, = 3000 Kshown in Fig. 8,

© the contributions from electron energi€&s = 173

At E = 20 meV,k,.{E) amounts to 50% of the full meV (beyond the energy range of our experiment)
value while for energies up to the mean electron amount to only 20% of the total thermal rate.
energy E = (3/2)kgT, = 38.8 meV atT, = 300 It would be interesting to have available DA cross
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sections of comparable quality as those reported herewith scattering channels. At energies below these on-

for CCl, at T = 300 K at several other gas temper
atures and for molecules which exhibit vastly differ-
ent variations of the rate coefficientg,(T) as a
function of the global temperatur@ = T, = Tg
[15]. For CCJ,, swarm data of Smith et al. [50] and
Burns et al. [21], carried out with two variants of the
FALP method in the temperature range= 200 K to
800 K, indicate that the rate coefficientg(T) de-

sets thecross section is well described by the empir-
ical formula oo(E) = (0o/E)[1 — exp(—BEY?)],
wherep takes the value 0.59(6) (meVA. Thus the
threshold behaviour of the cross sectio(E) o«
E~ 12, theoretically predicted fos-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

crease toward higher temperatures, but the quantita-SF;, the cross sections derived from previous photo

tive trends in the two data sets are quite different:
Smith et al. [50] find a continuous decrease from
41x 10" cm*s tatT = 205K to 3.5x 10/
cm®s tatT = 590 K, while Burns et al. [21] report
a much faster falloff from 3.6< 10~ cm®s *atT =
293 K via 1.4x 10 " cm® st at T = 590 K to

12X 10" cm® st at T= 777 K. Burns et al.

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
CCl, molecule and as benchmark cross section in

normalize their rate coefficients at each temperature to future low energy electron attachment studies. Based

those for attachment to gFand assume that(T;
SF) =2.2x 10’ cm® s ! is independent of the
temperatur@ 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
SF; to be independent of gas temperature within the
range T = 300-1200 K.Spence and Schulz [2]
found essentially the same behaviour for ¢Ghis
trend is in line with the weak variation ok (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

on this cross section, we calculate and report the
energy dependence of the rate coefficidgi€) for
monoenergetic free electron attachment and the elec-
tron temperature dependence of the rate coefficients
ko(Te) for free electron attachment involving a Max
wellian electron ensemble and a gas at room temper-
ature Tg = 300 K). The LPA result for the limiting
valuek,(E — 0) is found to be in good agreement
with the rate coefficientk,,, for Rydberg electron
attachment at high principal quantum numbers [16];
these values are both significantly higher than the rate
coefficientk (E — 0) for electron capture through the
static polarization interaction between the electron
and the CCJ 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 CGl 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,&@k
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
sectiono(E) (represented by the JD cross section in
Fig. 4) and the measured DA yield functiof(U)
which represents an effective cross section resulting
from the convolution of the electron energy distribu-
tion functionf(U — E) (whose integral over energy
is assumed to be normalized to 1) with the cross
section [68], i.e.

Y(U) =J oJE)f(U — E) dE. (18)

The energyU denotes the peak energy of the distri-
bution function to which the experimental apparatus
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Fig. 9. Effects of energy resolution on measured dissociative
electron attachment yields for the GGholecule, as obtained by
convoluting the recommended DA cross section (solid line) with
Gaussian electron energy distributions of widtis.,,,, of 1, 6,

10, and 20 meV, respectively (see text). The downward step
structure at the onset for vibrational excitation of the= 1 mode

is shown in the insert on expanded linear scales.

over which the finite experimental energy width

has been set. Although experimental electron energy causes significant deviations of the measured yield

distribution functions are often not symmetrical (see,
e.g. the analysis of electron attachment data fgy C
and G, in the Appendix of [68]) we use a normalized
Gaussian function for simplicity. Qualitatively one

Y(U) from the true cross section functien,(U).

In Figs. 9 and 10 we show several examples of
yield functionsY(U), obtained by convolution of the
true DA cross section for CE¢with Gaussians with

expects that the convolution of a Gaussian (energy widths AEg,,u Of 1, 6, 10, 20 and 20, 50, 100, 200

width AE.,,4\) With an integrable divergence at zero
energy [such as the LPA fit cross section of the form

meV, respectively. In order to handle the singularity
at zero energy as precisely as possible, the recom-

Eq. (7)] results in a peak which appears at an effective mended cross section (JD) has been replaced by the

energyU,, slightly above zero and a widthU gy
somewhat broader thadE. Apart from the peak
position U, and the widthAU of the “zero energy

modified Klots formula Eq. (7) beloe = 45 meV
(see Fig. 5) and arranged into 0.2 meV biks (= 0.1
meV): forE = 4 meV, the respective integrals of Eq.

peak,” another aspect of interest is the energy range (7) over these 0.2 meV intervals have been sdf,at
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Fig. 10. Effects of energy resolution on measured dissociative
electron attachment yields for the GGholecule, as obtained by
convoluting the recommended DA cross section with Gaussian
electron energy distributions of widthSE,,,,,, of 20, 50, 100,
150, and 200 meV, respectively (see text).

(for E; = 0, the integral from 0 to 0.1 meV has been
taken); forE > 4 meV, the values of Eq. (7) &; are

D. Klar et al./International Journal of Mass Spectrometry 205 (2001) 93-110

the other convoluted cross sections shown in Figs. 9
and 10. For energied below (@bove about 1.5U,

the yield functionsy(U) stay below &bovg the true
cross section. At some higher energy poidts, the
yield functionsY(U) match the true cross section,
depending on the energy widtAg 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 betweetJ,, andU,,. The sharp downward step
structure at the onsets for vibrational excitation of the
symmetric stretch modev{ = 1, v, = 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 thg = 1
threshold). In Table 2 we summarize the results
obtained for the effective peak positiokk, and the
effective widthsAU .y @s a function of the exper
imental energy widtliAE,,,- 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

nearly identical to the respective integrals. The result- energy U (tuned by a voltage) can take negative

ing true cross section, shown as full line in Fig. 9, has

values. Note that the convolution of symmetrical

been the basis for calculating the convoluted cross sharp structure in the cross section, centered at higher

section forAE = 1 meV. Then, theAE = 1 meV
curve (0= E = 55 meV) and the data set JD (55
E = 2000 meV) have been the basis for calculating

Table 2

energies around the valle will yield peak locations
U, which agree withU,. In contrast asymmetrical
structure such as the vibrational Feshbach resonance

Effects of energy resolution on the true cross section for electron attachment to CCl

Experimental
electron energy
resolution

Apparent peak
position of zero

energy peak peak

Apparent width
of zero energy

Apparent cross
section ratio of
second peak at

Apparent cross
section of zero
energy peak

AEr v (Mev) U, (meV) AUpywum (Mev) (102°m?) 0.8 eV (102
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 = 60 meV in DA to CHl (yielding 1~

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
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(1996) 393.
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lon Processes 155 (1996) 1.

sections derived from our recommended data for [21] s.3. Burns, J.M. Matthews, D.L. McFadden, J. Phys. Chem.

electron attachment to C{)as well as for Sf) which

100 (1996) 19436.

are helpful quantities when Comparing cross section [22] J.L. Lebarrec, O. Sidko, J.L. Queffelec, S. Hamon, J.B.A.

data of different quality with respect to energy reso-

lution. Our results for both molecules are larger than
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data in [2] were normalized in absolute value to
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