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CH3Br and CH3I at electron energies from ∼10 meV to 0.7 eV for backward scattering and 20 meV to 9.5 eV
for integral scattering. Below 1–2 eV, the present integral cross-sections are significantly higher than
data in the literature. The Born point-dipole cross-sections for rotationally inelastic scattering have been
calculated and are compared with the experimental total scattering cross-sections. Discrepancies give a
measure of pure elastic scattering at very low energy. Data for CH3I demonstrate the presence of strong
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. Introduction

Methyl halides are the simplest of the halomethanes and have
een extensively studied in low-energy electron scattering. In
hese polar molecules, direct rotationally inelastic scattering and
ibrationally inelastic scattering through the dipolar interaction is
xpected to play an important role for very low-energy electron
ollisions, as well as direct pure elastic scattering. Resonant pro-
esses involving elastic scattering, dissociative electron attachment
nd vibrationally inelastic scattering may also play a significant
ole. Derivative electron transmission spectroscopy has been used
o study attachment to temporary negative ion states [1–3]. A
ood deal of experimental and theoretical work has been devoted
o dissociative attachment, both at room temperature [4–8]and
eferences therein and in the heated molecule [7,9–12]. Experi-
ental data for elastic scattering and vibrational excitation is more

carce [13–15] and very low-energy data for rotationally inelastic
cattering, which we report here, are altogether lacking.

Total scattering cross-sections have been determined using elec-
ron transmission techniques for all the methyl halides presented
ere [3,4,16–19] but at energies above several hundred meV. We
ave measured total scattering in CH3Cl, CH3Br and CH3I down to

0 meV and scattering into the backward hemisphere to 10 meV,
ith the very high electron energy resolution required to obtain

ccurate cross-sections in the very low-energy range.

∗ Corresponding author. Tel.: +33 687 118431.
E-mail address: j.p.ziesel@irsamc.ups-tlse.fr (J.-P. Ziesel).
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dissociative attachment at low energy.
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. Experimental

The experimental system for measuring electron scattering at
he University of Århus and its modes of operation are described
n detail elsewhere [20]. Briefly, synchrotron radiation from the
STRID storage ring is used to photoionize argon at 78.66 nm, about
meV above the Ar+ 2P3/2 threshold. The energy resolution of the
lectrons is determined by the photon bandpass and is typically
n the range 1–1.6 meV full-width at half-maximum. Electrons are
ormed into a beam and pass through a cell containing the target
as at room temperature. The intensity of the electron beam, in
he presence and absence of target gas, is recorded as a function
f electron energy. The total integral scattering cross-section �T is
hen calculated using

T = (N�)−1 ln
(

I0
It

)
(1)

here N is the gas number density, � the path length of the cell
nd I0 and It are the intensities of the incident and transmitted
lectron beams, respectively. In a separate experiment an axial
agnetic field of 2 × 10−3 T is applied and electrons scattered in the

orward hemisphere exit the collision cell and are detected while
ackward-scattered electrons are lost and not recorded. Thus, in the
resence of the magnetic field, the measured cross-section is the

ackward total scattering cross-section �B, that is, the cross-section

ntegrated over the 2� solid angle associated with the backward
emisphere. The energy of the electron beam is calibrated using
lectron scattering data for N2 [21] and is better than ±2 meV at
ery low energy.

http://www.sciencedirect.com/science/journal/13873806
mailto:j.p.ziesel@irsamc.ups-tlse.fr
dx.doi.org/10.1016/j.ijms.2008.05.007
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The energies of the rovibrational levels of the targets have been
calculated, where values of J up to 100 and vibrational levels up to
1100 cm−1 have been included. The Boltzmann population of these
levels at 298 K have then been derived. To simulate rotationally
ig. 1. A comparison of the integral scattering and backward-scattering cross-
ections for CH3Cl, CH3Br and CH3I.

Uncertainties in the reported cross-sections arise from sources
ncluding pressure measurements, random fluctuations in the elec-
ron beam intensities and uncertainties in calibration of the path
ength of the electrons through the collision cell. These uncertain-
ies correspond to an error of ±5% in the quoted cross-sections at
ll energies for scattering in the presence or absence of the mag-
etic field, save at the very lowest energies in the absence of the
agnetic field for which a figure of ±8% is appropriate. Further-
ore there are systematic errors from forward scattering in the
easured total integral scattering cross-sections, as electrons scat-

ered along the cell from up to 3◦ at the entrance to up to 27◦ at the
xit are not separated from unscattered electrons [22].

. Results and discussion

Fig. 1 shows all our data collated, so that a comparison can be
ade directly of the scattering behaviour of the three target species.

elow we discuss data for individual species separately.

.1. CH3Cl and CH3Br

In the present investigation total integral scattering cross-
ections for CH3Cl have been measured from 18 meV to 9.5 eV and
ackward-scattering cross-sections from 11 meV to 0.7 eV. Total

ntegral scattering cross-sections for CH3Br have been measured
rom 30 meV to 9.5 eV and backward-scattering cross-sections from
meV to 0.7 eV.

.1.1. Cross-sections behaviour from very low energies up to

.25 eV
Total integral and backward-scattering cross-sections for CH3Cl

nd CH3Br up to 0.25 eV are shown in Figs. 2 and 3. The cross-
ections rise sharply from about 0.15 eV towards very low energy
nd also exhibit strong forward scattering. These features are char-
cteristic of scattering in this energy range dominated by direct
otational excitation, as already observed in polar molecules such
s CH3NO2, C2H5NO2 and C6H5NO2 [22]. We have performed cal-
ulations of rotationally inelastic cross-sections using the Born
oint-dipole approximation for electron scattering from polar sym-

etric top molecules [23] including all populations and transitions

nvolved at 298 K. CH3Cl and CH3Br are prolate symmetric tops and
he pure rotational scattering cross-section in SI units between the
otational levels (J, K) and (J′, K′) integrated between the two angles

F
t
B
i

ig. 2. Integral scattering and backward-scattering cross-sections for CH3Cl up
o 0.25 eV: (�) experiment, integral total; (©) experiment, backward total; (—)
orn theory, integral rotationally inelastic; (- - -) Born theory, backward rotationally

nelastic.

1 and �2 may be expressed as

(J, K; J′, K ′) = �(2J + 1)

(
J J′ 1
K −K ′ 0

)2

×ln

[∣∣∣∣k2 + k′2 − 2kk′ cos �2

k2 + k′2 − 2kk′ cos �1

∣∣∣∣
1/2

]
(2)

here � = (4�/3k2)(�2/[ea0]2). In Eq. (2), J is the total angular
omentum quantum number of the molecule and K its projection

n the molecular axis. k and k′ are the magnitudes of the initial
nd final wavevectors given by k = (2meE)1/2/�, where me and E are
he mass and energy of the electron, ea0 = 8.4784 × 10−30 Cm and �
s the dipole moment of the target molecule (�(CH3Cl) = 0.745 au,
(CH3Br) = 0.717 au). The Wigner 3-j symbols are evaluated using

he tables given in Mizushima [24].
ig. 3. Integral scattering and backward-scattering cross-sections for CH3Br up
o 0.25 eV: (�) experiment, integral total; (©) experiment, backward total; (—)
orn theory, integral rotationally inelastic; (- - -) Born theory, backward rotationally

nelastic.
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by thermal electrons at 293 K in an electron cyclotron resonance
experiment [31]. This value lies about 40% lower than our value for
30 meV, taking into account the omission of forward scattering in
our measurements.

Table 1
Absolute integral total scattering cross-sections in CH3Cl and CH3Br, in units of
10−20 m2

CH3Cl CH3Br

Energy (eV) Present [16] Energy (eV) Present [17]

0.020 2643
0.030 1836 0.030 1470
0.050 1225 0.050 1022
0.075 804 0.075 743
0.1 608 0.1 543
0.15 428 0.15 351
0.25 269 58.2 0.25 214
0.35 186 51.4 0.35 158
0.45 153 46.0 0.4 136 62.6
0.55 131 41.2 0.5 111 58.0
0.65 111 38.4 0.7 85.4 53.6
0.75 92 36.5 0.9 68.5 48.9
0.85 83 35.4 1.1 58.2 47.1
1.05 73 33.5 1.3 52.0 45.4
1.25 65 32.5 1.6 46.7 45.0
1.35 64 32.2 1.8 42.5 43.8
1.45 60 31.7 2.0 41.8 43.0
1.7 55 31.6 2.5 37.8 39.4
2.0 50 31.7 3.0 36.5 39.0
2.2 49 32.0 3.5 35.8 39.0
2.5 46 32.6 4.0 34.1 38.8
3.0 45 33.4 4.5 35.4 38.6
3.5 43 34.3 5.0 34.8 40.0
4.0 43 34.7 6.0 35.5 39.7
4.5 42 34.6 7.0 35.8 40.4
5.0 41 34.5 8.0 37.4 40.4
ig. 4. Integral scattering and backward-scattering cross-sections for CH3I up to
.25 eV: (�) experiment, integral total; (©) experiment, backward total; (—) Born
heory, integral rotationally inelastic; (- - -) Born theory, backward rotationally
nelastic.

nelastic events, all contributions from the selection rules �J = 0, ±1
nd �K = 0 are combined at any given energy and folded with the
aussian energy distribution of the incident electrons. Near-axis
cattering has to be omitted from the calculations of integral Born
ross-sections as some of the forward scattered electrons go unde-
ected in the experiment due to the geometry of the collision cell
see above). This problem has been treated using the method given
n [25] and the procedure to obtain corrected Born cross-sections
or comparison with the experimental data has been described in
etail elsewhere [22,26].

The calculated effective Born cross-sections are shown with
he experimental data in Figs. 2–4 as continuous (integral) and
ashed lines (backward scattering). In all cases, Born theory under-
stimates experiment and the disagreement is most obvious in
ackward scattering towards the lowest energies. Such behaviour
as already been noted in the halobenzenes [27]. The major reason

or the discrepancy is that the Born model omits pure elastic scat-
ering. While there are no data to estimate pure elastic scattering
or the present halides, we know however from results for rotation-
lly inelastic scattering in H2O [28,29] that pure elastic scattering
akes an increasing contribution towards the total cross-section

t low energy and may approach 40% of the total below 200 meV.
ur results suggest that the contribution of pure elastic scattering

s comparable in the methyl halides to that in H2O but somewhat
ess. The observation that the disagreement between Born values is
reatest in backward-scattering stems from the fact that the colli-
ions which give rise to backward scattering are those which probe
ost strongly the repulsive wall of the potential in short range

nteractions involving the lower partial waves. The hard wall poten-
ial makes a major contribution to elastic scattering and in H2O in
act may lead to pure elastic dominance of the cross-sections at low
nergy for high angle scattering [28].

Apart from rotationally inelastic scattering and direct elas-
ic scattering, other processes may contribute significantly to
he total integral cross-sections, for example through temporary
egative-ion states (TNI). In the very low-energy range, disso-
iative attachment, long-lived attachment, vibrational excitation,
otationally inelastic and pure elastic scattering may all occur [30]

nd references therein]. Dissociative attachment processes through
he CH3X− 2A1 resonant state are very weak, especially in CH3Cl
here the Cl− cross-section is estimated to be less than 10−26 m2

t 300 K [7,11]. For Br−/CH3Br, the cross-section at room tem-
erature has been measured as 1.8 × 10−22 m2 peaking at 0.38 eV

5
6
7
8
9

ass Spectrometry 277 (2008) 91–95 93

10] and extends with a slight decrease down to zero energy in
he theoretical model of Wilde et al. [7]. In CH3Br, the integral
ibrational excitation cross-section (�� = +1) for the ensemble of
3 modes at T = 300 K is estimated to peak at about 7 × 10−20 m2

ear the �3 = 1 onset [12]. This value includes the direct excita-
ion and the resonance contribution, as well as the interference
etween the direct and the resonant processes. All these processes
ave too low a cross-section to play a marked role at very low
nergy in the total scattering cross-sections in CH3Cl and CH3Br.
his reinforces the conclusion that the major contributions to
cattering are rotationally inelastic scattering and direct elastic
cattering.

.1.2. Absolute integral total electron scattering cross-sections
Absolute cross-sections for integral total scattering are reported

t some selected energies from 20 meV to 9.5 eV in Table 1.
ross-sections for both CH3Br and CH3Cl agree within about
0% above 5 eV for data in references [3,4,16,17,19]. However at
ower energies below ∼1.5 eV there is pronounced disagreement

ith earlier work, with our cross-sections considerably higher
han those previously measured. The exception to this is Shi
t al. [14] who have derived total scattering cross-sections for
H3Cl by integrating their differential elastic scattering data. They
eported total cross-sections at 0.5 and 1.0 eV of 147 × 10−20 m2 and
4 × 10−20 m2, respectively, in very good agreement with our values
f 143 × 10−20 m2 and 73 × 10−20 m2 at these energies. For CH3Cl a
alue of 1790 × 10−20 m2 has been measured for total scattering
.5 41 34.6 9.0 35.6 39.0

.5 39 35.3

.5 39 35.4

.5 39 35.1

.5 38 33.6
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.2. CH3I: total scattering cross-sections

In the present investigation total integral scattering cross-
ections for CH3I have been measured from 9 meV to 9.5 eV and
ackward-scattering cross-sections from 7 meV to 0.7 eV.

Table 2 shows a comparison of our integral total cross-section
ith the measurement of Krzysztofowicz and Szmytkowski [18]

rom 0.45 to 9.3 eV. There is very good agreement with the pre-
ious data above 6 eV, between 2 and 6 eV our values are slightly
igher but the overall shape is quite similar with a broad and weak
aximum centred around 5.5 eV, although 1 eV below the pre-

ious experiments [3,18]. In the very low-energy range down to
meV (Fig. 4), total scattering cross-sections increase sharply as

n CH3Cl and CH3Br. However in CH3I, forward scattering becomes
ncreasingly less marked at very low energies, a point which we
iscuss below. Calculations of integral and backward rotational
ross-sections in CH3I (� = 0.638 au), in the Born point-dipole
pproximation, are again lower than the experimental values, as
hown in Fig. 4.

Unlike in CH3Cl and CH3Br, the resonant CH3I− 2A1 state may
lay a significant role at very low energies. This arises because
H3I− crosses the neutral ground state near the vibrational level
3 = 1 whereas the crossing point is near �3 = 8 and 4 in CH3Cl
nd CH3Br, respectively [7]. This results in a very high dissociative
ttachment cross-section I−/CH3I at room temperature, as mea-
ured at high resolution by Alajajian et al. [32] and by Schramm et
l. [6]. Theoretical models for dissociative attachment in the polar
olecule CH3I have been investigated by Fabrikant and Hotop [33]

nd, apart from the ultra-low-energy range below 1 meV, a bound
ipole-supported state of CH3I− appears to be involved together
ith the CH3I− resonant repulsive state. However a comparison

f the I− cross-section, measured at an electron energy resolution
1 meV [6], with our integral total cross-section (Table 2) shows

hat, in our energy range starting at 9 meV, the contribution of dis-

ociative attachment to the total scattering is still minor though by
o means negligible.

Our data may nevertheless be used to point very clearly to
he presence of the resonant states involved in the dissociative

able 2
bsolute integral total scattering cross-sections and dissociative attachment cross-
ection for CH3I, in units of 10−20 m2

nergy (eV) Present [18] I−/CH3I [6] Energy (eV) Present [18]

.010 4516 141.7 1.35 67 55.3

.020 3219 89.6 1.45 70 53.1

.030 2384 77.0 1.65 62 51.3

.040 1790 82.2 1.85 57 50.2

.050 1434 105.1 2.0 61 49.7

.060 1196 134.9 2.2 61 49.7

.065 1107 29.8 2.4 59 49.8

.070 1039 21.2 2.6 58 50.0

.080 933 19.4 2.8 59 49.7

.100 759 17.0 3.0 58 49.5

.125 607 13.9 3.3 58 50.4

.130 575 7.5 3.8 58 51.1

.135 550 6.2 4.3 58 52.6

.160 466 6.4 4.8 60 54.1

.25 305 5.3 60 55.6

.45 184 95.8 5.6 59 56.2

.55 151 85.8 5.8 60 56.9

.65 126 80.3 6.1 58 57.8

.70 125 76.4 6.3 59 58.0

.80 109 72.1 6.8 59 58.1

.90 99 68.5 7.3 58 57.6

.0 88 64.2 7.8 57 56.2

.1 81 61.7 8.3 56 55.2

.2 79 57.9 8.8 55 54.8

.25 74 56.0 9.3 56 54.2

R
s
t
t
T
(
H
d

R
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[

[

[
[
[
[

[
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ttachment in CH3I. As we have seen above, rotationally inelas-
ic scattering yields strong forward scattering. Thus in CH3Cl for
xample, the measured ratio, R, of backward scattering to integral
cattering (less the forward cone omitted in the experiment) lies
etween 0.1 and 0.2 with the largest values at the lowest energies.
owever for CH3I, in the presence of attachment, we do not mea-

ure the scattering cross-section into the backward hemisphere
hen experiments are performed in the presence of the axial mag-
etic field. Rather we measure a combination of events including
issociative attachment, which occurs in both the backward and
orward hemispheres. Thus we find that the ratio, R, of the appar-
nt backward-scattering cross-section to the integral rises from
0.25 at <100 meV towards 0.5 at very low energy, with an abrupt

ise below 20–25 meV. This is diagnostic of the influence of addi-
ional channels with preponderantly spherical angular scattering
istributions, that is resonant elastic scattering and dissociative
ttachment [34].

. Concluding remarks

Our results report scattering data in an energy regime below
00 meV which has not been explored in previous work on this basic
roup of simple organic species. The very high cross-sections found
or rotationally inelastic scattering emphasise the importance of
olar molecules in determining the electron energy distribution
ithin cool plasmas. An important advance, that is presently being
ade, is to apply the theory described in [29] to obtain accurate

tate-to-state rotationally inelastic cross-sections from experimen-
al data for CH3Cl and CH3Br and elastic scattering cross-sections.
his will give an accurate assessment of the relative amount of pure
lastic and rotationally inelastic scattering at any energy.
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