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Abstract

The new apparatus for investigation of kinetics of a thermal electron capture process and its temperature dependence with pulsed Townsend
technique has been built. This method gives straightforward results on electron drift velocities in any mixture and allows calculating the rate
constants for electron capture as well as activation energies of this process. The thermal electron capture rate constants and activation energies for

CH;CCl;, CHCI,CH,Cl and CH3;CHCICH,CHj have been determined.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The electron swarm method with an ionization chamber has
been applied for many years in investigating electron attachment
processes. First the dependence of an electron capture cross-
section on electron energy [1] and later, after some changes
of the technique, the thermal electron capture kinetics [2,3]
have been investigated. This modified swarm technique, where
carbon dioxide as a carrier gas was used, was very conve-
nient, especially for studying pressure-dependent processes,
e.g., Bloch—Bradbury reaction or the attachment by van der
Waals dimers [4].

In all these techniques a-particles have been used as an elec-
tron swarm source [1-3].

In spite of many valuable results obtained this way, the
method has its disadvantages like relatively small number of
electrons produced by the a-particle, some influence of the o-
particle source on the uniformity of the electric field, necessity to
apply relatively high pressure and large dimension of the cham-
ber for full absorption of the a-particle energy in the gas phase.
The last made it impossible to heat and stabilize temperature to
make temperature measurements.
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Appearance of the fast lasers with high photon energy enabled
Wang et al. [5] to apply Nd:YAG laser to produce the electron
swarm which eliminates most of the above disadvantages.

The aim of this work is to apply similar technique which
gives much more accurate results than electron swarm in the
ionization chamber.

2. Experimental procedure

A new swarm chamber has been built for studying electron
attachment processes using pulsed Townsend technique [5,6]. A
schematic diagram of an experimental set up is shown in Fig. 1.
It consists of a stainless steel cylindrical chamber with a volume
of 700cm? (1) with two stainless steel parallel electrodes (a)
and (b) (6cm in diameter, separated by 1.5cm), a Canberra-
Packard preamplifier model 2000 (2), a fast (4 ns) Tektronix
oscilloscope with digital memory (3) connected with a computer
(4), acomputer controlled Canberra-Packard dual 0-5 kV power
supply model 3125 (5), an optical set (6) and a Quantel Nd: YAG
fast (5 ns) laser model Brilliant B-10 Hz (7). The laser operates
on fourth harmonics at 266 nm at the frequency of 10 Hz. The
pulse energy is 90 mJ. The photon energy is above the iron work
function (4.5eV [7]).

Electronically controlled heating jackets produced by Watlow
Company were used to vary and stabilize the desired temperature
of the chamber within 1 °C. The temperature uniformity of the
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Fig. 1. Schematic diagram of the experimental set up: (1) swarm chamber, (a)
anode, (b) cathode, (2) preamplifier, (3) oscilloscope, (4) personal computer, (5)
high voltage power supplier, (6) optical set up, (7) laser, and (8) quartz window.
Ib, laser light; E, uniform electric field.

(7]

chamber is monitored with four thermocouples around and one
inside the chamber.

The laser beam Ib going through the optics is focused by
converging lens (6) and further enters the chamber (1) through a
quartz window (8) and strikes the center of the cathode (b). The
generated electrons drift toward the anode under the influence
of the uniform electric field (E) created by power supply (5). In
the presence of carbon dioxide which is used as a carrier gas
they are immediately thermalized. This comes from the fact that
electron mobility does not depend on E/N in the whole range
of the used E/N values (up to 1 x 10717V em? molec.”!) as we
have demonstrated it in Ref. [2].

Traversing electrons induce the change of the anode potential
which increases linearly as electrons move to the collecting elec-
trode in the pure buffer gas. In the mixture of electron scavenger
and buffer gas the electrons are captured by the scavenging gas
and increase in the potential is no longer linear. The output signal
is amplified by preamplifier, registered on an oscilloscope and
saved in a computer memory. The method offers the opportunity
to obtain a drift velocity and an electron attachment rate constant
independently. The drift velocity, W, is equal to the quotient of
the distance traversed by electrons to the collecting electrode, d,
and the drift time, #q, i.e., the time when electron swarm reaches
the anode (W=d/ty). Fig. 2 shows the pulse which is the result

voltage (V)

2 4 6 8

time (10° s)

Fig. 2. Averaged voltage signal for the pure CO, (solid line) and the mix-
ture of CHCI,CH,Cl and CO; (dotted line) obtained at 298 K and E/N=3Td
(1Td=10"" V cm? molec.™ ).

of averaging of the 100 consecutive pulses. The electron attach-
ment rate constant can be determined from the shape of the
output signal of the electron pulse.

During the electron attachment process negative ions are pro-
duced (e.g., C17) which also move to the anode. However owing
to their large mass in comparison with that of electron they drift
ca. 300 times slower and do not influence the electrode potential
during electrons drift time as it was experimentally demonstrated
by Wang et al. [5]. Therefore we will not include them in further
consideration.

The change in electrode potential U caused by drifting elec-
trons during a time dr is proportional to an actual number of
electrons, N, at a given time ¢ and the distance from anode. The
last can be expressed as the ratio of the actual time ¢ and drift
time fg, t/tg. Thus:

a' N, dt
Io

du@) = @

where d’ is a coefficient of proportionality. In the case of non-
attaching gas N = Ng—the number of electrons produced by a
laser pulse and U() is a linear function of #:
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The number of electrons removed by electron scavenger dur-
ing the time dr is proportional to an actual number of electrons
and a number density of the electron scavenger, Nj:

dNe = —kNN, dt (Imy
After integrating we have:

Ne = N2 exp(—kN,t) (IV)
Introducing expression (IV) into Eq. (I) we obtain:

a' NQ exp(—kN,t) dt
0]

dU(r) = V)

Integrating Eq. (V) in the range from O to U and from O to ¢
we get the temporal variation of the anode potential, U(?), due to
the drift of the electron swarm (¢ < fy) in the presence of electron
scavenger, Eq. (VI):

/ A70
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As N?is aconstant value, we can write a = a’ N? and eventually:

a

U@ =
® kN,to

[1 — exp(—kN,1)] (VID
As the laser pulse time, the response time of the oscilloscope
and response time of the preamplifier to the change in potential
(20 ns) are much shorter than the electron swarm drift time (a few
ws), they do not influence the pulse shape. The decay function
of the preamplifier (for any time #) is given by Eq. (VIII):

G(t) = bexp (—;)
1

(VII)
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where b is a coefficient of proportionality and #; =RC is a time
constant (R is the input resistance of the preamplifier and C is
the overall capacitance of the anode circuit) equal to 400 s as
calculated from the shape both of rectangular pulse generator and
the curve in Fig. 2 for the time 7> #y. As it can slightly influence
the shape of the pulse it should be taken into account. The value
of the output potential of the preamplifier during a time t <1y,
V(7), is a result of both processes occurring simultaneously:

dr

Egs. (VID—(IX) were first introduced by Christophorou (cf. [8])
and used by us in Ref. [3].
Solution of the integral in Eq. (IX) is as follows:

V(r) = / ' MG(I —fdt (IX)
0

V() exp(—kN,t) — exp <_t>} X)

f
(1 — kNaty) { h

The experimental curves as shown in Fig. 2 were fitted using
Eq. (X) with Simplex and x> algorithms which gave the same
results.

As is easily seen from Eq. (X), (1) the constant A =ab has a
dimension of volts, (2) for a given curve the expression before
square brackets contains only constants and effectively is sim-
ulated by computer as one arbitrary constant, and (3) as t/f;
ratio in second exponent does not exceed 1-2%, this exponent
only slightly influences the whole expression in square brackets.
Thus, while we use full Eq. (X), the effective unambiguous task
of the fitting program is to find some arbitrary constant B and
the electron capture rate constant k in equation of the type of Eq.
(XD):

V(t) = Bexp(—kN,T) (XI)

After the electron swarm arrives at the anode the potential
decreases exponentially through RC. As tj is of the order of a
few ws, 1 > 9 and decay only slightly influences the change in
potential during drift time. The resulting voltage signal without
and with electron scavenger is shown in Fig. 2. As can be seen,
owing to high energy of laser pulse the change in potential is
rather high (a few V), much higher than an electronic noise (a
few mV).

The shape of the pulse in principle can be deformed by
the longitudinal diffusion of electrons during the drift of the
swarm. The deformation is generally thought to be negligible.
This can be justified using Eq. (XII) introduced by Hunter and
Christophorou [9]:

DL V(t)?
w N 4t(2)

(XII)

where Dp/u is the ratio of a longitudinal diffusion coefficient,
Dy, to electron mobility, u (=W/(E/N)), V the potential applied
cross the drift gap, ¢ the half-width of an electron swarm pro-
file and f is the drift time. In our experiments V is in the range
70-130V, 1y is 4 ws and Dp./;u=0.03V for CO; in the range
of applied E/N [9] which gives the ratio 8t/ty less than a few
percent at the lowest applied potential. Therefore widening the
electron swarm due to diffusion can be neglected. Since in our

range of E/N (where electrons are in thermal distribution with
gas molecules) a transverse diffusion coefficient is equal to lon-
gitudinal diffusion coefficient [9], the effect of the transverse
diffusion is negligible as well.

From the Nernst-Townsend relation, Eq. (XIII) (cf. [9]), the
influence of temperature on the thermal diffusion coefficients,
D (Dy, = Dt in thermal conditions) can be derived:

W eE
—=— (XIII)
D kT
As the temperature change in this experiment is not more than
30% its influence on the pulse shape can also be neglected.

CH3CCl3, CHCI,CH;,Cl and CH3CHCICH,CH3 were pro-
vided by Sigma Aldrich Co. with a purity of 99.8, 97 and 99.9%,
respectively. CO; with a quoted purity 99.998% was from Fluka
and used as delivered. The applied pressure of the electron
attaching gases depends on their efficiency in attaching elec-
trons and is chosen to give the rate of the process approximately
105 s~1. The total pressures of the gas mixtures were in the range
100-130 Torr (1 Torr = 133.3 Pa) and was controlled by an abso-
lute pressure transducer (MKS Baratron 116A) with an accuracy
of 1 mTorr. If the chosen pressure of the attaching gas was in the
range of mTorr (or less), its more concentrated mixture (at least
1 Torr) with CO, has been prepared. Then proper amount of it
was introduced into the chamber.

The overall accuracy of the experiment should be much better
than with ionization chamber for several reasons:

1. Elimination of the a-source ensures a full uniformity of the
electric field between electrodes.

2. Owing to high laser pulse energy the number of produced
electrons is much higher and the preamplifier output signal
is in the range of volts while from ionization chamber it was
of the order of tens of mV at electronic noise of a few mV.

3. Owing to the heating system we can make the experiment
at well-defined temperature (within 1 °C), not just the “room
temperature”. It is easy to calculate, that if one increases the
“room temperature” from 18 to 25°C the rate constant at
activation energy of 0.3 eV changes by 30% and at activation
energy of 0.5eV even by 60%.

3. Results and discussion

Introducing the new method of measurement we have
repeated an experiment at room temperature for some previ-
ously measured systems to check its reliability. As it can be
seen from Table 1, the higher the rate constant the better the
agreement between results. It is quite understandable if we take
into account the role of impurities in the measurements of the
attachment process. We try to purify our compounds carefully
applying freeze—pump-thaw technique using different freezing
mixtures and purifying compounds both from higher and lower
volatile impurities. But still for the molecules with very low rate
constant of electron attachment even the very small traces (of the
order of ppm) of the impurity with very high rate constant (e.g.,
CCly, CHCl3) have a great influence on the measured value.
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The comparison of the room temperature (298 K) thermal electron capture rate
constants obtained with electron swarm method in ionization chamber and the

present one

Molecule ki (cm® molec.™ 1 s71)

Tonization chamber Present results
SFs (2.5+£0.3)x 1077 [2] 2.54+0.2)x 1077
CH,CICH,CH,Cl (2.0£0.3) x 10712 [10] (1440.1)x 10712
CH;CF,Cl (6.0£0.9) x 10-13 [10] (4.84+0.4)x 10713

For the first measurements at different temperatures we have
chosen two trichloroethane isomers. The average literature rate
constants for them are quite high and differ by two orders
of magnitude (1.4 x 107® and 2 x 1071 cm? molec. ™' s~! for
CH3CCl3 and CHCI,CH;Cl, respectively [10]).

In the case of both compounds the attachment process is

simple two-body reaction:
e” +RCl - R + CI™ X1V)

We have measured thermal electron capture rate constants
(ki) in the temperature range 298-373 K for CH3CCl3. In
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Fig. 3. The dependence of thermal electron capture rate constant on temperature
for (a) CH3CCl3 and (b) CHCl,CH,Cl.

the case of CHCI,CH,Cl this range was much narrower
(298-343 K), however, sufficient to obtain the activation energy
of the process. The experimental results are presented in Fig. 3(a)
and (b). At the lowest temperature of 298 K (room temper-
ature) we have obtained the rate constants 3.8 x 1078 and
3.7 x 10719 cm? molec.~! s~! for CH3CCl3 and CHC1,CH,Cl,
respectively. In both cases we observed the increase in kg, with
temperature which shows that the investigated processes require
some activation energies. They can be calculated from the Arrhe-
nius equation:

E,

In(k) = A —
n(k) ks T

(XV)

where A is a pre-exponential factor, E, the activation energy and
kg is the Boltzmann constant.

In Fig. 4 the Arrhenius plots are presented. From their slopes
the activation energy can be derived. It is equal to 0.09 and
0.16 eV for CH3CCl3 and CHCl,CH,Cl, respectively.

To demonstrate the influence of the impurity on the mea-
surements of the attachment process and the important role of
simultaneous measurements of both rate constant and activa-
tion energy we will present the results we have obtained for
CH;CHCICH,CHj3;.
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Fig. 4. Arrhenius plot for (a) CH3CCl3 and (b) CHCl,CH,Cl.
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CH3CHCICH,CHj3 (after purification using freeze—pump—thaw technique, see
text).
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The room temperature rate constant for the electron
attachment by this molecule, after careful purification,
using freeze—pump—thaw technique, of the sample was
equal to 1x 107'2cm? molec.™!s~!. Comparing it with
the literature value for CH3CHCICH3 which is equal to
3.8 x 1072 cm? molec. ' s™! (3.6 x 10713 cm? molec. ! s~!
for CH,CICH,CH3) [10] the obtained value seems quite rea-
sonable. But the influence of temperature on this rate constant
is difficult to explain. In Fig. 5(a) and (b) the dependences of
ki on T and In(ky) on 1/T for CH3CHCICH,CH3 are plotted.
There are two different slopes—one for lower (up to 340K)
and other one for higher temperatures. The only explanation
for such results is the contribution of a low concentration of
impurity which was not removed with the applied purification
procedure. It should accept electrons with high rate constant and
low activation energy.

To show the effect of impurity we have made the follow-
ing simulation. We have calculated, according to Arrhenius
equation, the temperature dependence of the rate of the elec-
tron capture process for the molecule with concentration of
3 x 10'7 molec. cm ™3 (the concentration of CH;CHCICH,CHj3
we have used in the experiment) which attach electrons with
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Fig. 7. The dependence of (a) ku on 7 and (b) In(kyp) on 1/T for
CH3CHCICH,CHj3 (after fractional distillation, see text).
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Table 2
Thermal electron attachment rate constants (298 K) and activation energies cal-
culated from kinetic data for chloroalkanes

Molecule ki (cm® molec. ™1 s~ 1)2 E, (eV)[11]

CH;Cl 20x 10713, <1 x 10716 [13]° 0.48

CH,Cl, 47 x 10712 0.29

CHCl; 2.7 %1072, 4.4 x 1070 [12] 0.12,0.12 [12]

CCly 4.0 %1077 0

CH3CHCl, 2.1x 1071 0.25

CH,»CICH,Cl 29x 1071 0.24

CH3CCl3 14%x1078,1.5x 1078 [12], 0.16,0.13 [12],
3.8 x 107 8¢ 0.09¢

CHCIl,CH,Cl 3.1 x 10719 [12], 3.7 x 10~10¢ 0.2[12], 0.16¢

CH3;CHCICH,CH3; 2.0 x 107 13¢ 0.55¢

2 Averaged data from Table 1 in [10].
b Theoretical data from semiempirical calculations of DA.
¢ Present data.
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Fig. 8. The room temperature thermal electron capture rate constants as a func-
tion of the activation energies for some chloroalkanes: (@) present results; (V)
data from [12]; (O) other data from Table 2; () theoretical data from [13].

the rate constant 1 x 1073 cm3 molec.™' s~! and the activa-
tion energy of 0.5eV (E, for similar compounds [11]). The
same calculations were performed for the impurity molecule
with concentration 3 x 10! molec.cm™3 attaching electrons
with the rate constant of 4 x 10~7 cm?® molec.™' s~! and acti-
vation energy equal to 0eV. The results of the simulation are
shown in Fig. 6. If the mixture of such two compounds is
measured up to 330-340 K the attachment is caused mostly by
the impurity. As one can see our experimental data fit to this
picture.

Because usually used method of purification was not efficient
enough to get rid of small concentration of impurities we have
applied fractional distillation with a bubble-cap column. The
results we have got after this procedure are presented in Fig. 7.

As it is seen from Fig. 7(a), the measurements have been
started at the temperature 343 K as there was no visible attach-

ment at lower temperatures. The obtained activation energy is
equal to 0.55eV (Fig. 7(b)) and the rate constant extrapolated
to room temperature is 2 x 10715 cm® molec. 7! s~ 1.

Finally, let us compare the relationship between the room
temperature thermal electron capture rate constants and the acti-
vation energies for a number of chloroalkanes. In Table 2 the
available literature and present data are demonstrated. Fig. 8
shows the plot of log(ky,) versus E,. As one should expect there
is a straightforward linear dependence between logarithm of the
rate constant and activation energy for the attachment process.
Looking back to our first results for CH3CHCICH,CH3 and the
analysis we have made for it the only way to check the reli-
ability of the electron attachment rate constants is to measure
simultaneously the temperature effect on it.

4. Conclusions

1. The new electron swarm apparatus has been built which
allows measuring the electron capture rate constants up to
470K.

2. New results on rate constants and activation energies have
been obtained.

3. A necessity to determine simultaneously both rate constant
and activation energy has been demonstrated.
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