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I. INTRODUCTION

This annual report describes the research results covering from August 1,
1983 to July 31, 1984 for a research project currently supported by AFOSR under
Grant No. AFOSR-82-0314. In this research program, we investigate the processes
for electron production, electron attachment and charge recombination in high
gas pressure discharges. The information obtained from this research project is
currently needed for developing various electrical switching devices and for
understanding the phenomena occurring in plasma physics as well.

Various electrical switching devices, such as high energy and high
repet tion-rate discharge switches, opening switches, radiation or e-beam
controlled switches, are needed for the development of high power lasers, fusion
experiment, magnetic energy storage system, as well as particle beam experiment.
High pressure gas discharges are used in these switching devices. For a
specific application, a discharge switch may require some special
characteristics pertinent to the rise and decay times of discharge pulse,
discharge stability, discharge uniformity, high conduction current, etc. These
characteristics depend strongly on electron transport parameters, such as
electron drift velocity, electron attachment, detachment and ionization
coefficients, and charge recombination rates. Therefore, the electron transport
parameters for some electron-attaching gases in various high pressure buffer
gases are needed for designing various discharge switches. This research
program is aimed to provide the basic information for such development.

In addition to providing data for practical applications, this research
program also studies basic phenomena in plasma physics. For example, the
intense excimer laser pulse can produce a plasma of high charge density, which
gives a new experimental approach for examining the probability of electron
leakage from plasma and the decay time of plasma in various high gas pressure
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environments. Another example, because the initial electrons are produced by

the laser pulse of short duration (~10 ns), we can examine the formation process
of short-lived negative ions in this experiment. The temporary negative ions of
CFA— and HZO- are observed in this funding period. The physical properties of
temporary negative ions were not well investigated before, although it is likely
that temporary negative ions may play some important roles in determining

discharge chara :teristics, such as slowing down electron drift velocity and

inducing charge recombination and ion reactions in discharge media.
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I1I. RESEARCH ACCOMPLISHMENTS

In this funding period, a parallel-plate drift-tube apparatus has been used
to investigate electron transport parameters in high pressure buffer gases. The
initial electrons are produced efther by irradiation of the cathode with an
intense excimer laser pulse or by two-photon-ionization of a trace of trimethy-
lamine in buffer gas. The electrons drift in an electric fiela by applying a
high negative voltage on the cathode. The transient voltage pulses induced by
electron motion between the electrodes are observed. The electron attachment
rates are obtained from the ratio of the amplitudes of transient pulses with and
without a gas attacher in a buffer gas. The electron drift velocity and the

electron diffusion coefficient are obtained by analyzing the time dependence of

the trausient pulse. The plasma decay time and the probability for electron
leakage frcm plasma are measured, and the mechanism for plasma decay is
investigated in accord with the time behavior of transient pulse. The subjects

we studied are described more specifically below.

A. Electron Attachment of H,0 in Ar, N

2 and CH,

2

The electron attachment due to H20 in a buffer gas of Ar, N2 or CHa

pressure in the 100 - 400 torr range is studied at various applied E/N. The

at

rate constants for the dissociative attachment process of H20 in Ar are measured
in the E/N = 2 - 15 Td region. The onset for the dissociative attachment
process is observed to be in the E/N = 1 -~ 2 Td range, for which the mean
electr .n energy in Ar is about 5 eV. The attachment rate constants increase
with increasing E/N. This is an ideal characteristic for designing an opening
switch.

For the N2 buffer gas, the mean electron energy is limited to 1 eV even at
relatively high E/N. This energy 1s too low for the dissociative attachment

-3-
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process of HZO' Instead, a temporal attachment appears in the earlier time of

the transient pulse. This attachment is attributed to the formation of a

temporary negative ion HZO—.

The formation of the temporary negative lon is further studied using CH, as

4
a buffer gas. The drift velocity of electron {n CH& is about one order of

magnitude higher than that of Ar or N2, so the duration of transient pulse in

CHA is greatly shortened (from 4 ps in Ar or N, to about 0.4 us in CHA)' Thus,

2
the temporal electron attachment due to H20 in CHa is observable. The observed
lifetime of HZO- is estimated to be about 0.2 us. The electron attachment rate
constants for the formation of HZO_ in CH4 are measured in E/N = 1 - 18 Td
region, which decrease monotonically with increasing E/N. The data suggest that
the potential energy of HZO- is only slightly higher than that of H20 + e
and the potential surface of HZO- is similar to that of H20.

The electron drift velocities for various gas mixtures are measured. It is

observed that the electron drift velocity increases when H,0 is added to Ar or

2

N but it decreases when H20 is added to CH&' The increase of electron drift

2’
velocity by adding an electron-attaching gas to a buffer gas is a desirable

characteristic for the design of opening switches.

The results for the electron attachment due to H20 in Ar, N2

described in more detail in a paper attached as Appendix A, which will be

or CH4 a:e

submitted to a scientific journal for publication.

B. Electron Attachment of 0,, N,O and CF, in N,
The pulse duration of electron conduction current {s shortened when 02,

N20 and CFa are added to the buffer gas N The shortening is caused by

2°
attachment of electrons by the electron-attaching gas added. For 02, the




attachment i{s due to a three-body process e + 02 + M- 02- + M. The electron
attachment rate constants for O2 in N2 are measured at various applied E/N and
gas pressures. The results are consistent with the data measured by other
previous methods.

For N20 fn N,, the attachment is due to the dissociative attachment

2

process, e + N20 + 0 + NZ‘ The electron attachment rate constants are

measured in the E/N = 0 - 10 Td region in 400 torr of N The attachment rate

2°
constants increase with increasing E/N and reach a plateau at E/N > 5 Td. This
characteristic is good for the design of opening switch.

The mean electron energy in N2 is never high enough to make the
dissociative attachment process of CF4 occur. Thus, tue electron attachment
observed in the CF4 - N2 mixture is likely due to the non-dissociative

attachment process. However, no stable CF

4

CF4- ion is a temporary one, similar to HZO— that is short-1lived.

The results for the shortening of electron conduction pulses by electron

ion 1s known, implying that the

attachers 02, N20 and CF4 are described in more detail in a paper attached as
Appendix B, which has been accepted by the Journal of Applied Physics for

publication.

C. Electron Kinetics in Plasma

High densities of electrons and positive ions are produced by two-photon-

ionization of a trace of trimethylamine in N, by ArF laser photons. The

2
electrons drifted by the applied electric field move initially toward the anode.
As soon as the electrons slightly separate from the ions, the electrons moved to
the plasma front (toward the anode) and the ifons left in the plasma tail (toward

the cathode) will induce an electric field to cancel out the applied field. The

space-charge-induced field could be so large that it suppresses the applied

-5=-
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field. PFor this case, the electrons inside the plasma could be forced to move
toward the anode, and the direction of electron conduction current is reversed
as observed in our experiment. This phenomenon is not well understood and {s
subject to further study.

The decay time of the electron conduction pulse is a measure for the decay
time of plasma. And, the amplitude of the electron conduction current is a
measure for the probability of electron leakage from plasma. It is found that
the ratio of the initial charge density to the applied field, ne/E, is a good
parameter for the characterization of the plasma decay time and the probability
of electron leakage from plasma. We have measured these plasma parameters as a
function of ne/E, and found that the experimental data are consistent with
theoretical calculations.

The results for the electron kinetics Iin plasma are described in more
detail in a paper attached as Appendix C which has been submitted to the IEEE

Transactions on Plasma Science for publication.

D. Electron Diffusion Coefficients in Ar

The transient pulses induced by electron motion between the electrodes are
observed for the Ar pressure in the 0 - 10 torr range. The electron drift
velocity, the electron ionization coefficient, and the electron diffusion
coefficient are obtained from fitting transient voltage pulses with Boltzman
transport equation. The electron diffusion coefficients measured in the
E/N = 30 - 300 Td range are consistent with theoretical calculations. At
E/N = 100 Td, the product of the longitudinal electron diffusion coefficient and
the Ar density is 3 x 1022 cm-ls—l.

The dependencies of the measured longitudinal diffusion coefficients on the
Ar pressure and the laser power are investigated. The results for the study are

described in more detial in a paper attached as Appendix D, which has been

submitted to J. of Phys. D: Applied Physics for publication.

-6-
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Electron Attachment of H_O in Ar,

N2 and CH4 in Electric Fields




Electron Attachment of H. 0 in Ar,

N2 and CHQ in Electric Fields

W. C. Wang and L. C. Lee
Department of Electrical and Computer Engineering

San Diego State University
San Diego, CA 92182-0190
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ABSTRA

The electron attachment due to H20 in Ar, Nz and CH4 is investigated
using a para}lel-plate drift-tube apparatus. The initial electrons are
produced either by an irradiation of the cathode with ArF laser photons or
by two-photon-ionization of a trace of trimethylamine in a buffer gas. The
transient voltage pulses induced by the electron motion between the electrodes
are observed. The electron attachment rates are obtained from the decrease
of transient voltage as HZO is added to the buffer gas. The electron attach-
ment rate constants for the dissociative attachment process of HZO in Ar are
measured, which increase with increasing E/N from 2 - 15 Td. FElectron
attachments due to the formation of temporary negative ion are observed in
the HZO - N2 and H20 - CH4 mixtures. The negative ion is attributed to HZO—

whose lifetime measured is about 200 ns. The electron attachment rate con-

stants for the formation of HZO_ in CH, are measured which decrease with

4
increasing E/N from 1 - 20 Td, indicating that the potential energy of HZO—
is only slightly higher than that of H20 + e, and the potential surface for
HZO- resemrbles to that of HZO. The effects of 320 on the electron drift

velocities in various tuffer gases are investigated.
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I. INTRODUCTION

Recent advance in pulse-power technology indicates1 that an opening
switch is needed for developing the magnetic energy storage system. The
inductive energy storage is preferable to the capacitive storage because the
energy density in the inductive system is much higher (some 102 to 103 times).2
The opening switch requires a fast decay of conduction current, which could
be achieved by attaching electrons with gas attachers mixed in a buffer gas.1
The electron attachment rates for various gas mixtures are thus needed for
the development of this type of discharge switch. The electron attachment
for the mixtures of small amouynt of H

0 in Ar, Nz, and CH, is reported in

2 4

this paper.

The dissociative attachment of electrons in water vapor has been

. . 3-10 11
extensively studied by the swarm method and the electron-beam method.
The predominant negative-charged species are 4" and 0 ions with the onset

12,13

energies of about 5.5 and 4.9 eV, respectively. Because these onset

energies are high, the density-reduced electric field E/N in HZO must be
larger than 40 Td (1 Td = 10-17 V-cmz) in order to induce electron attachment.
The E/Y can be low if Ar buffer gas is used, because the electron energy in
Ar is high.12 Earlier works for the electron attachment have been summarized
by Gallagher et al.14 Here we further measure the electron attachment rates
for the dissociative attachment process of H20 in Ar at varied electric fields.
Bradbury and Tatel15 observed an electron attachment in water vapor at
very low electron energy. The attachment probability increases with [HZO] and
decreases with increasing E/N. A similar result was later reported by Kuffe13.

The attachment is attributed to the nondissociative process that will lead to

-2-
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the formation of H.0 ion. However, no long-lived H 0 ions were

2
7,10,12,16

2
This discrepancy could be reconciled if there exists

17,18

observed.

a short-lived HZO_ ion, as suggested a long time ago by Hurst et al.

This short-lived negative ion does exist as evident from our obervation that

electrons are attached by HZO in Nz or CH4 at low E/N,

In this work, we apply a relatively new method19 to investigate the

electron attachment in the mixtures of water vapor in Ar, NZ’ and CH The

4
mean electron energies in the buffer gases decrease in the order of Ar, NZ

and CHA' For example, the mean electron energies at E/N = 1.2 Td are 2.53,

0.41, and 0.15 eV for Ar, N,., and CH,, respectively.12 Thus, we are able to

2 4

study the electron attachment processes in water vapor in a wide range of

electron energy.

II. EXPERIMENTAL

In this experiment, initial electrons are produced either from an
irradiation of cathode by ArF laser photons or by two-photon-ionization (TPI)
of trace trimethylamine in N2 gas when the HZO - N2 mixture is studied. The
experimental set~-up has been discussed in a previous paper.19 Briefly, the
gas cell is a 6" six-way aluminium cross. The electrodes are two parallel
stainless steel plates of 5 cm in diameter at 3.7 cm apart. The energy of
ArF laser pulse (Lumonics model 861S) was monitored by an energy meter
(Scientech Model 365). A negative high voltage was applied to the cathode.
The conduction current induced by electron motion between the electrodes was
converted to a transient voltage pulse by a resistor (220 - 1000Q) connecting

the anode to the ground. The transient pulse was monitored by a 275 MHz

storage oscilloscope (HP model 1727A). Each single transient pulse was

-3~
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captured and stored in the oscilloscope, which was later photographed for
permanent record. This experimental method is similar to that used by
Verhaart and Van der Laan20 and Christophorous et al.21 for the electron
ionization and electron attachment measurements.

The gas pressure in the cell was maintained constant by continuously
supplying with fresh gas and slowly pumping out by a mechanical pump. The
flow system will reduce the impurities released from walls and electrodes
as well as produced from the photofragment of gases. The gas pressure was
measured by an MKS Baratron manometer. All measurements were done at room
temperature. The Ar, NZ’ CH4 gases (supplied by MG Scientific Gases) have
minimum purities of 99.998%, 99.998%, 99.99%, respectively. To produce
electrons by the TPI method, a diluted trimethylamine (0.05%) in prepurified
nitrogen {(supplied by Matheson) was used. All these gases were admitted
to the gas cell without further purification. The water vaopr was carried by
Ar, Nz or CHA into the gas cell. The concentration of HZO was determined
from the ratio of water vapor pressure (Vv 25 Torr at 26°C) to the pressure
of carrier gases (2 1 atom). In order to remove the oxygen dissolved in
water, the water in a container was pumped periodically for several days before

the water vapor was used for the experiment.

IIT. ANALYSIS METHOD

The method for the data analysis has been described in the previous

paper.19 In brief, the current induced by electron motion is expressed as

i(t) = eNeW/d (L
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where Ne is the total electrons between the electrodes, W is the electron

drift velocity, and d is the electrode spacing.
When water vapor is added to the gas cell, the electron conduction

current becomes
i'(t) = eNéW'e_nt/d (2)

where n is the electron attachment rate of water vapor. Since the absorption
coefficient of H20 at 193 nm (ArF laser wavelength) is very small, Ae' is

about equal to Ne if the laser power is constant. The current is converted to

a transient voltage by
V(t) = £(t)i(t)R (3)

where R is the resistor connecting the anode to the ground, and f(t) is the
response function of the detection systenm.
The logarithm of the ratio of the voltages without and with water

vapor is thus,

1n(NéW' /NeH) _

In(V'/V) = rt (4)

For an atmospheric pressure and a relative low value of E/N, W can reach

equilibrium in a very short time. Thus, W and W' can be practically considered

as constant except for those electrons near the electrodes (see later discussion).

For t < d/W (or d/W'"), Ne (or Né) is nearly a constant except for the beginning
of the pulse that some electrons diffuse back to the cathode. Therefore, after
a reasonable time, the first term of Eq. (4) is dependent of time. The plot

of 1In (V'/V) versus t thus gives the electron attachment rate n. The electron

drift velocity is approximately equal to d/T, where T is the electron drift

-5-
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time between the electrodes which can be determined from the transient
voltage waveform.

If trimethylamine is used to produce electrons22 as in the case of
H20 - N2 mixture, equal amounts of electrons and ions are created by the
TP1 process in space. Since ions move much slower than electrons, ions can
be considered as stationary in the time scale of interested, and Eq. (4) will
thus be applicable in this case. Nevertheless, the charge density should be
kept low to avoide the space charge effect due to the charge~induced field.23
For this case, the electron conduction current is very sensitive to the
laser power fluctuation, because Ne is proportional to 12 (I is laser inten-

sity), instead of I as in the case of electrons produced from an irradiation

of the cathode by laser.

IV. RESULTS

A. H_ O - Ar Mixture

4

The electron transient waveform V(t) for electron motion in 200 Torr
of Ar at E/N = 14,5 Td is shown in Figure la. The voltage decreases rapidly
after the first peak, which is due to the loss of electrons by back diffusion
to the cathode.24 The voltage approaches an asymptotic value as the electrons
escape far enough from the cathode. When electrons arrvie at the anode, V(t)
drops as shown in Figure 1. This drop can in turn be used to measure the
drift time T. The amplitude shows slight increase before its drop. This may
be caused by the electrode effect, namely, the electrons are accelerated more
by the image charges when they move close to the plate. Since the gas
pressure is high (140 - 400 Torr), the effect of electron diffusion is
negligible.24 Thus, T is presumably equal to the time when V(t) starts to
drop. The electron drift velocity in the H20 - Ar mixture as a function of

E/N are plotted in Figure 2. Our measured drift velocities are about 10%
le
-6-
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less than the published data.5’25 Our data may be affected by the large

electrical noise created by the laser discharge, so the uncertainty for the
t = 0 point is quite large (Vv 20 ns).

When 0.073 Torr of H20 is admitted to Ar at same E/N, the pulse
duration and the amplitude at the asymptotic portion decrease as shown in
Figure 1b. This is caused by the increase of electron drift velocity as
well as the electron attachment by water vapor. The electron drift velocities

for adding H_O in Ar ([H20]/[Ar] = 0.15%) are shown in Figure 2 for various

2

E/N¥. The first peak in Figure 1lb is higher than that in Figure la, which is
caused by the fact that the electron drift velocity becomes higher when HZO

is added to Ar. 1In fact, the amplitudes of the first peaks at various water
vapor concentrations are found to be linearly dependent on the electron drift
velocity as expected from Eq. (4) for t "V O.

The decrease of the voltage in the asymptotic portion due to the
addition of HZO is an ideal case for the measurement of electron attachment
rate. During the duration of the asymptotic portion (1 < t < 3ps in Figure 1),
the first term in Eq. (4) is independent of time. The ratios of V'(t)/V(t)
for with and without HZO in Ar are plotted in Figure 3a, b, and ¢ at E/N =
14.5 Td for 0.024, 0.048, and 0.073 Torr of HZO, respectively. It is worth
noting that the extrapolations of V'/V at t = 0 increase with increasing H20
concentrations. This is caused by the increase of electron drift velocity
when HZO is added as stated before. As shown in Figure 3, the 1In(V'/V) is
linearly dependent on t, and the electron attachment rates are obtained from
the slopes.

The results for n/[HZO] as a function of the ratio of the H20 to Ar

concentrations are shown in Figure 4. At a fixed E/N, n/[HZO] values decrease

-7~
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with increasing [HZO]/[Ar], which is likely caused5 by the effect of H20
on the electron energy distribution in Ar, i.e., an increase in [H20]/[Ar]
decreases the number of electrons in the range where dissociative attachment
takes place. The attachment rate constants increase with increasing E/N at
a constant HZO pressure.

The extrapolation of n/[HZO] at [HZO] =0, [ﬂ/[HZO] is associated

0’
with the electron energy distribution of pure Ar. The [n/[HZO]]0 values as

a function of E/N are shown in Figure 5. The signal levels of V(t) for E/XN <

2.5 Td are too low to observe the attachment certainly, so the measurements

at low E/N are prohibited. The electron attachment rate constants shown in
Figure 5 give the onset for the electron attachment to be at E/N £ 2 Td. An

the onset, some of the electrons may gain enough energy so that the dissociative
attachment process takes place. This observation is consistent with the

result of Hurst et a1.5, whose measured the onset to be at E/N ™ 1.2 Td. How-
aver, the data given by Hurst et al.5 in the E/N =1 - 2 Td region do not join
smoothly with the present data, for which a comparison is made in the discussion
Section. At high E/N, the attachment rate constants do not increase as fast

as those at low E/N. This may be caused by the fact that the increase of the
mean electron energy in Ar at high E/N is limited.12 In addition, the ijonization
process will take place at high E/N so that the measurements of electron

attachment rate constants at high E/N are interferred. For this reason, our

measurements are limited to E/N at 15 Td.'

B. H.0 - N_ Mixture
A

(4

For H20 - N2 mixture, there are no differences in the electron conduction

waveforms with and without water vapor at E/N from 8 to 24 Td. 1In this E/N

1
region, the mean electron energies are in the range of 0.8 - 1.5 eV. 2,25

1
These energies may be too low for the dissociative attachment process, 2,13
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but too high for the non-dissociative attachment process.3’15 Therefore,
the result of non-attachment is reasonable as expected from the earlier
observations.

When E/N is reduced, the waveforms without and with H20 in N, show

2
some differences. Two waveforms at E/N = 6.3 Td, one without H20 in 390 Torr !

. of N, and the other with 2.7 Torr of H_, O in 468 Torr of Nz, are shown in

A 2 2

- Figure 6a and b, respectively. The electrodes spacing is 3.7 cm and the

; external resistor is 510 €. As shown in Figure 6b, the pulse duration is

E shortened when H20 is added, indicating that the electron drift velocity

{ increases as HZO is added. We have measured the electron drift velocities
:i at various [HZO] and E/N, and found them to be consistent with the published
» data.18

Since the electron drift velocity increases with the addition of H_0,

2
is it expected that the first peak in Figure 6b will be larger than that
of Figure 6a. This expectation is different from the waveforms observed,

namely, the amplitude of the first peak in Figure 6b is smaller than that of

Figure 6a. This result suggests that an electron attachment occurs in this

B RSEGRR
MO

period. Furthermore, the amplitude of the second peak in Figure 6b increases

more than that of Figure 6a. This could result from the electrons attached

Tal

earlier are released later to enhance the electron current. In other words,
a short-lived negative ion exists so that electrons are attached in the

beginning of the pulse and are detached to enhance the electron current at

the end of the pulse as observed. Comparing the amplitudes of Figures 6a and
b, the current starts to show enhancement at a time less than 0.7us, indicating
that the negative ion is not lived longer than this value.

Because the first peak is decreased by attachment and the second peak is

enhanced by detachment, the ratio of the amplitudes of these two peaks can be

-9-




counted as a measure for the attachment effect. As examples, the ratios

for the amplitudes of the second peak V, to the first peak V1 for the data

2
taken at E/N = 4.2 and 6.3 Td at varied [HZO] are shown in Figure 7. The
V2/V1 values do not depend largely on E/N at [HZO] = 0, but increase with
[HZO]. The increase tate of the VZ/V1 is larger at low E/N. This result
suggests that the electron attachment rate for the formation of negative
ion increases with decreasing E/N. This is consistent with the earlier
observationsB’15 that the electron attachment rate for the non-dissociative
attachment process in water increases with decreasing mean electron energy.
This non-dissociative attachment process is further studied in this experiment
by measuring the apparent electron attachment rate constant in the Hzo - CH4
mixture (see next section).

We have repeated the stove experiments by producing the initial electrons

by two-photon-ionization of a trace of trimethylamine in N The results are

9
consistent with the experiments that produce electrons from an irradiation

of the cathode with ArF laser photons as described above.

C. H.0 - CH, Mixture
s Y
Two transient voltage waveforms, one without H20 in 324 Torr of CH4 and

the other with 3.6 Torr of H20 in 420 Torr of CHQ,

b, respectively. These waveforms were taken at an E/N fixed at 5 Td, an

are shown in Figures 8a and

electrode spacing of 3.7 cm, and an external resistor of 220 ). The wave-

form duration (v~ 350 ns) here is much shorter than that in Ar or N_ gas. This

2

is because the electron drift velocity in CH, is about one order of magnitude

4

higher12 than that in Ar or N2. The drift velocities as a function of E/N

at various water vapor contents in CH, are shown in Figure 9. It is noted

4
that the electron drift velocity becomes smaller when HZO is added to CHA’

instead of bigger as HZO is added to Ar or NZ' The drift velocities we

measured agree well with the published data.18

-10-




The second peak of Figure 6b is much smaller than the first peak as

compared with Figure 6a, clearly indicating than an electron attachment due
to H20 occurs in this short pulse period. The electron attachment rate can

be measured from the ratio of the voltages with and without H20 in CHA' The

ratios of V'/V for the H, 0 pressures of 0.72, 2.16, and 3.59 Torr are plotted

2
in Figures 10a and b for E/N = 2.5 and 7.6 Td, respectively. The electron
attachment rates measured from the slopes at various [HZO] are shown in Figure
11. At each E/N, the electron attachment rates N increase linearly with [H2 ],
from which the electron attachment rate constants n/[HZO] are obtained as
shown in Figure 12, Note that the data were measured at several different
CH4 pressures.

The second peak shown in Figure 8a is significantly longer than the

asympotic portion, indicating that in CH, the drift velocity for electrons

4
near the anocde is significantly affected by the electrode. For the measure-
ments of attachment rates, the [H20] concentrations were kept as low as
possible so that the electron drift velocities were not significantly altered
when H20 was added. For E/N = 7.6 Td, the electron drift velocity is not
seriously affected by [HZO] as shown in Figure 9. Thus, for the amount of

H20 (0.7 -~ 3.6 Torr) used in the experiment, the electron drift velocity

is not significantly altered as reflected in Figure 10b that the extrapolation
of V'/V at t = 0 is nearly equal to 1. (The V'/V at t = 0 is proportional to
W'/W as shown in (4)). At low E/N, the electron drift velocity depends
strongly on the [HZO] added (see Figure 9). When [HZO] is large, the electron
drift velocity changes greatly. However, the plot of &n (V'/V) is still

linear on t as shown in Figure 10a. The W'/W values determined from the

extrapolation of V'/V at t = 0 with a correction of laser power fluctuation

-11-
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are consistent with the electron drift velocities measured from the pulse

duration. These results ensure that the present method is suitable for the

measurements of electron attachment rate.
2 ’ mixture, the negative

iﬁ As indicated in the measurements of the H,0 - N
ion is short-lived species, so that it will be detached iater. Since the

{ transient pulse in the H20 - CH4 mixture is short, the current induced by

the released electrons may become observable after the primary electrons
F are absorbed by the anode. This expectation is indeed shown in the transient
pulses. The after-current of V'(t) in Figure 8b after t = T' has a tail
longer than that of V(t) in Figure 8a after t = T. The after-currents of
V(t) and V'(t) are plotted in a logarithm scale as shown in Figures 13a and
3 b, respectively. The decay rate in Figure 13a is mainly caused by the external
RC time constant (R = 220 &, C 3x10—10 farad). On the other hand, the
after-current shown in Figure 13b has an additional long tail of a decay time
about 210 ns, which results from the detachment of the temporary ion. The
decay time of the long tail reflects the lifetime of the temporal negative

ion which vary in the range of 190 - 220 ns as measured at various [HZO] and

E/N.

Because the lifetime of the negative ion is short, its detachment will
affect the measurement of the attachment rate, that is, the attachment rate
measured will appear low. Nevertheless, the transient pulse duration in CHA
(v 400 ns) is not much longer than the lifetime of negative ion, also the con-

centration of negative is much less than that of primary electrons, so the

detachment effect on the measured attachment rate may not be serious. It is
estimated that the uncertainty of the attachment rate may not be larger than
* 307 of the given value.

-12-
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The earlier observations3’15 of electron attachment in H_0 at low E/N

2
12,14

have been attributed to be due to the presence of impurities, most

likely O This makes us more cautious. There are several facts to prove

9

that the attachment observed is not due to 02. First, the negative ion

observed is short-lived, in contrast to the 02_ ion that is very stable.
Second, the attachment is a two-body process as evident from the facts that
the attachment rate constant is linearly dependent on [HZO] (see Figure 11)

and independent on the CH, pressure (see Figure 12). This is quite different

4

from the attachment process of 0, which is a three-body process that the

2
attachment rate will be quadratically dependent on the gas pressure. Third,
the attachment rates measured are quite high. The impurity must have very
high concentration and high attachment cross section to make the attachment
rates observed which is unlikely to occur. From these arguments, it is clear

that the attachment is not caused by the possible impurity O but is by the

2’

formation of temporary ion such as HZO—.

V. Discussion

The electron attachment rate constants are plotted versus the mean

electron energies (D/V) in CH H,0 and Ar as shown in Figure 14. The mean

47 72

electron energy in CH, at each E/N is calculated from the data given by

4
2

Cochran and Forester. 6 The attachment rate constant for electrons in HZO

is obtained from the product of the attachment coefficient and the electron

drift velocity at each E/F. The attachment coefficient is the average value

4,6,8,27,28 as reviewed by Gallagher et al.la

given by various investigators
The electron drift velocity and the mean electron energy at each E/MN are also

adopted from the review paper.14 The mean electron energy for Ar at each

-13-

o T AN A v B i s atecives e Al XA R ~2An 'T




L Zas\ St St S ACE 4 ‘P A

——

"
i
-

ey Ty rTYy

-~

1 -f-rp,vv-v_ﬁ?-_1 —
e @

TTeTTL YL vLiv - DR AFIEE A AN I S . LS

E/N is obtained from a review paper given by Dutton.25 The electron
attachment rate constants measured by Hurst et al.5 for Ar at low E/N

are also plotted for comparison.

The electron attachment in HZO at low electron energy was reportedB’15

before. However, since no stable H,_0 ions are detected, the earlier

2
12,14

observation of attachment is subject to question. In order to resolve

the discrepancy, Hurst et al.17 proposed that HZO might quasi-trap low

energy electrons, for which the

time in the order of 10—8 - 10_7 sec. Later, in order to explain that the

quasi-trap" HZO- may have a limited life-

measured momentum transfer cross section for H20 is larger than a theoretical

18
value by a factor of 2, Hurst et al. reproposed that low energy electron
motion in HZO may form a temporary negative ion. The formation of temporary
. 18 . .
negative ion can be used to explain  the decrease of electron drift velocity

when HZO is added to CH4 (see Figure 9). The temporary ion (of lifetime

about 200 ns) observed in this experiment fits very well with the expectation

of Hurst et al.l8

Considering the experimental fact that the electron attachment rate
depends linearly on [HZO] and not on [CH4], the temporary ion formed is likely

to be HZO- only, but not the complex ions such as HZO_-M M = NZ’ H20 and CHA)’

because the electron attachment rate for the formation of complex ions will
depend on [M]. The electron attachment occurs at very low electron energy

as shown in Figure 14, indicating that the potential energy of HZO- is not

much higher than that of H_.0 + e, probably within $ew thermal energy range.

2

The potential energy of H 0  is definitely higher than that of ¥ _0 + e, because

2 2

HZO— is not stable. This potential energy is, however, much lower than the

] 29 A .
theoretical value that is about 2 eV. For a reconciliation with the

~14-
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theoretical calculation, one could consider that the attachment is due to

the vibrational and rotational excited species. However, it is unlikely

that the excited species will have such concentrations that the electron
attachment rate is as large as observed. Thus, it is likely that the potential
0 is only slightly higher than that of H20 ; e.

As shown in Figure 14, the electron attachment rates decrease mono-

energy of Hz

tonically with increasing mean electron energy. This result indicates that

the potential surface of H 0 should resemble with that of HZO, because the

2

Franck-Condon overlap integral for two similar potential surfaces will

decrease with increasing transition energy. This assertion is consistent

with the theoretical calculation29 that the potential surface for HZO_ (2A1)

is similar to that of HZO.

The observation for the attachment of low energy electrons by water
could be applied to explain the phenomenon observed in daily life. It is
well known that static chrages will build up on metal surface in winter in
dry air, but not in humid air. The water molecules in air may pick up the
low energy electrons on surface to form temporary negative ions. The
electrons released from the temporary ions could be later attached by O2

in space. Thus, H,0 may serve as an immediate for dispatching the charges

2

on surface.

For high energy electrons, the attachment is due to the dissociative
attachment process. The extrapolation of the measured attachment rate con-
stant in Ar indicates that the attachment will start at a mean electron

12 13

energy of about 4 eV. This is consistent with the thresholds for pro-

ducing 0 and 4 from dissociative attachment of HZO as of 4.9 and 5.5 eV,

respectively. The attachment rate constants given bt Hurst et al.5 are

-15-
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higher than the present values. The reason for this discrepancy is not
known. The dissociative attachment process has been used to explain the
observation that the addition of water vapor to dry air will increase the
breakdown voltage.3

The magnitude of the attachment rate constant for electrons in pure
water 1is about the same as that in Ar as shown in Figure 14, indicating
that the electron attachment in H_O is due to the dissociative attachment

2

process. However, the mean electron energy in 4,0 is less than the threshold

2
for the dissociative attachment process to occur. This result suggests that
the electron energy in H20 may have a wide spread, or the mean electron
energy is not well measured. Considering the same magnitude of the electron
attachment rate constants for both Ar and HZO, it is unlikely that the
attachment in H20 at low mean electron energy is caused by the reason of

wide energy spread. Instead, it seems to require more measurements on the

14
mean electron energies in HZO’ which are relatively less studied.

VI. CONCLUDING REMARKS

A relatively new approach is applied to investigate the transient
electron conduction current in the H20 - Ar, H20 - N2 and HZO - C“A mixtures.
This method, which is different from the conventional swarm method that
detects negative ions, has been demonstrated in a previous paper19 as a use-
ful way for measuring electron attachment rate. This method has an advantage
that measures the electron attachment rate due to the short-lived species as
demonstrated in the study of HZO_ in N2 and CHA'

For the application of opening switch, the electron attachment rate

during the opening period requires to be high, namely, the attachment rate

needs to increase with increasing E/N. This experiment shows that H20 - Ar

-16-
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mixture has this characteristic. The increase of electron drift velocity,

when H20 is added to Ar, is an additional benefit, because it will increase

the electron conduction current during the switching period.
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FIGURE 1

FIGURE 2

FIGURE 3

FIGURE 4

FIGURE 5

FIGURE 6
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FIGURE CAPTIONS

The transient voltage waveforms produced from electron motion in

0 and (b) with 0.073 Torr of H,0 in 200 Torr of Ar.

(a) without H 9

2
The electrons are produced from an irradiation of the cathode by
ArF laser photons. The E/N is fixed at 14.5 Td, the electrode

spacing is 3.7 cm, and the external resistor is 510 Q.

The electron drift velocities as a function of E/N for the gases
without (@) and with 0.15% of H20 (A) in Ar. The electron drift

velocity increases when HZO is added to Ar.

The ratios of the transient voltages measured with and without H20
in Ar, V'/V, as a function of the elapsed time after laser pulse.
The [HZO] are: (a) 0.024 Torr, (b) 0.048 Torr, and (c) 0.073 Torr.

The E/N is fixed at 14.5 Td, and [Ar] = 200 Torr.

The n/[Hzo] values as a function of [HZO]/[Ar] for various applied

E/N.

Electron attachment rate constants obtained from the extrapolation

of n/[HZO] at [HZO] = 0 in the H20 - Ar mixture as a function of E/N.

The transient voltage waveforms produced from electron motion in

(a) 390 Torr of N2 without HZO and (b) 2.7 Torr of H20 in 468 Torr

of N The E/N is fixed at 6.3 Td. The electrode spacing is 3.7 cm,

9

and the external resistor is 510 Q.
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. FIGURE 7 The ratios for the magnitudes of the second peak to the first

1 peak VZ/V1 as a function of [H20] at E/N= 4.2 Td (@) and 6.3 Td (A).

FIGURE 8 The transient voltage waveforms produced from electron motion in

" (a) 324 Torr of CH

without H20 and (b) 3.6 Torr of H.0 in 420 Torr

4 2
of C4,. The E/N is fixed at 5 Td, the electrode spacing is 3.7 cm,

£ o
[

and the external resistor is 220 Q.

’

YUY

H FIGURE 9 The electron drift velocities in H20 - CHQ mixtures as a function

{ of E/N. The [HZO]/[CHA] are: 0(®), 0.4% (W), 1.2% (W) and 1.7% (A).

L FIGURE 10 The ratios of transient voltages measured with and without H20 in
fl CHA’ V'/V, as a function of the elapsed time after the laser pulse
d at E/N of (a) 2.5 Td, and (b) 7.6 Td. The gas pressures for HZO in
; CHA are: (A) 0.72 Torr in 342 Torr, (B) 2.16 Torr in 379 Torr and

(C) 3.59 Torr in 417 Torr, respectively.

FIGURE 11 The electron attachment rates for various [HZO] in [CHA] at E/N of
(a) 2.5 Td (®) and (b) 7.6 Td (A). The CH& pressures vary from 340

to 420 Torr as increasing with [HZO]'

FIGURE 12 Attachment rate constants as a function of E/N in H20 - CH4 mixture.

The data were measured at the CHA pressures of 325 (@), 200 (A),

and 135 (®) Torr.

FIGURE 13 The amplitudes of after-currents in Figure 8a and b as a function of
time after the primary electrons reaching the anode. The short decay
times for both curves (a) and (b) are caused by the external RC cir-
cuit. The long decay time for (b) is caused by the electron detach-

ment from the short-lived HZO_ ion.
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FIGURE 14

Electron attachment rate constants versus mean electron energies

in CH H O

4’ 2

and Ar are converted from E/N using the data in refs. 26, 14 and

4 H20 and Ar. The mean electron energies (D/u) in CH

25, respectively. The data for HZO in CHA (A) and Ar (V) are
measured in this experiment. The data for pure H20 (®) obtained

from ref. 14 and for HZO - Ar (®) from ref. 5 are plotted for

comparison.
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Shortening of electron conduction pulses by electron
attachers O,, N0, and CF,

L.C. LeeandF. Li

Department of Elecirical and Computer Engineering. Sun Dicgo State University. San Dicgo, California

92182-0190

(Received 20 Apnil 1984; accepted for publication 12 July 1984)

A uniform electron density is produced by two-photon ionization of trace trimethylamine in the
N buffer gas of atmospheric pressure using ArF laser photons. The transient conduction pulses
induced by the electron motion between parallel electrodes under various applied electric fields
are observed. The duration of the electron transient pulse is shortened when the electron attacher
0., N,O, or CF, 1s added to the buffer gas. Electron attachment rate constants are obtained from
the ratios of the transient current with and without attachers at various times after the laser
pulses. For O, and N,O, the electron attachment rate constants measured in this experiment agree
with previous values measured by different methods. The apparent rate constants for the
attachment of low-energy electrons by CF, are measured. The electron drift velocity 1s found to
increase when CF, is added to N,. The present method is applicable for the measurement of the
electron attachment rate associated with the ;roduction of short-lived negative ions.

INTRODUCTION

Recent developments in high-tech areas such as lasers.
fusion experiments, and particle beam technology require
gas-phase discharge switching devices. The duration of the
electron conduction pulsc 1s an important parameter for de-
signing some type of switches, for example, opening switches
and high repetition (repr-rate switches. The duration could
be shortened by increasing the electron decay rate. which
could in turn be controlled by attaching the conduction elec-
troru&j_xb various electron attaching gases. The electron at-
tachiee rates for various gas media in discharge conditions
are thus needed for developing various discharge switches.

In this paper, we report a method for measuring the
electron attachment rates for electrons in high gas pressures
at varied £/.V. Initial electrons with known concentration
are produced by two-photon ionization of trace trimethyla-
mine in N. buffer gas using ArF laser photons. The shorten-
ing of the electron conduction pulse duration by electron
attacher is observed, and the electron attachment rate 13
measured from the decay rate of electron pulse.

This new method is tested by measuring the clectron
attachment rates of O.' and N-.O""'"* which were extensive-
Iy investigated before. The current results are consistent
with the published data measured by different methods We
have extended the current measurement to CF,. whose data
are not well known.

In this experiment. it is found that the electron drift
velocity increases when O, or CF, is added to the N, buffer
gas. Such increase of electron drift velocity makes the initial
electron conduction current increase. This is a very desirablc
characteristic for high-power and high rep-rate discharge
switches.

Il. EXPERIMENT

The experimental apparatus is depicted in Fig. 1. The
gas cell 1s a six-way aluminrum cross of 6 in. diam. The elec-
trodes are two parallel stainless-steel plates of 5 cm diam a
few ¢m apuart. The electrodes are uncoated raw metal The

electrons are produced by two-photon ionization of a trace
trimethylamine in nitrogen buffer ga« of atmospheric pres-
sure with ArF laser photons (Lumonics model 861S). The
laser energy is monitored by an energy n.zter manufactured
by Scientech {model 365). The laser cross-section area
between the electrodes is about 1.8 % 0.6 cm”.

The charges drift under an applied electric field sup-
plied by a negative high voltage on the cathode. The electron
conduction current is converted to a transient voltage pulse
by a 1-K{2 resistor connecting the anode to ground. The
transient voltage pulse is monitored by a 275-MHz storage
oscilloscope (Hewlett-Packard model 1727A1. The overall
time response of the electronics is tested by measuring the
electron pulse produced by laser irradiation on the cathode
in vacuum. The rise time of the electronics is about 100 ns.
Each transient voltage pulse is captured and stored in the
oscilloscope, which is later photographed for a permanent
record.

O-300K.
6o - = Insutator
as in
> = «
,ﬂ Laser
arf laser B { Energy
W.naow Meter

*AKS Baratron

Manometer 275  MHz
‘ } Storage
Knj Oscilicstope
—

FIG 1 Schemane diaeram ter the expenimental appatatus




Diluted trimethylamine (14 in prepurified nitrogen
tmanufactured by Matheson) 1s further diluted by mixing
with prepurified nitrogen before admitting into the gas cell.
The gas is slowly pumped by a mechanical pump. The gas
pressure in the cell is maintained constant by continuously
supplving with fresh gas. The flow system will reduce the
impurities possibly produced from the photofragmentation
of trimethvlamine as well as released from walls and elec-
trodes. The gas pressure is measured by an MKS Baratron
manometer. The measurements are performed at room tem-
perature.

The N.. O, (both supplied by MG Scientific Gases!.
N.O, and CF, tboth supplied by Matheson; have minimum
purities of 99.99+ ¢, 99.99 990, and 99.7%%, respec-
tively. These ga« ~ are admitted to the gas cell without
further purtfication.

1. ANALYSIS

When trimethvlamine 1 irradiated by ArF laser pho-
tons, an equal amount of electrons and ions are produced by
a two-photon-ionization process. The electron density pro-
duced is given'* by

n, =an{!dt kv, (1

wherea = 1.5 10 7" cm* "W s the two-photon-icnization
coefficient. n# is the trimethvlamine gas concentration
fcm i, [is the laser intensity W /cm-1, and A is the photon
energy (joules'. (7 -(z1dt is inte srated over the laser pulse du-
ration.

The electrons produced drift toward the anode under
the applied field. The electron dnft velocity 1s much faster
than that of the 1on, so the 10n can be considered as statton-
aryinspace during the electron conduction pulse. If the elec-
tron density 1s high, the electnic field induced by the space
charge may be so large that the applied electnic field is seri-
ously disturbed. This subiect has been discussed in detail
elsewhere.'” In this experiment. the charge density is limited
so low that the applied field 15 not seriously disturbed by the
space-charge-induced field. namely, electrons only move in
the direction toward the anode. Thus, the effective electric
field is approximately equal to the external applied field.

The current induced by the electron motion is given'™'"
by

~D

nry = AeJ n (VW z.0.dz/D, (2)
§)

where 4 15 the plasma area in the plane parallel to electrodes,
D1s the electrode separation. n.12.t 1is the electron density at
a position z from the cathode and at a time 1 after the laser
pulse. and Wizt 1s the electron dnift velocity at z and ¢.
n 201 = n_1s the mitial electron density produced by the
laser tonization of trimethylamine.

If n./E is limited to a low value such that the space-
charge effectis notimportant. B i1z.r ) will approach the equi-
librium electron dnft veloaity B in a short ume after the
laser pulse. Thus, the electron conduction current is equal to

)y =eN il /D, Y
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where N (1) = 4 §},n (2.0 dz is the total number of elecirons
between electrodes. When 1 is much greater than the rise
time of electronics (~ 100 ns), the current is measured* by
the transient voltage as

Vi) = ir)R, {4

where R is the resistor connecting the anode to ground

When an electron attaching gas is added, the conduc-
tion electrons will be attached. The electron conduction cur-
rent thus becomes

1) =eN'()W'e /D, (5)

where N (1) =4 _ﬁz[(:.t idz is the total number of elec-
trons, and 7 is the electron attachment rate of the electron
attacher. The electron drift velocity for the mixture of elec-
tron attacher and buffer gas may be different from thzt of
buffer gas alone.

The ratio of the transient voltages with and withou: the
electron attaching gas is

In(F' /K =W /W) + In[ N uy/N] - {61

For an atmospheric buffer gas, the electron drift veloc-
ity will reach the equilibrium state in a very short timz. so
IntW '/ )can be considered as a constant. In the absence of
electron attachment, the total number of electrons Vi are

Nii=n.AL forei/W Tay

and

Niuy=nAL+! i(l - —ﬁl—) fort>1/W. 7b)
L1
where L is the laser dimension in the electric field direcuion,
and ! (~1 cm) is the distance from the plasma front tc the
anode.

If W' nearly equals W, the ratio of N t0 .}V, wil] be
nearly constant at all times 7. In the case where W'’ 1s very
different from B {asin the case for CF, in N,), weanalvz: the
data only at ¢t </ /W, so that N {r /N (t)1s nearly cons:ant
with time. In any case, the ratio of N [(f )/, (1) i1s nearly
constant for the time duration we choose to analyze the data.
The plot of Ini ¥’/ V) vs 1 thus gives the electron attachment
rate 7.

IV. RESULTS AND DISCUSSION
A.0,

The electron conduction pulse produced by two-photon
ionization of 9 mTorr trimethylamine in 400 Torr N. by ArF
laser photons is shown in Fig. 2(al. The laser energy 1« 9.6
mlJ/pulse. When 20 Torr O, is added, the pulse is shortened,
as shown in Fig. 2tb}. The laser energy is 7.4 mJ/pulsc. The
reduced electric field is kept at E/N =4Td (1 Td =146 "
V cm’} for both pulses, and the separation of electrodes is
kept at 4 cm. The laser energy for the case with O, [Fig. 2ib]
is lower than that without O, [Fig. 2(a)]. but the peak voltage
is higher for the former case. We propose that the increase of
peak voltage is caused by the increase of electron drift veloc-
ity due to O, added to N.. At £ /N = 4 Td. the electron drift
velocity ™ for O, is 2.5 10" em/s which is higher thar 10"
cm/s for N.. Another example would be the drift velociy of
clectrons i air. At £ /N = 4 Td the electron dnft velsaty

[i\_ '.‘




ng

e

- T

P

et aien dom 4

FIG 2 The electron conduction pulses of rar without O. ard b with 20
Torr O 1n 300 Torr N where electrons are produced by two-photon 1o
ration o0 ¥ mTorr tnimethy fanune with Ark laser energies of G.6 and 7 4
ml. pulse, respectivels. The £ 7N 1s fixed at 4 Td.

15" 1.4 10" cm/s which is also higher than that in N.. The
increase of electron dnft velocity by the addition of O, may
thus be expected. The half-width of the current pulse is about
0.8 us which 1s much larger than the response of electronics
{ ~ 0.1 usi, so the peak current is not seriously affected by the
transient response of the experiment.

The ratios of the transient voltages with and without O.
are plotted in Figs. 3iai. 3> and 3¢} for O. pressures of 10.
20.and 40 Torr and the £ .Vof 2, 3. and 4 Td, respectively.
Thelni i /¥ yvalues decrease linearly with 1. The decrease 1s
mainly caused by the attachment of electrons by O.. During
the period of 0.1 < £ < 1 s, the electron density varies slowly
with time, so the In[V[(11/N,17)] term in Eq. (61 is nearly
constant and does not contribute significantly to the de-
crease of In. b /1) with 1. Therefore, the decrease is mainly
due to electron attachment. and the slope measures the elec-
tron attachment rate 7.

Forthe £ /N = 2-10 Td rangestudied here. we find that

7 =AKJ]0.]"~k[O;][N.]. (8

This result 1< consistent with earlier measurements'™ that
clectrons are attached by O. by a three-body attachment
process. The three-body attachment rate constants A, mea-
sured at various £ /.Vare plotted in Fig. 4. The uncertainty is
estimated to be within 307% of each given value. The data
were taken at various trimethylamine concentrations from 2
to 13 mTorr. while the laser energy was kept nearly constant
at a low value. Since the initial electron density is propor-
tional to the trimethylamine concentration, the indepen-
dence of the rate constants on gas concentration indicates
that the charge density is low, and the applied field is not
seniously chisturbed by the space-charge-induced electric
field.'” When the charge density is high, the applied ¢! iric
field could be canceled by the space-charge-induced ficid, so
the measured attachment rate constant is equivalent to the
value at E/N~O.

The data given by McCorkle ¢f al.” are also plotted in
Fig. 4 for comparison. The previous data® were measured by
a different experimental method, in which the electron at-
tachment rate constants were obtained from the O, 1on cur-
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FIG 3. The plots for the ratios of transient voltages measured with and
without O+, }"/ 1, atvarous times atter laser pubses The data was taken at
ta £, N =2Td, withand without 10 Torr O.an 000 Torr N Ok 3T, 20
Torr O, m 300 Torr N andic 3 Td. 30 Torr O.an 300 Torr N

rent. The present data are higher than the values of McCor-
kle e al.." but agree reasonably well with the data of Chanin
er al. which are also plotted in Fig. 4 for comparison.

The reasonably good agreement between the present
data and the earlier measurements indicates that the present
method is a useful alternative method for measuring the elcc-
tron attachment rate coefficient. This good agreement ..1s0
strengthens the assertion that the pulse shortening is due to
the attachment of electrons to O..

B. N.O

The electron conduction pulses with and without 5
Torr N.O in 440 Torr N. are shown in Figs. 5(a) and 5ib),
respectively. The £/.V is fixed at 10 Td. The separation of
electrodes is fixed at 2 cm. (Similar results were obtained
with a 4-cm electrode separation.) The timethylamine pres-
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FIG 4 The three-body attachment rate constants of electrons attached by
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FIG 8 The electron conduction pulses of tar without N.O and (bj with 3
Torr N.Om 430 Torr N, Without N.O the laser energy 15 6.4 mJ/pulse.
The tnmethylamine pressure s fixed at $ mTorr. The E/V is at 10 Td.

sure ts 8 mTorr. Without N.O, the laser energy is about 6.4
mJspulse in the central region of electrodes. When N.O is
added. the transient voltage decreases as shown in Fig. 5(b).
This decrease is probably caused by the absorption of laser
intens'ty by N,O, as discussed below.

The photoabsorption cross section™ of N.O at 193 nm
1sabout 10” " em-. For a path length of 25 cm ifrom the laser
entrance window to the central region of electrodesi used in
this experiment. the laser intensity attenuated by 5 Torr N.O
will be reduced 1o 66 of the value without absorption. This
means that the mnitial electron density produced by laser
photons will be reduced to 43% when N.O is added. The
peak voltages shown in Figs. Sta)and 5{b) are consistent with
this expeciation.

The shortening of the conduction pulse shown in Fig.
S'byris caused by the attachment of electrons by N,O. The
electron dnft velocity does not change signifcantly when
N,Ois added to N,. The electron drift velocities at 10 Td ar
3410 and 8 < 10" cm/s for N.'*and N.O,”! respectively. It
15 expected that the electron drift velocity will increase as
N.O is added. However. this expectation is not observed
from the peak voltages as shown in Figs. Sta)and 5ib). There-
fore, the electron density 1s not affected by the electron drift
velocity. namel, In{ N [iz1/N, 2] 18 nearly constant and
does not contnibute significantly to the decay of the electron
conduction pulse. The siope of int}”"/¥ ) vs ¢t thus gives the
electron attachment rate 7.

Inthe E /N region studied. the electron attachment rate
results'” from the two-body attachment of electrons by N-O
as well as the three-body attachment of electrons by N.O and
N.. namely,

7=k, N0} + k[ N.0}[N.] (9
The results for the /[N,O] values measured at various N.O
pressures are shown in Figs. 6(a)and 6(b)for £ /.V = 2and 10
Td. respectively. The attachment rate constant decreases
with increasing N.O pressure. This phenomenon has been
abserved tn previous measurements.’”

The decrease of /[N.O] with increasing [N.O] is prob.

DT, Y D - L Yy

( lOncrn3/s )
T
|

—_ N 5
(@) L —_
(o] 2 h ~.
= a !
~ b .
=y L bl

N, —~a4

N .

F1G. 6. The /(N0 values for vanied N.O pressuresin 430 Torr Ny E
"= 2Tdand tb) 10 Td

ably caused by the decrease of &, with increasing [N.OJ. The
mechanism for this decrease s attributed'* either to the ef-
fect of N,O on the electron energy distribution or by electron
detachment of O~ by N.O. The detachment rate constant
caused by the direct associative detachment reaction,

O~ + N,O—N.O, +¢ (10)
1s ruled out'" based on its slow reaction rate obtained from

the flowing afterglow study.”” Instead. the detachment is
probably caused by the fast processes

O~ +N,0—NO + NO". (1
NO~ + N,0—NO + N.O < ¢, 12

with reaction rate constants of 210" " and 5.9 10"
em'/s for k"7 and k.. respectively.

The two-body attachment rate constant k., measured at
various £/.¥ are plotted in Fig. 7. 4, is obtained from the
extrapolation of the dependence of 1/[N,0O] on pressure to
[N,O] ~0. and then corrected with & [ [N.]. & is adopted
from Ref. 12, The data of Chaney and Christophorou' at
low £ /Nare also plotted in Fig. 7 for comparnison. The pres-
ent results are consistent with the previous data that are
measured by the swarm method.'” This good agreement
again indicates that the present experiment is a useful meth-
od for the electron attachment rate measurement, and the
shortening of the electron conduction pulse 1s indeed caused
by the attachment of electrons by N,O,

C.CF,

The electron conduction pulses with and without 6.5
Torr CF,an 420 Torr N, are shown in Fags. 8ial and &by,
where the luser energies are 8.4 and 4.2 ml /pulse, respective-
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tv. The trimethylamine pressureiskeptat9 mTorr. The E /N

is fixed at 4 Td. The electrode separation is 4 cm.

When CF, is added to N., the pulse duration is short-
ened and the transient voltage increases, as shown in Fig.
§ib1. The increase of transient voltage is probably caused by
the increase of electron drift velocity. At the same £/.V, the
electron drift velocity for CF, is much higher than that for
N.. Forexample.at £ /.V = 4 Td. the electron drift velocities
are 1.1 10" and 10" cm/s for CF,”* and N.." respectively.
CF, may thus significantly affect the electron dnft velocity
for pure N.. It has been observed-* that the electron drift
velocity increases more than one order of magnitude when a
small amount of CF, is added to Ar.

The two-body electron attachment rate constants 7./
[CF,] are measured for various £ /.\ at several CF, pres-
sures. The electron attachment rate constants increase with
increasing £ /.N. At a fixed £ /.V. the attachment rate con-
stants decrease with increasing CF, pressure similar to the
case of N.O. The two-body electron attachme:.t rate con-
stants obtained by an extrapolation to [CF,] = 0 are shown
in Fig. 9. Similar to the case of N.Q, this decrease may be
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FIG # The electron conduction nulses of 'a without CHyand thh with 6 S
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FIG. 9. The two-body attachment rate constants of eiectrons attached by
CF,in 420 Torr N.at vanous £ /N, The data represent the values extrapo-
lated to the zero CF, pressure.

caused either by the electron detachment process or by the
effect of CF, on the electron energy distribution.

CF, has a high rate constant™** for the dissociative
electron attachment process at £ 7.V > 50 Td. At low £ /N,
the electron attachment rate constant for the thermal elec-
tron has been measured as 7X 107 cm”/s in an early time™*
and later changed™ to < 107" cm’/s. ALE /N = 40 Td. the
electron attachment rate constant is estimated to be
3x 107" em'/s, using t* - electron attachment cross sec-
tion™* " of 6 x 107 " cm* und the electron drift velocity™ of
Sx 10" cm/s. The electron attachment rate constants mea-
sured here {see Fig. 9} are between the value for the thermal
electrons and the value at £/.V = 20 Td.

For the E/N remon studie. elec rons do not have
enough energy for the dissociative clectron attachment pro-
cess. Itis likely that the attachment is due to the formation of
CF, . Verhaarteral."* have suggested that there is a relative-
ly stable state for CF,;” with an electron in a Rvdberg orbital.
Since this experiment measures the electron transient pulse.
the attachment process for a short-lived species could be ob-
served. If the lifetime of CF, 1s longer than the transient
pulse duration {~ 2 us). then the electron attachment rate
due to CF, can be measured. Although the electron attach-
ment is probably due mamnly to CF, . we do not rule out the
possibility that the attachment may be partly caused by im-
purity. The electron attachment rate constants measured at
380 and 200 Torr N, are the same. This indicates that the
impurity. if it exists at all. is not related to the N gas used.
but possibly inherent with the CF, gas used. It was ob-
served” that the electron attachment rate for thermal elec-
trons by the purified CF, sample was much smaller than that
tor the unpurified one. Because of the uncertainty in impari-
ties, we regard the measured attachment rate constants as
the apparent values.

V. CONCLUDING REMARKS

The transient current due to the conduction electrons is
observed in this experiment, which is different from the pre-
vious sswarm method that detects the negative 1ons. Al-
though the measurement methods are different, the electron
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attachment rate constants measured here are generally con-
sistent with other published values. The good agreement
demonstrates that this measurement is a useful alternatived”
method for measuring the electron attachment rates.

This new method has an additional advantage in that it
can measure the electron attachmeni rate due to the forma-
tion of short-lived negative ions. For example, the electron
attachment due to CF, is observed in this experiment,
which may not be detectable by the swarm method because
of the short lifetime of CF, . The transient electron pulsc is
usually in the time duration of ns—us range, and the ion . -
rent pulse s in the ms range. Thus, the lifetime for the nega-
tive ions that can be detected by this experiment is much
shorter than the case for the swarm method.

The current technique of having a short-time scale s
comparable with the method recently developed by Ver-
haart and van der Laan.”™ which employs a N, laser of 0.6 ns
duration to produce primary electrons from the irradiation
of the cathode. The electrons produced by their method are
distributed tn a small volume and require the electron-gas
ionization to obiain a measurable pulse current. This meth-
od 1s thus limited to measure the swarm parameters in the
high E /. region where electrons can gain sufficient energy
to ionize gas. in contrast to the present method that can
measure the attachment rate constants over a wide £ /N
range. The present method produces a large number of elec-
trons uniformly distributed in a large volume that gives a
measurable current signal without electron-gas ionization.
soit can measure the attachment rate constants in the low £ /
N range as well as the high one.

This method is relatively simple so that it can be easily
applied to measure the electron attachment rates for other
molecules in various high-pressure buffer gases such as air.
SF,. and hydrocarbons. These buffer gases are usually used
in high-cnergy and high-rep-rate discharge switches. To ex-
tend the meuasurement to high £ /Nisalsoof interest. At high
E /N, the electron detachment rate is usually large. so the
liftime of a negative ion is expected to be short. The present
method can be applied for this tvpe of measurement, but the
previous method that measures the negative 1on current may
encounter some difficulties.

The increase of the electron drift velocity by adding
attachers isuch as CF,) to a buffer gas is of interest, because
the attachers could simultaneously shorten the conduction
pulse and alvo increase the electron conduction current.
These are important characteristics required >+ bigh-energy
and high-rep-rate discharge switches as well as opening
switches
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SPACE CHARGE EFFECT ON ELECTRON CONDUCTION CURRENT
L. C. Lee and F. L{
Department of Electrical and Computer Engineering

San Diego State University
San Diego, Califormia 92182

ABSTRACT

The electron conduction current due to electron motion between
parallel plates is studied at various charge densities and applied
fields. Uniform charges of known concentrations are produced by
two-photon-ionization of trace trimethylamine in high pressure buffer
gas (N2 or Ar) using ArF laser photons. The space charge can induce
large electric flield to suppress the applied field so that the
duration of the electron conduction current is greatly shortened.
The experimental data are analyzed in accord with the theoretical
calculation of Morrow and Lowke. The probability for electron
leakage from the plasma and the plasma decay time are measured as a
function of the ratio of the initial charge density to the applied
field. Both the electron leakage probability and the plasma decay
time decrease with the increase of the charge to field ratio. The
electron leakage probabilities estimated from the theoretical

calculation agree very well with the present measurements.
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I. INTRODUCTION

Current development of lasers, fusfon, and particle beam
technology requires various electrical switching devices; in
particular, radiation-controlled and electron-beam-controlled gas
discharge devices, which operate at high currents, voltages and

repetition frequencies, are needed. To improve these devices, the

P ——
e e Ta

- physics of high current discharges and the associated initiation and
? recovery phenomena needs to be well understood, and is the subject of

the present study.

In a gaseous medium of high charge density, the field produced

V,ﬁv
el

by space charge can be so large that the total electric field is
disturbed, and the electron transport parameters need to be modified.
The space charge effect on gaseous discharges has been extensively

investigated theoretically by the Swansea group [1-4], Kline [5], and

Morrow and Lowke [6] as well as experimentally by Doran [7], Waters
et al., [8], and Chalmers et al., [9]. These investigations

establish that the electric field induced by space charge plays a

slgnificant role in the discharge. For example, the time lag and

e

spatial profile of discharge growth are strongly affected by space

]
1 charge. Here, we study the space~charge effect on the electron
L
:. conduction current using an experimental method that produces known
L.
' space charge density. It is found that the electron pulse duration
e
| and the electron conduction current are greatly affected by the space
charge density.
High power excimer lasers can produce pulses of high charge
L
i» density by multiphoton-ionization of an organic gas in a high
b,_
{ -1-
b
3
}.
]
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H pressure buffer gas. For example, an electron density of
1015 electrons/cn3 can be produced by two-photon-ionization of 1 torr

3 trimethylamine [(CH N] with a typical KrF laser pulse of 100

3)3
mJ[10]. The coefficients for the two-photon-ionization process have
= been measured for several organic molecules [10], so the electron

n_ density can be determined from the gas density and the laser

E Intensity. This known electron density allows us to study the

effects of space charge on the decay of plasma and the electron

leakage from the plasma ball.

M~

This experiment provides data to compare with the theoretical

—

calculation of space~charge effect by Morrow and Lowke [6], in which

w

initial conditions set for their calculation are very close to the

—

present experiment. The information obtained from this experiment

could also be useful for understanding the pre~breakdown [11] and

1~ pROORE

breakdown [12] processes of gaseous discharges as well as for

developing laser-triggered switching devices [13-15].

t‘ I1. EXPERIMENTAL

In the experiment, intial electron densities are produced by

-

Q two-photon-ionization of a small amount of trimethylamine mixed in

E high pressure of nitrogen or argon using ArF laser photons. The

E’ transient current pulses voltages associated with electron conduction
r‘ are measured as a function of the laser intensity, the trimethylamine

concentration, the laser beam size, the applied field, and the buffer
gas pressure. The dependences of electron pulse duration and

electron leakage current on the ratio of the initial charge density

-2-




to the applied field are obtained.

The experimental apparatus is depicted {n Figure 1. The gas
cell 1is a six-inch diameter 6~way Qluminium cross, The electrodes
are two parallel uncoated stainless steel plates of 5 cm diameter
4 cm apart. The energy of the ArF laser (Lumonics model 861S) is
monitored by an energy meter manufactured by Scientech (model 365).

The charges drift in an applied field produced by a negative
high voltage on the cathode. The electron conduction current induces
a transient voltage across a 1 K2 resistor connecting the anode to
the ground, which is monitored by a 275 MHz storage oscilloscope
(Hewlett-Packard model 1727A). The time response of the electronics
is tested by measuring the electron pulse produced by laser
irradiation on the cathode in vacuum, which is about 100 ns. Each
single transient voltage signal is captured and stored in the
oscilloscope, which is later photographied for a permanent record.

Diluted trimethylamine (1%) in prepurified nitrogen
(manufactured by Matheson) is further diluted by mixing with
prepurified nitrogen before admitting into the gas cell. Gas
pressure in the cell iIs maintained constant by continuously supplying
fresh gas as it is slowly removed by a mechanical pump. This flowing
system reduces impurities that may be produced from the photo-
fragmentation of trimethylamine or released from the walls and
electrodes. The gas pressure is measured by an MKS Baratron
manometer,

When trimethylamine is irradiated by ArF laser photons, equal
amount of electrons and ions are produced by the two-photon-ioniza-

tion process. The resulting electron density is given by [10],

-3-
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n, -c(nf 12(t)dt/t (1)
where o= 1.5)(10-27 cma/watt is the two-photon-ionization
coefficient, n i8 the trimethylamine gas concentration (cm-3), I is

the laser intensity (watt/cmz), and hY is the photon energy (joule).
The square of the 1light intensity is integrated over the laser pulse
duration, which i{s about 10 ns.

Because the laser intensity is uniform over its cross-sectional
area, the initial charges produced by the laser ionization of
trimethylamine presumably distribute uniformly over the laser path
between the parallel plates. The charges later drift out the plasma
region by the applied field. Since the mobility of ion is much
slower than chat of electron, the ion can be considered as stationary
in relative to the electron motion. Thus, the conduction current is
essentially due to the electron motion only.

The current induced by the electron motion is given by [16],
ZO+D
1(t) = Ae n, (z,t)W(z,t)dz/D (2)

where A Is the plasma area In a plane parallel to the electrodes, D
is the separation of electrodes. ne(z,t) is the electron density at
a position z from the cathode and a time t after the laser pulse, and
W(z,t) 18 the electron drift velocity at z and t. The Eq. (2) is
derived under the assumptions that the charges are distributed
uniformly over the A plane, as justified by the facts that the
charges are uniformly produced over the laser volume.

The measured transient voltage is approximately expressed by

-4-




V(t) = 1(t)R (3)

where the external current is assumed equal to the electron
conduction current 1(t). This assumption is justified by the facts
that the capacitance between electrodes is small (~ 0.5 pF) and the
cathode potential is held constant by the power supply. The
transient voltage is a function of the trimethylamine concentration,
the laser power, the applied external electric field, and the N2 gas
pressure. In this experiment, we study the transient voltage bv

varying one parameter a time while other parameters are fixed.

III. RESULTS

A, Trimethylamine Pressure Dependence

Figures 2 a and b show the electron conduction pulses taken at
trimethylamine pressures of 4 and 30 mtorr, respectively. The
applied field is fixed at 69 V/cm and the nitrogen pressure 1is 420
torr. The laser energy for each pulse is about 10 mJ. The beanm
dimension at the center of the electrodes is 1.8 cm along the
electric field and 0.6 c¢m in the perpendicular direction. This
perpendicular dimension is fixed throughout the whole experiment.

At low trimethylamine pressure, the electrons usually move In a
direction toward the anode only (similar to Figure 3a). For 4 mtorr
of trimethylamine the transient voltage has two maxima as shown in
Figure 2a. The relative magnitudes of these maxima vary with laser
energy, gas density, and applied field. As the trimethylamine
pressure increases, the voltage pulse duration becomes shorter as

-5-
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shown 1in Figure 2b. At later times the electron motion can even

change direction, that i1s, the electrons move toward the cathode.
The reason for the pulse shortening and reverse electron motion is
further studied below.

For a laser energy of 10 mJ/pulse and a trimethylamine density
of 4 mtorr, the initial electron density produced 18 about

l.2x109 cm-3. If we take the charge recombination rate constant as

6 cm3/s [17,18], the recombination rate is 6x103 s-l. For pulse

5x10°
durations of a few us (shown in Figure 2), the fraction of electrons
lost by recombination with positive ions is less than 1%. The quick
drop in current from maximum to zero within 1 us (as shown in Figures
2a and b) is apparently not caused by the charge recombination.

The second pulse shown in Figure 2a and the reversed pulsse
shown in Figures 2b are also not explainable by the electron
attachment processes. This process will make the electrons
disappear, so the conduction current would decrease to zero, namely,
the later current peaks would not occur. Thus, the second pulse and
the reverse current observed are definitely not caused by the
electron attachment process.

The observed phenomena are, however, explainable by the space
charge effect. The leakage electrons in the plasma front (near the
anode) and the 1ons left in the plasma tail (near the cathode) can
induce an electric field to cancel out the electric field in the
plasma region. The effective electric field could be reduced to zero
1f the space charges (the leakage electrons and the ions left behind
the plasma tail) are large enough as expected by the calculation of

Morrow and Lowke [6]. When the effective electric field is reduced,
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the drift velocity for the electromns in the plasma region will
decrease. This contributes to the quick decrease of electron
conduction current as shown in Figure 2a after the first peak.

At a later time, the first group of electrons leaving the plasma
front reach the anode and are absorbed. Then the induced electric
field i{s reduced, and the applied field becomes dominant again. The
electrons locked in the central portion of the plasma are again
accelerated by the applied field, producing the second pulse as shown
in Fligure 2a. This explanation 1is consistent with the observation
that the second peak occurs at about 2,2 Ms after the laser pulse,
which corresponds the drift time of electrons from the plasma front
to the anode. The electron drift velocity at E/N = 0.5 Td (as used
for taking the pulse of Figure 2a) 1is about l4x105 cm/s [19]. For a
drift distance of about 1 cm, the electron drift time i{s about
2.5 us, which is consistent wifith the drift time observed.

It 1s suprised that the current is reversed at a later time as
shown in Figure 2b. This 1is a common phenomenon observed at high
initial charge density. One possible explanation for this phenomenon

is that the electric field induced by the charges at the plasma front

and tail may be so large that it overcomes the applied field. Thus,
the electrons in the plasma region move toward the cathode in
opposition to the applied field. Both the pulse intensity and the
pulse duration depend strongly on the charge density and the applied
field. We will further discuss this phenomenon after more

experimental observations are presented.
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B. Laser Energy Dependence

The electron conduction pulse depends strongly on the laser
energy. Figures 3a and b show the pulses observed at the laser
energies of 7.8 and 15 wJ/pulse, respectively. The laser beam cross
section in the central region of the electrodes is 1.8x0.6 cmz. The
applied field is fixed at 686 V/cm. The nitrogen pressure is 418
torr, and the trimethylamine pressure is 18 mtorr.

At a low laser energy, the electrons move only in the direction

toward the anode as shown in Figure 3a. When the laser energy

increases, the pulse duration is shortened, and the electron motion

can reverse (toward the cathode) at a later time as shown in Figure 3b.

The shortening of the pulse duration at high laser energy is
explainable in terms of space charge effect. High laser energies
result in both high charge densities and high induced electric fields,
so the drift velocities of electrons in the plasma region are

reduced or even reversed as explained above.

C. Laser Beam Size Dependence

The space charge effect depends on the plasma dimensions.
Figures 4a and b show the electron conduction pulses produced by beam
areas of 0.75x0.6 and 1.2x0.6 cm2 with laser energies of 9.4 and 17
mJ/pulse respectively. The electric fileld is fixed at 686 V/cm. The
trimethylamine pressure {s 10 mtorr and the nitrogen pressure is 417
torr.

In both experiments (Figures 4a and b), the laser fluxes
(energy/cmz) are about the same, so the initial charge densities are
nearly equal. However, the electron conduction pulse produced by the

-8~




small laser beam lasts longer in the reverse direction than the one
produced by the large beam, indicating that the former one is
affected longer by the space-charge effect than the latter one. This
may be caused by the fact that the leakage electrons last longer for
the small laser beam case, because the distance between the plasma
front and the anode is larger, and the reverse electric field induced
by the space charges thus lasts longer. Again, this result is
consistent with the previous assertion that the reverse current is

caused by the space charge effect.

D. Applied Field Dependence

The electron conduction pulses depend on the applied field shown
in Figures 5a and b for field strengths of 143 and 286 V/cm,
respectively. The laser energy and beam area are fixed at 6.2 mJ and
1.8x0.6 cmz, respectively. The trimethylamine pressure is 18 mtorr,
and the nitrogen pressure is 433 torr.

At a small applied field, the pulse duration is short and the
direction of electron motion can reverse as shown in Figure 5a. When
the applied field is large, the pulse duration becomes longer, and
the electrons move only in the direction of the applied field. These
results are explainable by the space-charge-effect model. The
leakage electrons for the small applied field are smaller than the
large one, as indicated by the fact that the pulse peak in Figure 5a
1s smaller than Figure 5b. However, the small applied field is
easlly overcome by the space-charge-induced field, so the space
charge effect may in fact become more prominently. Thus, the pulse

duration, at the small applied field, is shortened by the space-

-9 -
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charge-induced fields and the electron conduction current is even
forced to reverse as shown in Figure 5a.
When the applied field is high, the fraction suppressed by the

space-charge-induced field becomes small, so the electron conduction

pulse is less affected by the space charge. This expectation 1is
consistent with the pulse shown in Figure 5b, in which the electrons
only move in the direction toward the anode, namely, the applied
field {s not overcome by the space-charge-induced field. These
results suggest that the electron conduction current is not dependent
on either charge density or the applied field alone, but on the ratio

of them. This point will be further discussed later.

E. Buffer Gas Dependence

The magnitude of the space charge effect on the electron
conduction current depends on the buffer gas used. Figures 6a and b
show the electron conduction pulses for the buffer gases N2 and Ar,
respectively. The experimental parameters for Fig. 6a are a laser
energy of 8.8 mJ/pulse, a beam size of 3x0.6 cmz, an applied field of
134 V/cm, a trimethylamine pressure of 18 mtorr, and a nitrogen
pressure of 408 torr. The experimental parameters for Fig. 6b are
similar to Fig. 6a except that the trimethylamine pressure is 30
mtorr and the buffer gas is changed to Ar at 400 torr.

In general, the space charge effect is more prominent in Ar than
in NZ' This may somehow relate to the electron kinetic energy. At
the same E/N, the electron kinetic energy in Ar is higher than that

in N2 [19], so more electrons may leak out from the plasma ball in Ar.
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Iv, DISCUSSION

The present experimental conditions are very similar to the ones
used for the theoretical calculation of Morrow and Lowke [6], 1in
which the separation of parallel plates is 3 cm, the applied field is
5.58x103 V/cm, and the initial charges of equal iong and electrons
are distributed uniformly over the central region between the
parallel plates. The plasma ball was approximately a cube of a
diameter of 0.5 cm on the plane perpendicular to the applied field
and a Gaussian profile of 0.35 ¢m half-width along the applied field.
The densities of electrons and fions were described by the continuity
equations in one-dimensional conservative form, in coupling with the
three-dimensional solution of Poisson's equation. The electron
densities and the space-charge-induced fields were calculated as a
function of time for three initial plasma charge densities of

5x106, 2.5x1010, and 5x1011 cm—3. For the initial charge density of

5x106 cm-3, the space-charge-induced field is small, so the electrons
drift toward the anode under the applied field without serious
distortion. When the initial charge density increases, the
space-charge-induced field becomes large and seriously distorts the
electric field. For the initial charge density of 5x1011 cm—3, the
space-charge-induced field can cancel out the applied field in the
plasma region, so the drift velocity for the electr.ns locked inside
the plasma region is essentailly reduced to zero. These theoretical
expectations are consistent with our experimental observations. We
analyze the observed transient pulses in arrord with the thoretical

calculation [6] as below.
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Equal densities of i1ons and electrons are initially produced by
the laser ionization of trimethylamine that distributes uniformly
over space. The charge densities can be calculated by Equation (1).
In the beginning, the electrons drift toward the anode by the applied
field. Since the electron drift velocity is much faster than irn
drift, the ions can be considered stationary for a short time period
after the charges are produced. As soon as the electrons move,
electrons appear at the plasma front and positive ions are left
behind the plasma tail as shown in Figure 7a. Accordingly, the
resulting space-charge induced fields are added to the applied field
(Figure 7b). The induced electric field E1 (produced by space charge
alone) as a function of distance from the cathode is sketched in
Figure 7c¢c. The effective total electric field Ee = E + Ei at some
time after the laser pulse is shown in Figure 7d.

For a high charge density, the theoretical calculation [6]
predicts that the total electric field in the plasma region can be
reduced to zero. However, in order to interpret the observed reverse
current as shown in Figures 2b, 3a, 4ab, 5a and 6ad, 1t requires
|E1| > E , namely, the effective total 7'21d is against the applied
field so that the electrons in the plasma region move toward the
cathode. The current reverse may couple with the external circuit,
To understand this phenomenon, it requires more theoretical and
experimental analysis which will be pursued in the near future.

The magnitude of the electron conduction current gives
information for the electrons leaked from the plasma. And, the pulse
duration indicates the decay time of plasma Iin an external field. We

derive these information from our observed data below.
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A. Dependence of Leakage Electrons on neig

For a low charge density, the space charge effect is negligible,
and the electron drift velocity is a constant. Thus, the electron

conduction current can be derived from Equation (2) as
1= eN_ WD (4)

where Ne is the total electrons initially produced by laser ioniza-
tion. For a high charge density, the electrons Iinside the plasma
ball are motionless as soon as the space-charge-induced field cancels
out the applied fields. Only the leakage electrons between the
plasma front and the anode contribute to the conduction current.

Thus, the electron conduction current reduces to
1(t) = e Nq(t) W/D (5)

where Nq(t) is the number of leakage electrons as a function of time.
We determine the number of electrons from the measured electron
conduction current using Equation (4) or (5). For a low initial
electron density, the Ne determined from the electron conduction
current agrees with the value calculated from the two-photon-
fonization formula (Equation (1)) using the laser energy and the
trimethylamine concentration measured. This good agreement ensures
that we can certainly determine the initial electrons of high
density from the calculation, although the space charge effect may
prevent us from measuring it experimentally.
For a high charge density, the electron drift velocity W is less
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defined, because the electric field {8 greatly distorted by the
space-charge-induced field. As ghown in Figure 7d, the effective
electric field in the region from the plasma fromt to the anode is
higher than the applied field, so the effective W value is expected
to be higher than the one measured at the applied field. However,
for the region of E/N studied, the electron drift velocity is not so
sensitive to the variation of E/N [19]. Thus, for a first
approximation, we take the W value measured at the applied E/N for
the calculation of Nq(t) from Equation (5). The ratios of Nq/Ne are
plotted as a function of ne/E in Figure 8 where Nq 1s measured at the
pulse peak and Ne 1s calculated from the laser energy and the
trimethylamine concentration. The Nq value represents the total
number of conduction electrons leaking out from the plasma. At a low
charge density, Nq will equal to Ne, so the ratio will approach to 1.
At a high charage density, the electrons inside the plasma are
locked, so Nq represents the maximum electrons leaking from the
plasma, namely, Nq/Ne represents the fraction of leakage electrons.

The data shown in Figure 8 were measured at three nitrogen
pressures of 208.4, 432.5 and 647.5 torr. The laser size was fixed
at 1.8x0.6 cm2 passing the central region of the plates separated at
4 ecm. The trimethylamine was fixed at 18 mtorr. The laser energiles
varied in the range of 4.4 - 9.4 mJ/pulse, corresponding to the
initial charge densities of (1 - 4.4) x 109 cm-3. The applied field
varied in the range of 7 - 720 V/cm.

It 18 of interest to compare the measured data with the
theoretical calculation of Morrow and Lowke [6]. At ne/E = 9x102 e/V
. cmz, the calculated electron motion 1is free from the space charge

-14-
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effect, so the Nq/Ne ratio is equal to 1. At ne/E = 4.5x%x10
the space charge effect takes place, the calculated Nq/Ne value
estimated from Fig. 2c¢ of Reference 6 at 60 ns after the charges
being produced is 0.26. This 60 ns corresponds the electron
conduction current reaching the peak which is used for determining
our data shown in Fig. 8. At ne/E =9 x 10’ e/V émz, the space
charge effect is very large so that the electrons inside the plasma
become motionless. The calculated Nq/Ne value estimated from Figure
2e of Keference 6 at 40 ns after the charges being produced is 0.07.
These calculated values are also plotted in Figure 8 for comparison.
The agreement is suprisingly good, although the uncertainties
finherent in both experimental measurements and theoretical
calculations are high.

The applied fields and charge densities used in the theoretical
calculation are two or three orders of magnitude higher than the
values used in this experiment. However, the Nq/Ne values in terms
of ne/E agree very well, indficating that the ne/E is a good parameter
for describing the electron leakage from plasma under an ajplied
field. The Nq/Ne data measured at different N2 pressures are about
the same for each ne/E value (within experimental uncertainty) as
shown Iin Figure 8. These results suggest that the electron leakage
probability is a single function of ne/E. This assertion could be
reasoned below.

The electron leakage from the plasma will stop if the effective
electric field inside the plasma is reduced to zero, namely, the
applied field E i8 cancelled out by the space-charge-induced field Ei’
The Ei is proportional to the leakage electons, {.e.,

-15-
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Ei(z,t) = g(z,t) Nq(t) (6)

where g(z,t) is a geometric function that converts the space charges
into electric fileld, for example, g(z,t)"jéx if Nq(t) distributes
uniformly over a large plane of area A,

At the time of pulse peak, the E1 almost reaches the level of E

so that

N = E/g (7)
and thus,

-1
Nq/Ne ~ (ne/E) (8)

This expectation Is consistent with the data that at

8
n /E ) 10

e/V o cm2 the slope of ln(Nq/Ne) versus 1ln (ne/E)
approaches -1, This good agreement in turn further supports that the

ne/E i1s a useful parameter for the characterization of the electron

leakage from plasma under an external electric field.

B. Dependence of Pulse Duration on neiE

As shown 1in Figures 2-6, the electron conduction current may
reduce to zero. The time duration, At, from the laser pulse to the
first zero current is much shorter than the electron drift time from
the plasma front to the anode. The zero current is not caused by
electron loss to the anode, but by the zero average electron drift

velocity, namely, the electron drift velocity in the plasma front to

-16-
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anode region is cancelled out by the electron drift velocity in the

plasma region. As soon as the electron drift velocity is reduced to
zero or reversed, the plasma will decay out, thus the pulse duration
of the electron conduction current is a measure for the plasma decay
time. The pulse duration decreases as ne/E 1ncreasgs as shown in
Figure 9. These data are obtained from the same set of data used for
determining the Nq/Ne ratios. The pulse duration is likely a
function of ne/E, which is reasoned below.

When the charges are initially produced by the laser ilonization,
all the electrons will drift by the applied field. The motion of
electrons In the plasma region will start to stop when the effective
electric field falls to zero, i.e., when E, = -E. At this time, the

i

electrons that move away from the plasma are approximated by

q = Aenew At (9)
thus combining with Equation (6), we have

E = |E1| = ghAen VW At (10)
or

De -1
At o (=) (11)
This equation suggests that the plasma decay time {s a function

of ne/E, and the decay time will decrease with increasing ne/E. This

expectation agrees qualitatively with the data shown in Figure 9, in

-17-
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which the observed pulse duration decreases with increasing ne/E.
The At value of 200 ns in the high ne/E region 18 the limit of the
electronics response time. The observed slope of 1n (At) versus
in (ne/E) is much smaller than the value of -1 as expected from
Equation (11). This indicates that the effect of the pulse duration
by space charge may be more complicated than this simple model
described. Another reason for the small slope may be caused by the
long electronics response time, because the pulse durations in the
high ne/E region may in fact be shorter than the At measured. More
studies on the plasma decay time are desirable.

The plasma frequencies for the initial charge densities are in
the range of (1-3)x108 s—l. These frequencies are too fast to be
observed by the slow electronics response of the present experiment.

At this moment the contribution of the plasma oscillation to the

observed current behavior is not known.

V. CONCLUSION

The electron motion in an applied field is studied by monitoring

the electron conduction current with an external circuit. The
electron conduction current pulses are observed at various laser
energlies, trimethylamine concentrations, applied fields, N2 and Ar
pressures. It is observed that the electron motion is seriously
affected by the space charge. The space-charge-induced field can be
so large that it may totally cancel out or even be higher than the
applied field Iin the plasma region. The electron conduction current

may thus be stopped or even forced to reverse {ts direction by the
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space-charge-induced field.

Taking the advantage of the initial charges of ions and
electrons being uniformly distributed, the probability for the
electron leakage from plasma and the plasma decay time are studied in
this experiment. The theoretical calculation of the space charge
effect by Morrow and Lowke [6], who use similar inigial conditions as
the present experiment, is adopted as a basis for the analysis of the
data observed.

It is found that the ratio of ne/E is a good parameter for the
characterization of the electron leakage current and the plasma decay
time. For high ne/E, the electron leakage probability is inversely
proportional to ne/E as expected from a simple model. The observed
electron leakage probabilities are consistent with the theoretical
calculation of Morrow and Lowke [6].

The plasma decay time 1is measured by the pulse duration of
electron conduction current. It is found that the decay time
decreases with increasing ne/E. However, the decrease rate is much
slower than that expected from a simple model. The discrepancy may
be in part caused by the slow electronics response, from which the
true pulse duration may not be obtaiend. Further investigation on
this subject is interested.

The duration of electron conduction 1s one of the important
parameters required for designing some discharge switches with
specified characteristics, such as high repetition rate switches and
opening switches. The pulse duration could be shortened by the space
charge effect observed in this experiment. The data shown {in Figure
9 could be used for estimating the pulse duration affected by the

-19-
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space charge in various discharge switches.
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FIGURE 1

FIGURE 2

FIGURE 3

FIGURE 4

FIGURE 5
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FIGURE CAPTIONS

Schematic diagram for the experimental apparatus.
The electron conduction pulses produced by
two-photon-ionization of (a) 4 mtorr and (b) 30 mtorr of
trimethylamine in 420 torr NZ' The laser energy 1is about
9.8 mJ/pulse and the laser beam cross section at the
central region of electrodes is 1.8x0.6 cmz. The applied
field is 69 V/cm,
The electron conduction pulses produced at laser energies
of (a) 7.8 mJ/pulse and (b) 15 mJ/pulse. The laser beam
size 1s 1.8x0.6 cm2 at the central region of electrodes.
The trimethylamine pressure is 18 mtorr and the
N2 pressure is 418 torr. The applied field is 686 V/cm.
The electron conduction pulses produced at beam sizes of
(a)l.1x0.6 cm2 and (b) 1.8x0.6 cm2. The laser energy per
unit area is nearly the same for both cases
(14.2 mJ/cm2 and 16.1 mJ/cm2 for (a) and (b),
respectively). The trimethylamine presssure is 10 mtorr
and the N2 pressure is 417 torr. The applied field 1is
686 V/em,
Electron conduction pulses at applied fields of (a) 143
V/cm and (b) 286 V/cm. The laser energy 1s fixed at 6.2
2

mJ/pulse and the beam size i3 1.8x0.6 cm~. The

trimethylamine pressure 1is 18 mtorr and the N2 pressure

is 433 torr.
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FIGURE 6

FIGURE 7

FIGURE 8

FIGURE 9

L A T o e

The electron conduction pulses using buffer gases of (a)
N2 and (b) Ar. The laser energy is fixed at 8.8
mJ/pulse, and the beam size is 3x0.6 cmz. The
trimethylamine pressure is 18 mtorr and the nitrogen
pressure is 408 torr. The applied field is 134 V/cm.
The effective electric field acting on the plasma.

(a) electrons and ions produced by two-photon-ionization
of trimethylamine with ArF laser photons. {(b) the
applied electric field. (c¢) the space-charge-induced
field at the plasma front and tail. (d) the total
effective electric fleld.

The ratios of the leakage electrons, Nq’ to the initial
electrons, Ne’ versus ne/E. The data are taken at the

N2 pressures of 208.4 torr (@), 432.5 torr (A), and 647.5
torr (¥). The theoretical results (0) of Morrow and
Lowke are plotted for comparison.

The time durations At of electron conduction pulses at
various ne/E values. The pulse duration 1s measured from
the laser pulse to the first zero of the conduction
current. The data are taken at the N2 pressures of 208.4
torr (@), 432.5 torr (A) and 647.5 torr (¥). The

original data are the same for both Figures 8 and 9.
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LONGITUDINAL DIFFUSION COEFFICIENTS OF

ELECTRONS IN Ar AT HIGH E/N

F. L1 and L, C. Lee .
Department of Electrical and Computer Engineering
San Diego State University
San Diego, CA. 92182-0190

ABSTRACT

The parameters for the diffusion of electron swarm in Ar were
measured using a parallel-plate drift-tube apparatus. Electron
swarms were produced by irradiation on cathode plate using an ArF
laser. The electron motion between electrodes was monitored by the
transient anode current. Swarm parameters were obtained from the
transient waveform analyzed with the Boltzmann transport equation.
The electron drift velocity and the electron ionization coefficient
obtained from this experiment are comparable with the values measured
by other techniques. The longitudinal diffusion coefficients measur-
ed in this experiment for E/N in the 30-300 Td region agree with
theoretical calculation. At E/N = 100 Td, the product of the Ar
density and the longitudinal electron diffusion coefficient is

3 x 1022 ctn'-ls-l

PACS Index: 52.25 Fi, 52.20 Fs, 34.80 Bm, and 51.50 + V
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I. INTRODUCTION

The importance of knowing the electron swarm parameters of
various gases has been emphasized in several recent papers
(Kucukarpaci et al 1981, Fletcher 1981, Christophorou et al 1982a,
and Schoenbach et al 1983). The information could be used for
modeling modern electronic devices such as glow discharges, gas laser
discharges, and laser-controlled discharge switches.

The electron motion in a gas 1s characterized by the electron
drift velocity and the coefficients of electron diffusion, attach-
ment, detachment, excitation, ionization, and recombination. The
collective coupling between these parameters is so complicated that
our understanding of this subject is far from complete. The electron
motion in inert gases is relatively well studied, because it is some-
what easier to analyze than the case of other complex molecules. Ar
is the kind of gas whose electron swarm parameters are extensively
studied in both experiments (Nielsen 1936, Engelhardt and Phelps
1964, Pack and Phelps 1961, Kruithof 1940, and Wagner et al 1967),
and theorectical calculations (Lowke and Park, Jr. 1969, Ismail and
Gaiamoon 1979, Sakai et al 1977, and Tagashira et al 1977).

Among all electron swarm parameters of Ar, the electron drift
velocity is most well studied. 1In contrast, the electron diffusion
coefficient is little known. Wagner et al (1967) have measured the

longitudinal diffusion coefficient D, at E/N lower than 4 Td using

L

the time of flight technique. However, there are no experimental

data at high E/N. Sakai et al (1977) and Tagashira et al (1977) have

P ST S S . ...-.4...‘“.,;{
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calculated some DL values at high E/N employing Monte Carlo techni-

ques as well as numerical solutions of the Boltzmann equation. The
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calculated DL values are compared with our measurements in the E/N =

30-300 Td region.

v

r_ There are several experimental methods (Huxley and Crompton

¢ 1974) used for measuring electron swarm parameters,'such as the
steady-state and the pulsed Townsend experiments as well as the time
ig of flight technique. The measured electron swarm parameters may

f depend upon the type of experiments as suggested by Sakai et al
(1977) and Tagashira et al (1977). Our experiment is in principle

L similar to the pulsed Townsend experiment. Electron swarms were
produced by irradiating cathode with ArF laser photons. The electron

swarm motion between electrodes was monitored by a transient voltage

,G signal that was analyzed to obtain electron swarm parameters.
g II. EXPERIMENT
(

The experimental setup for a parallel-plate drift tube apparatus

is shown in Figure 1. The electrodes were made from stainless steel

™

plates of 5 cm in diameter and their separation could be varied in

[

;i the 0-10 cm range. A negative high voltage was applied to the

1 cathode. A resistor of R = 50 () connected the anode to the ground.
° The voltage across the resistor was monitored by a 275 MHz storage

: oscilloscope (Hewlett-Packard model 1727A). A 100 pF capacitor

’

F across the resistor was used to attenuate high frequency RF noise

F' produced by the spark gap discharge of excimer laser. The circuit RC

time constant of ~ 10 ns is much shorter than the electron drift time

° -3-
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from the cathode to the anode. The RF noise was further reduced
using an oscilloscope bandwidth of a rise time about 17 ns.

The Ar gas of purity better than 99.9982% was introduced into the

s
y

s

(9

f gas cell without further purification. The gas in the cell was

h slowly pumped out by a Roots blower pump, and the gas pressure was
kept constant by supplying with fresh gas. The flow system will
reduce the impurity that may release from walls and electrodes. An
;(g MKS Baratron was used to measure the gas pressure. The transient
signal was taken at a stable pressure that fluctuated less than

tlZ of 1ts average value in one minute.

1 The initial electron swarm was produced by irradiating the
cathode with ArF excimer laser photons (Lumonics Model 816S). A
similar electron production method was used by Christophorou et al
(1982b) to study the electron motion in NH,. In their case, the

3

photocathode was coated with palladium to increase electron emission.

However, in the present measurements the steel cathode produces
sufficient electrons to give measureable signals, so it is not coarced.
The laser pulse width was about 10 ns, which was smaller than

the typical transient voltage signal of about 200 ns. The initial

electrons were drifted toward the anode under an applied electric
field. The overall pulse width of the laser pulse and the system

response was about 20 ns, as checked by the laser irradiation on the

o
g cathode in vacuum. Each single transient voltage signal was captured !
[ |
and stored 1n the oscilloscope. The transient signal was later taken {
by photography for a permanent record.
®
L
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I1I. RESULTS AND DISCUSSION

A. Data Analysis

The transient voltage signals at various E/N and pressures for
an electrode separation of h = 2.3 cm are shown in Figure 2. At low
E/N, the voltage signals last several hundred ns, and then gradually
decrease to zero. As E/N increases, a hump develops at the later
time. The higher the E/N, the earlier the hump occurs. The
transient voltage is fitted by a theoretical modeling as follows.

The electron density, n, between electrodes can be described by

the Boltzmann transport equation (Huxley and Crompton 1974) as,

2 2 2
on 9n  dn 3 n an
-— 4+ D(——4—) + D —— =-We—+o0a,. n=20 (1)
at 8x2 ay2 L ,2 9z i

where z is in the direction of the electric field, D and DL are the
transverse and longitudinal diffusion coefficients, W is the electron
drift velocity, and ai is the ionization rate for electron impact on

Ar., oy is related to the Townsend primary ionization coefficient, @ ,

by

o, =@ W - aDL) (2)

This relation takes into account the diffusion effect for the mean
electron drift (Hurst and Liley 1965, Crompton 1967).
Since the sizes of electrodes are much larger than the electrode

separation h, we may consider that the electric field between

-5- ‘
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electrodes is nearly uniform. The solution for the electron density,

(Huxley and Crompton 1974) which satisfies the boundary conditions of

n=0 at z=h and n*0 at z=0, is

NoexP(— 92/4Dt) [ (z - Wt)2]
n =

z exp - 4D_¢t
(4nDt)(4ﬂDLt)EWt | L

2 a.t
+ (z - 2h) exp (z - Wt)~ + 4h(h z)] e I

4DLt

where Pz = x2 + y2, and NO is the initial electrons produced by
excimer laser photons. This formula has been used to analyze the
electron density for the type of pulsed Townsend experiment. This
experiment is very similar to the pulsed Townsend experiment, except
for the initial electron pulse being shorter ani the E/N being higher
in the present measurement.

The electron motion will induce an anode current equal to

(Raether 1964),

i(t) =

T
o\

erzf n 2mpdp (4)

(=]

where the electrode sizes are assumed to be very large.
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The transient voltage is thus given by

v(t) = i(t)R

N_eR h 2
0 (z - Wt)
2nt(nD_t) e ‘/; [ 4Dt ]

(5)

h 2 a.t
+f (z - 2h) exp [M-(Z_Zh-wu]dz el
0

DL 4DLt

There are four parameters involved in Eq. (5), namely, No, W,

DL’ and O . These parameters are obtained by a best least square fit

of the transient voltage waveform with Eq. (5). The fitting

procedure starts with arbitrary values of W and DL‘ and the No and

o, are simultaneously adjusted to best fit the waveform with Eq. (5).

i

The standard deviation of the best fit values from the experimental
data is calculated for each set of W and DL’ The W and DL values are
then varied in a pre-selected but arbitrary range. For all sets of W

and D the standard deviations are calculated and compared. It is

L’
found that for the smallest standard deviation the W and o values are
generally consistent with the published data within 20X (see Section
B and C).

An example for the comparison of experimental data with the best
fit calculation is shown in Figure 3. The data vere taken at E/N =

"7v cnz), h = 2,3 cm and Ar pressure of 2.04 torr.

89.9 Td (1 Td = 10
Note that the initial spike of Figure 3 is & property of the integral

function of Eq. (5). The initial electrons back diffusion to the

-7-
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cathode will enhance the spike. This spike has been observed long
ago by Hornbeck (1951) in the pulsed Townsend experiment. This spike
also serves as an indication of the initial time, t = 0, when laser
pulse strikes on the cathode.

Whealton et al (1977) have developed a new model to describe the
electron motion in parallel-plate drift-tube experiments. We have
also used the simplified equation [Eq. (3.5) in Whealton et al
(1977)) to analyze the transient voltage waveform. The parameters
obtained from this new model are consistent with the results obtaied
from Eq. (5). However, the sensitivity of fitting the waveform by

varying D, from the best fit value is low, indicating that the

L
simplified equation is not adequate. It is expected that the more
elaborated equation [Eq. (3.3) in Whealton et al (1977)] will fit our
data better., The electron transient current calculated by the Monte
Carlo technique as illustrated in Figure 9 of Whealton et al (1977)
is very similar to the transient pulses observed inm this experiment.
However, some of the parameters used in the theoretical model are not
clearly defined in our experiment. It will introduce more uncertain-
ties if we freely adjust the parameters. Thus, we adopt Eq. (5) for

analyzing the transient voltage waveform. The results for the swarm

parameters obtained are described below.

B. Electron Drift Velocity

The electron drift velocity is extensively studied in electron
swarm experiments. The data of the electron drift velocity are more
reliable than other electron swarm parameters. In this experiment,

the W values are obtained from the best least square fit of transient

-8-
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waveforms with an arbitrary choice of infitial W and DL values. The W
values obtained are in general consistent with 20X of the published
data of Jager and Otto (1962) and Brambring (1964) as shown in Figure

4.

C. Ionization Coefficient

The oy values are determined from the best least square fit of
transient waveforms. They are used to calculate the Townsend primary
ionization coefficients, @ , using Eq. (2). The o/N values obtained
at Ar pressures of 1, 2, and 4 torr are plotted in Figure 5 for
various E/N. The previous data of Kruithof (1940) are plotted in
Figure 5 for comparison. The current results are in general consis-

tent with Kruithof's data.

D. Longitudinal Diffusion Coefficient

The longitudinal diffusion coefficient of electrons in Ar at
high E/N are very little known. 1In order to ensure the reliability
of the electron diffusion coefficient, we fix the electron drift
velocity and the fonization coefficient in the waveform analysis as
the averaged values shown on the solid lines of Figures 4 and 5,
respectively. The longitudinal diffusion coefficients are obtained

from the best least square fit of transient voltage waveforms with DL

as variable. 1In this case, the No values are obtained from normaliz-
ing the computed transient waveform with the experimental data. The

variation of DL is sensitive to the fitting similar to that of the

W values. On the other hand, the variation of ai is less sensitive

to the fitting. The uncertainties for the DL values caused by the
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analysis are estimated to be within * 301 of the given values.

The DL values for various Ar pressures at E/N = 70 Td are shown
in Figure 6, where the electrode separations are h = 1.1 and 2.3 cm.
The error bar represents the standard deviation of several DL values
measured. The DL values for h = 2.3 cm (Figure 6a) are higher than
that of h = 1.1 ecm (Figure 6b). Nevertheless, the dependences of DL

on Ar pressure are similar for both electrode separations. The DL

values decrease with increasing Ar pressure. For pressures larger

than 3 torr, the DL values are nearly constant. The data for each

electrode separation can be approximately represented by

L N oy (6)

where 8 and Y are constants.

The measured DL does not approach to zero at high Ar pressure,
8o it is not the true electron diffusion coefficient. We may define
the measured DL value as an apparent diffusion coefficient. The
first term in Eq. (6) is inversely proportional to the Ar density.
This is likely caused by the collision of electron with Ar, which is
the true electron longitudinal diffusion coefficient. The B data
obtained at variofus E/N are shown in Figure 7, where the experi-
mental data were taken at h = 1,1 cm. The error bar shown in figure
7 represents the fluctuation of DL measured at different experiments.

The true uncertainty of D, may be as large as a factor of 2. There

L
are no experimental data for the B values in the current E/N region.

However, theoretical calculations are available as discussed below.

-10-
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Tagashira et al (1977) have calculated the longitudinal electron

diffusion coefficients of Ar at high E/N using both the Monte Carlo
techniques and the numerical solutions of the Boltzmann equation.
The swarm parameters for the pulsed Townsend experiment were calcu-
lated (Sakai et al 1977 and Tagashira et al 1977). .Since the present
experiment is in principle similar to the pulsed Townsend experiment,
the present data are comparable with the calculated results. The
diffusion coefficient calculated for the PT experiment (Tagashira
1977) plotted in Figure 7 for comparison. In their calculation only
the diffusion caused by electron and Ar collision was considered.
Their calculated NDL values are equivalent with thefvalues measured
in this experiment. As shown in Figure 7, the measurements agree
with the theoretical calculations within experimental uncertainty.
Considering the difficulties inherent in both experiments and
theoretical calculations, this agreement is surprisingly good. These
results indicate that the analysis method used here has a certain
merit, although this analysis is only an approximate one. The data
measured by Wagner et al (1967) at low E/N are also plotted in Figure
7 for reference.

At high Ar pressure, the first term in Eq. (6) becomes small, so

the apparent diffusion coefficient D, approaches constant, Y. The Y

6

L
values shown in Fig. 6 are 5.6 x 105 and 1.2 x 10

cm2/8 for h = 1.1
and 2.3 cm, respectively., The constant may be somehow related to the
width of the initial electron swarm. The work function for a clean
iron film i8s about 4.5 eV (Cardwell 1953, Kobayashi and Kato 1959,
Eastman 1970, Ueda and Shimfzu 1972). The work functfon for the

steel electrode used in this experiment is expected lower than that

of clean iron, possibly in the range of 4 eV. The photoelectrons

-11-




produced by the 193 nm laser photons (6.4 eV) thus carry kinetic
energy in the range of 0-2.4 eV. The electrons could have an initial
velocity up to 108 cu/8 that is one order of magnitude higher than
the electron drift velocity. Ejection of these high energy photo-
electrons into space may cause the initial width of the electron
swarm larger than WAt, where At 1s the laser pulse duration. Because
of high electron kinetic energy, the initial width of electron swarm
may not depend on the gas pressure. This initial width will result
the Y term that does not depend on Ar pressure. The initial electron
ejection process may be equivalent to the diffusive process, so its
contribution to the total diffusion coefficient 1s additive.

Braglia and Lowke (1979) have concluded from their calculation
that the diffusion coefficient will depend on the electrode position.
The electrode effect is very complicated and difficult to estimate.
This effect may have some contribution to theY term. Furthermore,
the ions produced by the electron ionization of Ar could modify the
electric field and affect the swarm parameters near the anode.
Although the space charge effect is estimated to be not serious in
this experiment (discussed below), its effect on the diffusion

coefficient is, however, difficult to assess.

E. Space Charge Effect

At high E/N, the effect of space charge on the measured
parameters deserves a special concern. The magnitude of this effect
can be estimated from the electron density between electrodes that

can be determined from the transient voltage pulses shown in Figure

-12-
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2. The electron densities estimated are about 10 cm for low E/N
and 108 c-"3 for high E/N. These electron densities are smaller than
9 -3

the limit of charge density (Raether 1964) of 10" cm that may
induce significant space charge effect. Thus, the space charge
effect 18 not expected to play a significant role in this experiment.

To further show the DL values being not affected by space
charge, the transient voltage waveforms were observed at various
laser intensities. The electron density increases with the laser
intensity, so the space charge effect may appear at high laser
intensity. The longitudinal diffusion coefficients obtained from the
transient voltage waveforms at various laser intensities are shown in
Figure 8. The data were taken at E/N = 70 Td, h = 2.3 cm, and Ar
pressures of 3.7 and 5.4 torr. The laser intensity changes pearly an
order of magnitude, but the DL values do not avry more than the
experimenta! uncertainty. The measred DL values are thus not
affected by the space charge.

At high gas pressure and high E/N, the charge density produced
by an electron ionization of Ar may be so large that the space charge
effect may play a significant role, and electron swarm parameters may
be affected by the large space charge density. This problem will be

further investigated.

F. 1Initial Electrons Produced by Excimer Laser
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The number of electrons initially produced by laser irradiation
on the cathode will be a function of the laser intensity, the natuare
of cathode material, and the electric field. During the time of

laser irradiation, the electrons ejected earlier from the cathode

~13-
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will exert a.repulsive force on those ejected later(Penning 1957)
Also, the ejected electrons are pulled back by the image force of
electrode. These forces will decrease the number of i{nitial photo-
electrons entering the space. These forces can be overcome by

increasing the applied electric field. At high electric field, the

2 - RSAIRE —

electrons may gain enough energy to lonize Ar to produce slow moving

U*'v":',
P N

[

positive ions that will neutralize electron charges near the cathode.

v
Pt

Thus, the electrons will leave the cathode region more easily at high
electric field. The initial electrons ejected into space are expect-
ed to increase greatly with increasing electric field.

The initial electron density Noe measured at various E/N for Ar

pressures of 1 and 2 torr are shown in Figure 9. The laser intensity

and the electrode separation were kept constant in the experiment.

Noe increases with (E/N)I'S. At a fixed E, N e is proportional to

Nl's. The net result is that Noe is proportional to El'5 only,
namely, the number of initial electrons are independent of the gas
pressure studied. This result lends some support to previous
assertion that the initial width of electron swarm is not affected by

gas pressure, 80 the electron diffusion coefficient has a constant

term added on.
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FIGURE CAPTIONS

FIGURE 1. Schematic diagram for the experimental apparatus.

FIGURE 2. The transient voltage signals measured at various E/N
and Ar pressures. The scales of signal amplitudes are
indicated on the right-hand side.

FIGURE 3. Comparison of the transient voltage waveform (solid
line) with the best least square fit calculation (e).
The data were taken at E/N = 89.8 Td, h = 2.3 c¢m, and
Ar pressure of 2.04 torr. The waveform was fit by Eq.

8

(5) with N = 6 x 10 electrons, W = 6.7 x 106 ca/s,

o, = 2.45 x 109 s71, and D, = 1.28 x 10% cal/s.

FIGURE 4. Electron drift velocity as a function of E/N. The
data (W) are obtained from the best least square fit
of the transient waveforms, (¥ ) from Nielsen (1936),
(&) from Jager and Otto (1962), and (®) from
Brambring (1964). The solid line is used as the
standard drift velocity for calculating the longitu-
dinal electron diffusion coefficient.

FIGURE 5. Townsend primary ionjzation coefficients as a function
of E/N. Data were obtained from the best least square
fit of transient voltage signals taken at Ar pressure
of 1 (B ), 2 (¥), and 4 ( A ) torr. The
data (@) of Kruithof (1940) are plotted for
comparison. The solid line is used as the standard

ionizaton coefficient for calculating the longitudinal

electron diffusion coefficient.
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Apparent longitudinal diffusion coefficients, D of

L’
electrons in Ar at E/N = 70 Td as a function of Ar
pressure. (a) Data ( A ) were takenm at h = 2.3 cm.
(b) Data ( @ ) were taken at h = 1.1 cm.

The products of the longitudiinal diffusion
coefficient and the Ar density as a function of E/N.

Data ( @ ) were the f values from the best least

square fit of transient voltage signals. Values of NDL

calculated by ( A ) Sakai et al (1977) and by ( ¥ )
Tagashira et al (1977) are plotted for cdmpatison.
The values at low E/N ( il ) measured by Wagner et al
(1967) are also plotted.

Apparent longitudinal diffusion coefficients, D of

L®
electrons in Ar measured at various laser intensities.
The data were taken at E/N = 70 Td, h = 2.3 cm, and Ar
pressure of 3.7 ( & ) and 5.4 ( A ) torr.

The space charges initially produced by ArF lasger

irradiation on cathode as a function of E/N at Ar

pressure 1 ( ) and 2 ( @ ) torr. A line of slope =

3/2 is shown to compare with present data.
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