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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•-1-
6..- .iiii . - - . .i- -~ 1-i-i . - ----. " :- ' " - --: ". . .-- .



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

CF4  and H20 are observed in this funding period. The physical propfcties 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.

-2-



II. 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 either 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 field 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 transient 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, NandCH
2 2

The electron attachment due to H 0 in a buffer gas of Ar, N or CH at

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

rate constants for the dissociative attachment process of u20 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 N 2 buffer gas, the mean electron energy is limited to 1 eV even at

!'.

electivey migh etn Th eetryds too lowosrtediTsecti attachment
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process of H 0. 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 H 0

The formation of the temporary negative ion is further studied using CH4 as

* a buffer gas. The drift velocity of electron in CH4 is about one order of

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

CH4 is greatly shortened (from 4 ps in Ar or N2 to about 0.4 Vs in CH4 ). Thus,

the temporal electron attachment due to H 20 in CH4 is observable. The observed

lifetime of H 0 is estimated to be about 0.2 Vs. The electron attachment rate
2

constants for the formation of H20 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 H2 0- is only slightly higher than that of H 20 + e

and the potential surface of H2 0 is similar to that of H 20.

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

observed that the electron drift velocity increases when H20 is added to Ar or

22N2 but it decreases when H20 is added to CH . The increase of electron drift

*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 H 0 in At, N or CH a e
2 rN 2 or

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

submitted to a scientific journal for publication.

B. Electron Attachment of 02, N20 and CFA in N2
I

The pulse duration of electron conduction current is shortened when 02,

N 20 and CF4 are added to the buffer gas N2. The shortening is caused by

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

i-4.



attachment is due to a three-body process e + 02 + M 0 2 + M. The electron

attachment rate constants for 02 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 in N2, the attachment is due to the dissociative attachment

2process, e + N20 -* 0 + N2 . The electron attachment rate constants are

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

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, Lie electron attachment

observed in the CF4 - N2 mixture is likely due to the non-dissociative

attachment process. However, no stable CF ion is known, implying that the

CF4  ion is a temporary one, similar to H2 0 that is short-lived.l2

The results for the shortening of electron conduction pulses by electron

. 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 N2 by ArF laser photons. The

-* 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 ions left in the plasma tail (toward

l •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

-5-6



field. For 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 is

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, n /E, is a goode

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 in 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

4 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

22 -1 -1
the Ar density is 3 x 10 cm s

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

4 submitted to J. of Phys. D: Applied Physics for publication.
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Electron Attachment of H 20 in Ar,

i2 and CH4 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

ABSTRACT

The electron attachment due to H 20 in Ar, N2 and CH4 is investigated

using a parallel-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 H 2 0 is added to the buffer gas. The electron attach-*
ment rate constants for the dissociative attachment process of H2 0 in Ar are

measured, which increase with increasing E/N from 2 - 15 Td. Electron

attachments due to the formation of temporary negative ion are observed in

the H 0 - F and I1 0 - CH mixtures. The negative ion is attributed to H 0
2 '2 2 4 2

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

stants for the formation of H2 0 in CH4 are measured which decrease with

increasing E/N from 1 - 20 Td, indicating that the potential energy of H2 0

is only slightly higher than that of H 20 + e, and the potential surface for

H 20 resembles to that of I2 0. The effects of 4 2 0 on the electron drift

velocities in various buffer gases are investigated.

--



I. INTRODUCTION

Recent advance in pulse-power technology indicates 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.
I

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 amount of H20 in Ar, N 2, and CH4 is reported in

this paper.

The dissociative attachment of electrons in water vapor has been

extensively studied by the swarm method3-10 and the electron-beam method.1 1

The predominant negative-charged species are H and 0 ions with the onset

energies of about 5.5 and 4.9 eV, respectively.1 2 '1 3 Because these onset

energies are high, the density-reduced electric field E/N in 1120 must be
-17 2

larger than 40 Td (I Td = 10 V-cm ) in order to induce electron attachment.

The E/N can be low if Ar buffer gas is used, because the electron energy in

12
Ar is high. Earlier works for the electron attachment have been summarized

14
by Gallagher et al. Here we further measure the electron attachment rates

for the dissociative attachment process of H 0 in Ar at varied electric fields.
2

Bradbury and Tatel15 observed an electron attachment in water vapor at

very low electron energy. The attachment probability increases with [H20] and

3
decreases with increasing E/N. A similar result was later reported by Kuffel

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

-2-
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the formation of H 20 ion. However, no long-lived H 20 ions were

observed. 7 ,10,12,16 This discrepancy could be reconciled if there exists

17,18
a short-lived H 20 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 H20 in N2 or CH4 at low E/N.

In this work, we apply a relatively new method 19 to investigate the

electron attachment in the mixtures of water vapor in Ar, N2, and CH4 . Thu

mean electron energies in the buffer gases decrease in the order of Ar, N2

and CH4 . For example, the mean electron energies at E/N = 1.2 Td are 2.53,
0.41, and 0.15 eV for Ar, N29 and CH4, respectively.

1 2 Thus, we are able to

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)a
of trace trimethylamine in N, gas when the H 0 - N mixture is studied. The

2 2
19

experimental set-up has been discussed in a previous paper. 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.
I

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 Laan2 0 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, N29 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, N2 or CH4 into the gas cell. The concentration of H20 was determined

from the ratio of water vapor pressure (^ 25 Torr at 26*C) to the pressure

of carrier gases (1- 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.

III. ANALYSIS METHOD

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

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

i(t) eN W/d (1)
e

---



7

where N is the total electrons between the electrodes, W is the electron
e

drift velocity, and d is the electrode spacing.

When water vapor is added to the gas cell, the electron conduction

current becomes

i'(t) = eN'W'e- Tt/d (2)
e

where n is the electron attachment rate of water vapor. Since the absorption

coefficient of H 20 at 193 rim (ArF laser wavelength) is very small, N ' is

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

a transient voltage by

V(t) = f(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 system.

The logarithm of the ratio of the voltages without and with water

vapor is thus,

in(V'/V) ln(NEW'/NeW)-- -/V)t (4)

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

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'), N (or N') is nearly a constant except for the beginning
4 e e

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 ln (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 electrons2 2 as in the case of

H 20 - N2 mixture, equal amounts of electrons and ions are created by the

TPI 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

23
kept low to avoide the space charge effect due to the charge-induced field.

For this case, the electron conduction current is very sensitive to the

laser power fluctuation, because N is proportional to 12 (I is laser inten-e

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

of the cathode by laser.

IV. RESULTS

A. H 0 - Ar Mixture
2

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.2 4 The voltage approaches an asymptotic value as the electrons
6

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

24
negligible. 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-



5

less than the published data.5'2 5 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 (' 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 lb. 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 20 in Ar ([H20]/[Ar] = 0.15%) are shown in Figure 2 for various

E/N. The first peak in Figure lb is higher than that in Figure la, which is

caused by the fact that the electron drift velocity becomes higher when H2 0

4is added to Ar. In 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 "' 0.

The decrease of the voltage in the asymptotic portion due to the

addition of H 0 is an ideal case for the measurement of electron attachment
2

rate. During the duration of the asymptotic portion (1 < t < 31js in Figure 1),

the first term in Eq. (4) is independent of time. The ratios of V'(t)/V(t)

for with and without H 20 in Ar are plotted in Figure 3a, b, and c at E/N =

14.5 Td for 0.024, 0.048, and 0.073 Torr of H20, respectively. It is worth

4 noting that the extrapolations of V'/V at t = 0 increase with increasing H 20

concentrations. This is caused by the increase of electron drift velocity

when H 20 is added as stated before. As shown in Figure 3, the ln(V'/V) is

.4 linearly dependent on t, and the electron attachment rates are obtained from

the slopes.

The results for n/[H 20] as a function of the ratio of the H20 to Ar

4a concentrations are shown in Figure 4. At a fixed E/N, n/[H 2 0] values decrease

-7-
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with increasing [H2 01/[Ar], which is likely caused 5 by the effect of H2 0

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 H 20 pressure.

The extrapolation of n/[H 2 0] at [H2 0] 
= 0, [V/[H2 0]0 , is associated

with the electron energy distribution of pure Ar. The [n/[H 201] 0 values as

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

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 S 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 al. 5 , whose measured the onset to be at E/N '1 1.2 Td. How-

ever, 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
~12
mean electron energy in Ar at high E/N is limited. In addition, the ionization

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

For H 20 - N2 mixture, there are no differences in the electron conduction

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

region, the mean electron energies are in the range of 0.8 - 1.5 eV. 12 ,2 5

These energies may be too low for the dissociative attachment process,
1 2 ,1 3

-8-
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but too high for the non-dissociative attachment process. Therefore,

the result of non-attachment is reasonable as expected from the earlier

observations.

When E/N is reduced, the waveforms without and with H 0 in N show

some differences. Two waveforms at E/N = 6.3 Td, one without H 0 in 390 Torr
2

of N2 and the other with 2.7 Torr of H 20 in 468 Torr of N are shown in

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

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

shortened when H 20 is added, indicating that the electron drift velocity

increases as H 20 is added. We have measured the electron drift velocities

at various [H2 01 and E/N, and found them to be consistent with the published

data. 18

Since the electron drift velocity increases with the addition of H2 0

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

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

4 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 0.71's, 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-
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counted as a measure for the attachment effect. As examples, the ratios

for the amplitudes of the second peak V2 to the first peak V1 for the data

taken at E/N = 4.2 and 6.3 Td at varied [H2 0] are shown in Figure 7. The

V /V values do not depend largely on E/N at [H20] = 0, but increase with
2 12

[H20]. The increase tate of the V 2/V 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

observations3 ,1 5 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 P2 0 - CH4

mixture (see next section).

We have repeated the rbove experiments by producing the initial electrons

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

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

Two transient voltage waveforms, one without H 20 in 324 Torr of CH4 and

the other with 3.6 Torr of H 20 in 420 Torr of CH4 are shown in Figures 8a and

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

electrode spacing of 3.7 cm, and an external resistor of 220 2. The wave-

form duration (, 350 ns) here is much shorter than that in Ar or N2 gas. This

is because the electron drift velocity in CH4 is about one order of magnitude

higher1 2 than that in Ar or N . The drift velocities as a function of E/N

at various water vapor contents in CH4 are shown in Figure 9. It is noted

that the electron drift velocity becomes smaller when H20 is added to CH4,

instead of bigger as 11 20 is added to Ar or N . 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 asr
compared with Figure 6a, clearly indicating than an electron attachment due

to H 20 occurs in this short pulse period. The electron attachment rate can

be measured from the ratio of the voltages with and without H 20 in CH The

ratios of V'/V for the H20 pressures of 0.72, 2.16, and 3.59 Torr are plotted

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 [H20] are shown in Figure

11. At each E/N, the electron attachment rate! TI increase linearly with [H20],

from which the electron attachment rate constants n/[H 20] 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 CH4 the drift velocity for electrons

near the anode 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 H 20 was added. For E/N = 7.6 Td, the electron drift velocity is not

seriously affected by [H2 0] as shown in Figure 9. Thus, for the amount of

H 20 (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 [HO0] added (see Figure 9). When [H 0] is large, the electron
2 *2

drift velocity changes greatly. However, the plot of kn (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

-i1-



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.

As indicated in the measurements of the H 20 - N2 mixture, the negative

ion is short-lived species, so that it will be detached later. Since the

transient pulse in the H2 0 - CH4 mixture is short, the current induced by

the released electrons may become observable after the primary electrons

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

b, respectively. The decay rate in Figure 13a is mainly caused by the external

RC time constant (R = 220 ' , C '- 3x10 -I 0 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 [H20] 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 CH4

( 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

t 30% of the given value.

-12-



The earlier observations3 ,1 5 of electron attachment in H 20 at low E/N

12,14
have been attributed1

' to be due to the presence of impurities, most

likely 02. This makes us more cautious. There are several facts to prove

that the attachment observed is not due to 0 . 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 [H2 0] (see Figure 11)

and independent on the CH4 pressure (see Figure 12). This is quite different

from the attachment process of 02 which is a three-body process that the

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 02, but is by the

22formation of temporary ion such as 112 0

O V. Discussion

The electron attachment rate constants are plotted versus the mean

electron energies (D/10) in C14 , H 0 and Ar as shown in Figure 14. The mean

electron energy in CH4 at each E/N is calculated from the data given by

26
Cochran and Forester. The attachment rate constant for electrons in H 0

2

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

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

given by various investigators
4' 6'8' 2 7' 28 as reviewed by Gallagher et al. 

1 4

The electron drift velocity and the mean electron energy at each E/N are also

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

-13-
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25
E/N is obtained from a review paper given by Dutton. The electron

i 5

attachment rate constants measured by Hurst et al. for Ar at low E/N

are also plotted for comparison.

The electron attachment in H20 at low electron energy was reported
3'1 5

before. However, since no stable H2 0 ions are detected, the earlier

observation of attachment is subject to question.1 2 ,1 4 In order to resolve

the discrepancy, Hurst et al. 17 proposed that P20 might quasi-trap low

energy electrons, for which the "quasi-trap" H20 may have a limited life-

-8 -7time in the order of 10 - 10 sec. Later, in order to explain that the

measured momentum transfer cross section for H 20 is larger than a theoretical

4 value by a factor of 2, Hurst et al. 1 8 reproposed that low energy electron

motion in H2 0 may form a temporary negative ion. The formation of temporary

negative ion can be used to explain1 8 the decrease of electron drift velocity

when H 20 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.
18

*Considering the experimental fact that the electron attachment rate

depends linearly on [H2 0] and not on [CH4 , the temporary ion formed is likely

to be H 20 only, but not the complex ions such as H20 .M (M = N25 H20 and CH4) ,

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 9-2 0 is not

4 much higher than that of H 20 + e, probably within faw thermal energy range.

The potential energy of H 20 is definitely higher than that of 20 + e, because

H 20 is not stable. This potential energy is, however, much lower than the

theoretical value that is about 2 eV. 2 9 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

energy of H20 is only slightly higher than that of H 0 + e.
2nr2

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

tonically with increasing mean electron energy. This result indicates that

the potential surface of H 0 should resemble with that of H 0, because the
22

Franck-Condon overlap integral for two similar potential surfaces will

decrease with increasing transition energy. This assertion is consistent

with the theoretical calculation2 9 that the potential surface for 11 0 2A
2 ( 1

is similar to that of H 20.

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 02

in space. Thus, H20 may serve as an immediate for dispatching the charges

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 H from dissociative attachment of H 20 as of 4.9 and 5.5 eV,

5
respectively. The attachment rate constants given bt Hurst et al. 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 is about the same as that in Ar as shown in Figure 14, indicating

that the electron attachment in H 20 is due to the dissociative attachment

process. However, the mean electron energy in H 20 is less than the threshold

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 H 20, it is unlikely that the

attachment in H 20 at low mean electron energy is caused by the reason of

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

mean electron energies in H20, which are relatively less studied.
1 4

VI. CONCLUDING REMARKS

A relatively new approach is applied to investigate the transient

electron conduction current in the H 20 - Ar, H 20 - N 2 and H 20 - CH4 mixtures.

This method, which is different from the conventional swarm method that

19detects negative ions, has been demonstrated in a previous paper 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 H 20 in N2 and CH4.

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 H 0 - Ar
*2
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mixture has this characteristic. The increase of electron drift velocity,

when H 20 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 CAPTIONS

FIGURE 1 The transient voltage waveforms produced from electron motion in

(a) without H20 and (b) with 0.073 Torr of H 20 in 200 Torr of Ar.

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.

FIGURE 2 The electron drift velocities as a function of E/N for the gases

without (0) and with 0.15% of H 20 (A) in Ar. The electron drift

velocity increases when H 2 0 is added to Ar.

FIGURE 3 The ratios of the transient voltages measured with and without H2 0

in Ar, V'/V, as a function of the elapsed time after laser pulse.

The [H2 01 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.

FIGURE 4 The n/[H 20] values as a function of [H201/[Ar] for various applied

E/N.

FIGURE 5 Electron attachment rate constants obtained from the extrapolation

of n/[H 2 0] at [H20] = 0 in the H20 - Ar mixture as a function of E/N.

FIGURE 6 The transient voltage waveforms produced from electron motion in

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

of N 2. The E/N is fixed at 6.3 Td. The electrode spacing is 3.7 cm,

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

peak V 2/V I as a function of [H20] at E/N = 4.2 Td (0) and 6.3 Td (A).

FIGURE 8 The transient voltage waveforms produced from electron motion in

(a) 324 Torr of CH4 without H20 and (b) 3.6 Torr of H 20 in 420 Torr

of CM4. The E/N is fixed at 5 Td, the electrode spacing is 3.7 cm,

and the external resistor is 220 2.

FIGURE 9 The electron drift velocities in H 20 - CP mixtures as a function

of E/N. The [1120]/[CH4] are: 0(0), 0.4% (T), 1.2% (K) and 1.7% (A).

FIGURE 10 The ratios of transient voltages measured with and without H 20 in

CH4 , V'/V, as a function of the elapsed time after the laser pulse

at E/N of (a) 2.5 Td, and (b) 7.6 Td. The gas pressures for H 20 in

CH4 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 [H 20] in [CH 4 ] at E/N of

(a) 2.5 Td (0) and (b) 7.6 Td (A). The CH 4 pressures vary from 340

to 420 Torr as increasing with [H2 0].

FIGURE 12 Attachment rate constants as a function of E/N in H 20 - CH4 mixture.

The data were measured at the CH4 pressures of 325 (*), 200 (A),

and 135 (U) Torr.

FIGURE 13 The amplitudes of after-currents in Figure Ba 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 H20 ion.



FIGURE 14 Electron attachment rate constants versus mean electron energies

in CH49 H 20 and Ar. The mean electron energies (D/P) in CHO4, H20

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

25, respectively. The data for H2 0 in CH4 (A) and Ar (T) are

measured in this experiment. The data for pure H20 (U) obtained

from ref. 14 and for H20 - Ar (0) from ref. 5 are plotted for

comparison.
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Shortening of electron conduction pulses by electron
attachers 02, N20, and CF 4

L. C. Lee and F. Li
Department of Electrical and Computer Engineering. San Diego State Uncersity. San Diego, California
92182-0190

(Received 20 April 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 wnen the electron attacher
0,, N,O, or CF, is 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 0. and NO, 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 lo% -energy electrons by CF4 are measured. The electron drift velocity is 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 electrons are produced by two-photon ionization of a trace

Recent developments in high-tech areas such as lasers. trimethylamine in nitrogen buffer ga, of atmospheric pres-

fusion experiments, and particle beam technology require sure with ArF laser photons (Lumonics model 861S). The

gas-phase discharge switching devices. The duration of the laser energy is monitored by an energy n,ter manufactured

electron conduction pulse is an important parameter for dL- by Scientech (model 365). The laser cross-section area
signing some type of switches, for example. opening switches between the electrodes is about 1.8 x 0.6 cm-.
and high repetition Irep-rate switches. The duration could The charges drift under an applied electric field sup-
be shortened by increasing the electron decay rate. which plied by a negative high voltage on the cathode. The electron
could in turn be controlled by attaching the conduction elec- conduction current is converted to a transient voltage pulse
tror with various electron attaching gases. The electron at- by a 1-Kf2 resistor connecting the anode to ground. The
tacht" rates for various gas media in discharge conditions transient voltage pulse is monitored by a 275-M Hz storage
are tIhs needed for developing various discharge switches. oscilloscope (Hewlett-Packard model 1727A. The overall

In this paper, we report a method for measuring the time response of the electronics is tested by measuring the
electron attachment rates for electrons in high gas pressures electron pulse produced by laser irradiation on the cathode
at varied E/.N. Initial electrons with known concentration in vacuum. The rise time of the electronics is about 100 n,.
are produced by two-photon ionization of trace trimethyla- Each transient voltage pulse is captured and stored in the
mine in N. buffer gas using ArF laser photons. The shorten- oscilloscope, which is later photographed for a permanent

ing of the electron conduction pulse duration by electron record.

attacher is ob,,erved, and the electron attachment rate is
measured from the deca. rate of electron pulse.

This new method is tested bv measuring the electron
attachment rates ofO-'-^ and N.0-14 which were extensive-
I 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 Gn
are not well known.

In this experiment, it is found that the electron drift
%elocity increases when 0. or CF, is added to the N, bufferLae
gas. Such increase of electron drift velocity makes the initial ArF Laser Energy
electron conduction current increase. This is a very desirabl, Meter
characteristic for high-power and high rep-rate discharge
switches. Pump

II. EXPERIMENT %IKS 1arat runManorrete r , 275 M~z

The experimental apparatus is depict.-d in Fig. I. The I OsoScor e
gas cell is a six-way aluminum cross of 6 in. diam. The ecc- .i .
trodes are two parallel stainless-steel plates of 5 cm diani a
feA cm apart The electrodes are uncoated raw metal The I-I(i S h'I.l 1YI nh i iin I it- '\pcr tfr tit.tj pltkll,
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Diluted trimethylamine i 1 in prepurificd nitrogen where NA,.(t =A J )nIz.t Id is the total number of elec:rons
"manufactured by Matheson) is further diluted by mixing between electrodes. When t is much greater than the rise
with prepurified nitrogen before admitting into the gas cell. time of electronics (- 100 ns(, the current is measured:' by
The gas is slowly pumped by a mechanical pump. The gas the transient voltage as
pressure in the cell is maintained constant by continuously Vt) = it )R, (41
supplying with fresh gas. The flow system will reduce the
impurities possibl, produced from the photofragmentation where R is the resistor connecting the anode to ground

of trimethvlamine as well as released from walls and elec- When an electron attaching gas is added, the conduc-
trodes. The gas pressure is measured by an MKS Baratron tion electrons will be attached. The electron conduction cur-trods. he as pessre s mesurd b an KS araron rent thus becomes
manometer. The measurements are performed at room tem-

g perature. i'(t = e.( .t )W'e - '/D, (5)
The N.. 0. (both supplied by MG Scientific Gasesi. where 'It A . '(zt idz is the total number of elec-

N., and CF4 Iboth supplied by Matheson; have minimum trons, and q is the electron attachment rate of the electron
purities of 99.99" '-, 99.oQ-, 9q.0c, and 99.71,-, respec- attacher. The electron drift velocity for the mixture of elec-
tisely. These ga, N are admitted to the gas cell without

tron attacher and buffer gas may be different from th..t of
further purification. buffer gas alone.

IlA L IThe ratio of the transient voltages ith and ithou the
electron attaching gas is

When trimethylamine is irradiated b ArF laser pho- lnj /V' = In) W'/W) - In :hr /t ] -t r. (6
tons. an equal amount of electrons and ions are produced by
a tsso-photon-ionization proces,. The electron density pro- For an atmospheric buffer gas, the electron drift \eloc-
duced is given's by ity will reach the equilibrium state in a very short time. so

In) W '/ IV) can be considered as a constant. In the absence of
n, = an "I 'it idt/hi.% Il; electron attachment, the total number of electrons NV: are

where a = 1.5 ". 10 :"cm',A" is the two-photon-ionization N,. I = n.AL for t<1/4 .7a'
coefficient. n is the trtmethxlamine gas concentration and

cm . is the laser intensit' W /cm% , and h'is the photon / t n't for 11 7bl

energy ljoules,. CfI (t idt int:-rated over the laser pulse du- .L)tlnAL +Il - t,- )
ration r where L is the laser dimension in the electric field direction,

The electrons produced drift toward the anode under and I (- I cm) is the distance from the plasma front tc thethe applied field. The electron drift velocit.\ is much faster a o eanode.
than that of the ion, so the ion can be considered as station- If W4 nearly equals i the ratio of N to A, %il! be
arvin space dunng the electron conduction pulse. Iftheelec- near],, constant at all times t. In the case where J+- is %er"
tron density is high. the electric field induced by the space ner nt at al i n the case we a' i e
charge may be so large that the applied electric field is se i-a i
ously disturbed. This subiec: has been discussed in detail data only at t<I/W so that A', r VA (is nearly con':ant

elsewhere." ' In this experiment, the charge density is limited with time. In any case, the ratio of N (il/Nell) is nearly
constant for the time duration we choose to analyze the data.

so low that the applied field is not seriously disturbed by the
space-charge-induced field, namely, electrons only move in The plot of In, V'/V) vs t thus gives the electron attachment

the direction toward the anode. Thus, the effective electric rate V.
field is approximately equal to the external applied field.

The current induced by the electron motion is given '- "  IV. RESULTS AND DISCUSSION

by A. 0 2

-
"
0 The electron conducti.mi pulse produced by two-ph. ton

illi = AeJ n,.liz,t '.: i:/D, (2) ionization of( mTorr trimethylamine in 400 Torr N- b\ ArF
laser photons is shown in Fig. 2(a). The laser energ\ is 9.6

%% here 4 is the plasma area in the plane parallel to electrodes, mJ/pulse. When 20 Torr 0. is added, the pulse is shortened,
D is the electrode separation. n, ,t is the electron density at as shown in Fig. 2(b). The laser energy is 7.4 mJ/pulsc The
a position z from the cathode and at a time t after the laser reduced electric field is kept at E/N= 4 Td (I Td 1 "

pulse. and 14":,t I is the electron drift velocity at z and t. V cmIl for both pulses, and the separation of electrodes is
n, iz.UO = n,. is the initial electron density produced by the kept at 4cm. The laser energy for the case with 0 [Fig. 2ibi]
laser ionization of tnmethy lamine. is lower than that without 0. [Fig. 21all. but the peak voltage

If n, IE is limited to a loA value such that the space- is higher for the former case. We propose that the increase of
charge effect is not important. 14"i:.t ) will approach the equi- peak voltage is caused by the increase of electron drift %eloc-
libriim electron drift velocity 94' in a short time after the ity due to O, added to N,. At E /A' = 4 Td. the electron drift
lat r pulse Thus, the electron conduction currett is equal to velocity'" for 0., is 2.5-' 10" cm/s which is higher thar 10"

cm/s for N.. Another example would be the drift vcloci:% of
ct) e i. t iII'/D, 131 electrons in air. At IX/,V - 4 '1d the electron drift \el .city
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- trr 0: i 405) Torr N ,. and i c 4+ Td. 41'1 ore 0 in 4(5) Torr N-

increase of electron dnft velocity by the addition of O may

thus be expected. The half-width ofthe current pulse is about
0. Sps xhich is much larger than the response of electronics rent. The present data are higher than the values ofMcCor-

i - 0.1 usi. so the peak current is not seriously affected by the kle et al.." but agree reasonably well with the data of Chanin

transient response of the experiment. et al.' which are also plotted in Fig. 4 for comparison.

The ratios of the transient voltages with and without o- The reasonably good agreement between the present

are plotted in Figs. 31ai. 3'- , and 31c) for 0: pressures of 10. data and the earlier measurements indicates that the present

20. and 40 Torr and theE N of2, 3. and 4 Td, respectivel, method is a useful alternative method for measuring the cdcc-

The Int I /, values decrease linearly with i. The decrease is iron attachment rate coefficient. This good agreement ..iso

mainl. caused b\ the attachment of electrons by 0.. During strengthens the assertion that the pulse shortening is due to

the period of 0. 1 < t < I ps. the electron density varies slowly the attachment of electrons to 0:.
with time. so the In [.V ( /.V, it j] term in Eq. 16) is nearly
constant and does not contribute significantly to the de- B. N20

crease of In, "/U with t. Therefore, the decrease is mainly The electron conduction pulses w ith and without 5
due to electron attachment, and the slope measures the elec- Torr NO in 440 Torr N, are shown in Figs. 5(a) and 51bl,
iron attachment rate 77. respectively. The E/N is fixed at 10 Td. The separation of

FortheE/N= 2-10Td rangestudied here. wefind that electrodes is fixed at 2 cm. (Similar results were obtained

7 [ : - k 10 [O]N]. with a 4-cm electrode separation.) The trimethylamine pres-

This result is consistent wkith earlier measurements'-' that
electrons are attached by 0, bv a three-body attachment
process The three-body attachment rate constants k, mca- tO

sured at various E/.V are plotted in Fig. 4. The uncertainty is +
estimated to he within 30% of each given value. The data U
were taken at various trimethylamine concentrations from 2 2

to 13 mTorr. while the laser energy was kept nearly constant CI4at a loA value. Since the initial electron density is propor- -E U1 \

tional to the trimethylamine concentration, the indepen- E E ,
. y

dence of the rate constants on gas concentration indicates U o
that the charge density is low, and the applied field is not 0
seriouslh disturbed by the space-charge-induced electric t -
field."' When thc. cha.rge density is high, the applied c!- c :
field could be canceled by the space-charge-induced ficid, so .

the measured attachment rate constant is equivalent to the ,,
value at E/N-0O. 1- 0 5 10

The data given by McCorkle ct al." are also plotted in 1 / ": 17 V cm 2

Fig. 4 for comparison. The previous data ' ,,ere measured by FIG 4 1 tie three-hod% attachment rate cotritant, of electrons attached bN

a different experimental method, in which the electron at- 0>. Pic dLtal isolid lute)gien Chantiial. (Rel" Il atd Vlb McCirlile

tachment rate constants were obtained from the 0, ion cur- ct al (Ref f i are plotted for comparito

_'t l +" •t41 + - 1."A
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C FIG 5 The electron conduction pulkes of'al without N O and bi %.uth 5 1K
1 ore N O in 440 Torr N. Without N.0 the laser energ, is 6 4 mJ/pulse. ,
The triniethlamne pressure i, fixed at s inTorr The E/. is at 10 Td

sure is 8 mTorr. W ithout N.O, the laser energy is about 6.4 0 _ ' , I , , _ _ - ._

mJ.,pulse in the central region of electrodes. When NO is 0
added. the transient voltage decreases as shown in Fig. 5 b}.
This decrease is probably caused by the absorption of laser FIG.6. The o/lNO]satues forsaedN:0pressuresin440 TorerN.. a
intettv b% N.0, as discussed below. N Td and h. 10 1

The photoabsorption cross section" of NO at 193 nm
Isabout 10- "cm. For a path length of25 cm from the laser ablv caused by the decrease ofk,, with increasing [N.O]. The
entrance wvindos to the central region of electrodesi used in mechanism for this decrease is attributedw2 either to the ef-
this experiment, the laser intensity attenuated by 5 Torr N.O fect of N,O on the electron energy distribution or b. electron
will be reduced to 66% of the value without absorption. This detachment of 0- by NO. The detachment rate constant
means that the initial electron density produced by laser caused bv the direct associative detachment reaction,
photons will be reduced to 43% when N.O is added. The NO-NO - (101
peak soltages shown in Figs. 5ta and 51b) are consistent with - -
this expectation. is ruled out" based on its slow reaction rate obtained from

The shortening of the conduction pulse shown in Fig. the flowing afterglow study.2 Instead, the detachment is
5'bi is caused bv the attachment of electrons by N.O. The probably caused by the fast processes
electron drift velocity does not change signifcantly when O- + N,O-NO + NO-. lit
NO is added to N. The electron drift velocities at 10 Td ar''lv It NO - N,O-NO NO .- e, ; 12i

1 - 10 and 8, 10 cm/s for N." and N:O," respectively.It
is expected that the electron drift velocity will increase as with reaction rate constants of 2 , 10- and 5.9 ,, 10 2

N-O is added. Hovever. this expectation is riot observed cm 5/s for k,- and k,,,,'' respectivel%.
from the peak voltages as shown in Figs. 51a) and 51. There- The two-body attachment rate constant k., measured at
fore. the electron density is not affected by the electron drift various E/N are plotted in Fig. 7. k, is obtained from the

* velocity. namel, InN.lt /.V,.tt ] is nearly constant and extrapolation of the dependence of i1/[N.O] on pressure to
does not contribute significantly to the decay of the electron [NO] - 0. and then corrected with k, [ N,]. ,' is adopted
c conduction pulse. The slope of Ini V'/VI vs t thus gives the from Ref. 12. The data of Chaney and ChristophorouL at
electron attachment rate 7/. low E /Nare also plotted in Fig. 7 for comparison. The pres-

In the E!Nregion studied, the electron attachment rate cut results are consistent with the previous data that are
results ' , from the two-body attachment of electrons by N.(J measured by the swarm method. ' This good agreement
as well as the three-body attachment of electrons by N'O and again Indicates that the present experiment is a useful meth-
N,. namely, od for the electron atachment rate measurement, and the

77 = k, [NO J +- k , [.V,'O j[N_.. (9 shortening of the electron conduction pulse is indeed caused
by the attachment of electrons bv N.

The results for the 7 /[N.O] values measured at various N.0
pressures are shown in Figs. 6(al and 6(hi for E N = 2 and 10
Td. respectively. The attachment rate constant decreases C. CF 4
with increasing N.0 pressure. This phenomenon has been 1 he electron conduction pulses wxith and without 6.5
observed in previous measurements. 1"1 lorr Cl 4 in 420 1orr N. are shown in Figs. 81at and 8Ib.,

The decrease of ,i/[NO] w ith increasing [N.O] is prob- s, here the laser energies are 8.4 and 4.2 mJ/pulse, respectN e-
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" O r.,100 ,.10 FIG. 9. The to-body attachment rate constants of eiectrons attached by

CF, in 420 Torr N. at % arou, E/.%. The data represent the %alues extrapo
C lated to the zero CF, pressore.

FIG, 7, The t.,o-bod attachment rate constants of electrons attached b.
N.O at %anous Er/." The data Ar gien by Chane. and Christophorou
Ref 12, are plotted for companison. caused either by the electron detachment process or by the

effect of CF, on the electron energy distribution.

Iv. The trimethvlamine pressure is kept at9mTorr. TheE/, CF. has a high rate constant:"- for the dissociative
is fixed at 4 Td. The electrode separation is 4 cm electron attachment process at E/.N> 50 Td. At low E/A.ishen CF is added to N, the pulse duration is short- the electron attachment rate constant for the thermal elec-

ened and the transient voltage increases, as shown in Fig. tron hasbeen measuredas7 lO-0 cm 3 /stnanearlytime21

8Ib;. The increase of transient voltage is probably caused by and later changed'- to < 10 1 cm /s. At E,,'.\ = 40 Td, the

the increase of electron drift velocity. At the same E/.V. the electron attachment rate constant is estimated to be

electron drift velocity for CF4 is much higher than that for 3× 10-i c /s, using t" electron attachment cross sec-
N.. For example. atE/V= 4 Td. the electron drift velocities tion" f 6x 10- ' cm- and the electron drift velocity' of

are 1.1 - 10 and 10" cm/s for CF 4
-' and N_. respectively. 5 x 10 cm/s. The electron attachment rate constants mea-

CF, may thus significantlv affect the electron drift velocity sured here (see Fig. 9 are between the value for the thermal

for pure N.. It has been observed' that the electron drift electrons and the value at El.\= '0 Td.

velocity increases more than one order of magnitude when a For the E/X region studie. elec rons do not have

small amount of CF4 is added to Ar. enough energy for the dissociativ electron attachment pro-
The two-body electron attachment rate constants 7/ / cess. It is likely that the attachment is due to the formation of

[CF] are measured for various E/.V at several CF4 pres- Ce-. Verhaart etal'' have suggested that there isarelati\e"

sures. The electron attachment rate constants increase with ly stable state for CF,- with an electron in a Rvdberg orbital.

increasing '/.V. At a fixed /"X. the attachment rate con- Since this experiment measures the electron transient pulse.
stants decrease with increasing CF, pressure similar to the the attachment process for a short-lised species could be ob-
case of N.O. The two-body electron attachme:.t rate con- served. If the lifetime of CF, is longer than the transient
stants obtained by an extrapolation to [CF4] = 0 are shown pulse duration -2 lisl. then the electron attachment rate

in Fig. 9. Similar to the case of N.O, this decrease may be due to CF can be measured. Although the electron attach-
ment is probably due maitly\ to CF, . \e do not rule out the

T,_e, possibility that the attachment may be partly caused by im-
- 2 3 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,

bi t possibly inherent with the CF4 gas used. It -as oh-
served:" that the electron attachment rate for thermal elec-
trons hy tile purified CF 4 sample was much smaller than that
fo r the unpurified one. Because of the uncertainty\ in impnri-
ties, we regard the measured attachment rate constants as

ithe apparent values.

V. CONCLUDING REMARKS
The transient current due to the conduction electrons is

F 16 the elect ron conduction oirrlscs of a wit hout Cl * and (hi v ith (,5 observed iti this cxperimct, %% hich is differen fron the pre-
1 orr CF , i 420 Torr N . ' here th, laser ctn'rgies arc X 4 and 4 2 nJ, pu, l.
respectliy -The trirnie th lanrinepresure oti ,edtl 9ttorr. arid thcr / \ Vults s\\artn method that detects the nega ike ions. Al-
is4 Id thottl:1 tlhe ineasuremenl methods are different, the electron
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SPACE CHARGE EFFECT ON ELECTRON CONDUCTION CURRENT

- L. C. Lee and F. Li
Department of Electrical and Computer Engineering

San Diego State University
San Diego, California 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 field 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.

4
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I. INTRODUCTION

Current development of lasers, fusion, 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

*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
6

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 [71, Waters

et al., [8], and Chalmers et al., [9]. These investigations

establish that the electric field induced by space charge plays a

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

spatial profile of discharge growth are strongly affected by space

charge. Here, we study the space-charge effect on the electron

conduction current using an experimental method that produces known

space charge density. It is found that the electron pulse duration

and the electron conduction current are greatly affected by the space

charge density.

High power excimer lasers can produce pulses of high charge

density by multiphoton-ionization of an organic gas in a high

-1-



, pressure buffer gas. For example, an electron density of

1015 electrons/cm3 can be produced by two-photon-ionization of I torr

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

mJ[10]. The coefficients for the two-photon-ionization process have

been measured for several organic molecules [10], so the electron

density can be determined from the gas density and the laser

*. 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.

This experiment provides data to compare with the theoretical

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

4 ,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

breakdown [121 processes of gaseous discharges as well as for

developing laser-triggered switching devices [13-151.

III. EXPERIMENTAL

In the experiment, intial electron densities are produced by

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

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

transient current pulses voltages associated with electron conduction

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 in Figure 1. The gas

cell is a six-inch diameter 6-way aluminium 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 is 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 [i0],

-3-
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where O(- 1.5x10 2 7 cm 4/watt is the two-photon-ionization

-3coefficient, n is the trimethylamine gas concentration (cm-), I is

the laser intensity (watt/cm 2), and hY is the photon energy (joule).

UThe square of the light intensity is integrated over the laser pulse

duration, which is abouL 10 ns.

Because the laser intensity is uniform over its cross-sectional

area, the initial charges produced by the laser ionization of

trimethylamin- 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 [161,

Z 0+D

i(t) = Aef ne (z, t)W(z, t)dz/D (2)

z0

where A is the plasma area in a plane parallel to the electrodes, D

is the separation of electrodes. n (z,t) is the electron density at
e

a position z from the cathode and a time t after the laser pulse, and

W(z,t) is 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-
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v(t) = i(t)e (3)

where the external current is assumed equal to the electron

conduction current i(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 N 2 gas

pressure. In this experiment, we study the transient voltage by

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 is 420

torr. The laser energy for each pulse is about 10 mJ. The beam

dimension at the center of the electrodes is 1.8 cm along the

electric field and 0.6 cm 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
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shown in Figure 2b. At later times the electron motion can even

change direction, that is, 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

3of 4 mtorr, the initial electron density produced it about

9 -31.2xl0 cm .If we take the charge recombination rate constant as
-6 3 3 -1

5x10 cm Is [17,18], the recombination rate is 6x10 s .For pulse

durations of a few is (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 Pis (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 ions left in the plasma tail (near the cathode) can

induce an electric field to cancel out the electric field in the

0 plasma region. The effective electric field could be reduced to zero

if 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,

-6-
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the drift velocity for the electrons in the plasma region will

decrease. This contributes to the quick decrease of electron

C 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

Ifield is 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 Figure 2a. This explanation is consistent with the observation

that the second peak occurs at about 2.2/ts 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) is about 4x10 cm/s [19]. For a

drift distance of about 1 cm, the electron drift time is about

C 2.5 ps, which is consistent w'th the drift time observed.

It is suprised that the current is reversed at a later time as

shown in Figure 2b. This is 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.

-7-
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B. Laser Energy Dependence

The electron conduction pulse depends strongly on the laser

ienergy. Figures 3a and b show the pulses observed at the laser

energies of 7.8 and 15 mJ/pulse, respectively. The laser beam cross

section in the central region of the electrodes is 1.8x0.6 cm2  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

2
* areas of 0.75x0.6 and 1.2x0.6 cm with laser energies of 9.4 and 17

mJ/pulse respectively. The electric field is fixed at 686 V/cm. The

trimethylamine pressure is 10 mtorr and the nitrogen pressure is 417

torr.

In both experiments (Figures 4a and b), the laser fluxes

(energy/cm 2 ) are about the same, so the initial charge densities are

nearly equal. However, the electron conduction pulse produced by the

-8-
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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

21.8x0.6 cm , 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
0

is smaller than Figure 5b. However, the small applied field is

easily 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-
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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 is

consistent with the pulse shown in Figure 5b, in which the electrons

only move in the direction toward the anode, namely, the applied

field is 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

2
energy of 8.8 mJ/pulse, a beam size of 3x0.6 cm , 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 N 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 N 2 [19], so more electrons may leak out from the plasma ball in Ar.

-10-
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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], in

which the separation of parallel plates is 3 cm, the applied field is

5.58x10 V/cm, and the initial charges of equal ions 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 cm half-width along the applied field.

The densities of electrons and ions 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 aC
function of time for three initial plasma charge densities of

6 10 11 -3
5x10 , 2.5x0 ,and 5x10 cm For the initial charge density of

506 -3

5x10 cm , 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

11 -3
electric field. For the initial charge density of 5x10 cm , the

space-charge-induced field can cancel out the applied field in the

plasma region, so the drift velocity for the electrns 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 artord with the thoretical
c
calculation [6] as below.
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Equal densities of ions 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 irnS
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 Ei (produced by space charge

alone) as a function of distance from the cathode is sketched in

Figure 7c. The effective total electric field Ee = E + E i at some

a 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 6ab, it requires

IEi > E , namely, the effective total t-eld 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 in an external field. We

derive theseinformation from our observed data below.
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A. Dependence of Leakage Electrons on n /Ee-

For a low charge density, the apace charge effect is negligible,

and the electron drift velocity is a constant. Thus, the electron

conduction current can be derived from Equation (2) as

i = e N W/D (4)e

where N e is the total electrons initially produced by laser ioniza-

tion. For a high charge density, the electrons inside 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

i(t) = e N q(t) W/D (5)

where N (t) is the number of leakage electrons as a function of time.q

We determine the number of electrons from the measured electron

conduction current using Equation (4) or (5). For a low initial

electron density, the N determined from the electron conduction• e

current agrees with the value calculated from the two-photon-

ionization 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 is greatly distorted by the

space-charge-Induced field. As shown in Figure 7d, the effective

electric field in the region from the plasma front 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 N q(t) from Equation (5). The ratios of Nq/Ne are

plotted as a function of n e /E in Figure 8 where Nq is measured at the

pulse peak and Ne is calculated from the laser energy and the

trimethylamine concentration. The N value represents the total
q

number of conduction electrons leaking out from the plasma. At a low

charge density, N will equal to N, so the ratio will approach to 1.q ef

At a high charage density, the electrons inside the plasma are

locked, so N represents the maximum electrons leaking from theq

* 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

_ 2
at 1.8x0.6 cm passing the central region of the plates separated at

4 cm. The trimethylamine was fixed at 18 mtorr. The laser energies

varied in the range of 4.4 - 9.4 mJ/pulse, corresponding to the

9 -3* initial charge densities of (1 - 4.4) x 10 cm The applied field

varied in the range of 7 - 720 V/cm.

It is of interest to compare the measured data with the

* theoretical calculation of Morrow and Lowke [6]. At n e/E = 9x102 e/V

• 2
* cm , the calculated electron motion is free from the space charge

-14-
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effect, so the N IN ratio is equal to 1. At ne /E 4.5x1 6 e/V. cm2
q e e

- "the space charge effect takes place, the calculated N IN value
q e

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 n e /E = 9 x 107 e/V * cm2

c/•*cm, the space

[* charge effect is very large so that the electrons inside the plasma

* become motionless. The calculated N IN value estimated from Figurelql e

2e of keterence 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

[ Iinherent in both experimental measurements and theoretical

calculations are high.

The applied fields and charge densities used in the theoretical

Gcalculation are two or three orders of magnitude higher than the

values used in this experiment. However, the N IN values in termsq e

of n e /E agree very well, indicating that the n e/E is a good parameter

for describing the electron leakage from plasma under an alplied

field. The Nq/N e data measured at different N2 pressures are about

the same for each n e /E value (within experimental uncertainty) as
Se

shown in Figure 8. These results suggest that the electron leakage

probability is a single function of n e/E. This assertion could be

reasoned below.
0

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 is cancelled out by the space-charge-induced field Ei.

The E is proportional to the leakage electons, i.e.,
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E (z,t) -g(z,t) N (t) (6)q

where g(z,t) is a geometric function that converts the space charges

into electric field, for example, g(z,t)-A if N (t) distributes

eA q

uniformly over a large plane of area A.
I

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

so that

I
N = E/g (7)q

and thus,
" -

N q/Ne - (n eE)1  (8)

This expectation is consistent with the data that at

8 2n /E > 10 e/V , cm the slope of ln(N qN ) versus in (n /E)

approaches -1. This good agreement in turn further supports that the

n /E is a useful parameter for the characterization of the electrone

leakage from plasma under an external electric field.

B. Dependence of Pulse Duration on n /E

As shown in Figures 2-6, the electron conduction current may

reduce to zero. The time duration, At, from the laser pulse to the4

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
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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 n /E increases as shown in

Figure 9. These data are obtained from the same set of data used for

determining the N /N ratios. The pulse duration is likely aq e

function of n /E, which is reasoned below.

When the charges are initially produced by the laser ionization,

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 Ei = -E. At this time, the

electrons that move away from the plasma are approximated by

q = Aen W At (9)e

thus combining with Equation (6), we have

E = EiI = gAen eW At (10)

or

n -

This equation suggests that the plasma decay time is a function

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

expectation agrees qualitatively with the data shown in Figure 9, in
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which the observed pulse duration decreases with increasing ne/E.

TheAt value of 200 ns in the high ne /E region is the limit of the

electronics response time. The observed slope of in (at) versus

in (n e/E) is much smaller than the value of -1 as expected fromIe

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 n /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

8 -1
the range of (l-3)x1O s - . 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

energies, 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 in the plasma region. The electron conduction current

may thus be stopped or even forced to reverse its 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 initial conditions as

the present experiment, is adopted as a basis for the analysis of the

data observed.

It is found that the ratio of n e /E is a good parameter for the

characterization of the electron leakage current and the plasma decay

time. For high n e/E, the electron leakage probability is inversely

proportional to n /E as expected from a simple model. The observed
e

electron leakage probabilities are consistent with the theoretical

*calculation of Morrow and Lowke [6].

The plasma decay time is measured by the pulse duration of

*electron conduction current. It is found that the decay time

decreases with increasing n e/E. However, the decrease rate is muchIe

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 is 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
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space charge in various discharge switches.
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K FIGURE CAPTIONS

FIGURE I Schematic diagram for the experimental apparatus.

FIGURE 2 The electron conduction pulses produced by

two-photon-ionization of (a) 4 mtorr and (b) 30 mtorr of

trimethylamine in 420 torr N The laser energy is about

9.8 mJ/pulse and the laser beam cross section at the

2
central region of electrodes is 1.8x0.6 cm The applied

field is 69 V/cm.

FIGURE 3 The electron conduction pulses produced at laser energies

of (a) 7.8 mJ/pulse and (b) 15 mJ/pulse. The laser beam

2
size is 1.8x0.6 cm at the central region of electrodes.

The trimethylamine pressure is 18 mtorr and the

N 2 pressure is 418 torr. The applied field is 686 V/cm.

FIGURE 4 The electron conduction pulses produced at beam sizes of

2 2
(a)1.lxO.6 cm and (b) 1.8x0.6 cm The laser energy per

unit area is nearly the same for both cases

2 2
(14.2 mJ/cm and 16.1 mJ/cm for (a) and (b),

respectively). The trimethylamine presssure is 10 mtorr

and the N 2 pressure is 417 torr. The applied field is
I

686 V/cm.

FIGURE 5 Electron conduction pulses at applied fields of (a) 143

V/cm and (b) 286 V/cm. The laser energy is fixed at 6.2

2mJ/pulse and the beam size is 1.8x0.6 cm The

trimethylamine pressure is 18 mtorr and the N 2 pressure

is 433 torr.
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FIGURE 6 The electron conduction pulses using buffer gases of (a)

N2 and (b) Ar. The laser energy is fixed at 8.8

2
mJ/pulse, and the beam size is 3x0.6 cm . The

trimethylamine pressure is 18 mtorr and the nitrogen

I pressure is 408 torr. The applied field is 134 V/cm.

FIGURE 7 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

n[ effective electric field.

FIGURE 8 The ratios of the leakage electrons, N q, to the initial

electrons, Ne , versus n /E. The data are taken at thee e

C N2 pressures of 208.4 torr (0), 432.5 torr (A), and 647.5

torr (v). The theoretical results (0) of Morrow and

Lowke are plotted for comparison.

* FIGURE 9 The time durations At of electron conduction pulses at

various n /E values. The pulse duration is measured frome

the laser pulse to the first zero of the conduction

6 current. The data are taken at the N2 pressures of 208.4

torr (0), 432.5 torr (A) and 647.5 torr (y). 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. Li 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

S3x 102 2  -1 -1
cm s•

PACS Index: 52.25 Fi, 52.20 Fs, 34.80 Bin, and 51.50 + V

0



I. INTRODUCTION

The importance of knowing the electron swarm parameters of

various gases has been emphasized in several recent papers

(Kic*ikarpaci et al 1981, Fletcher 1981, Christophorou et al 1982a,

and Schoenbach et al 1983). The information could be used for

f modeling modern electronic devices such as glow discharges, gas laser

discharges, and laser-controlled discharge switches.

The electron motion in a gas is 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

C 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 botb 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

4 velocity is most well studied. In contrast, the electron diffusion

coefficient is little known. Wagner et al (1967) have measured the

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

4 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
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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

calculated D values are compared with our measurements in the E/N -
L

30-300 Td region.

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

of flight technique. The measured electron swarm parameters may

depend upon the type of experiments as suggested by Sakai et al

(1977) and Tagashira et al (1977). Our experiment is in principle

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

signal that was analyzed to obtain electron swarm parameters.

I. 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

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

cathode. A resistor of R = 50 2 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

across the resistor was used to attenuate high frequency RF noise

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

0 -3-



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 99.998% was introduced into the

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

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

MKS Baratron was used to measure the gas pressure. The transient

signal was taken at a stable pressure that fluctuated less than

-1% of its average value in one minute.

0 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

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 coated.

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

cathode in vacuum. Each single transient voltage signal was captured

and stored in the oscilloscope. The transient signal was later taken

by photography for a permanent record.
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III. 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,

n a2n32n a 2n an
- + D(- 2) + DL- - W - + a. n = 0 (1)at X2  y2  z2 az 1

where z is in the direction of the electric field, D and D are the

L

transverse and longitudinal diffusion coefficients, W is the electron

drift velocity, and aI is the ionization rate for electron impact on

* Ar. (X is related to the Townsend primary ionization coefficient,a,

*i by

Xt. = c (W - VL) (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

4
separation h, we may consider that the electric field between
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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-O at z-0, is

N°exp(- p 2/4Dt) r(z - Wt 2]

= exp 4Dt j (3)

(z - Wt)2 + 4h(h - z) i
+ (z -h) exp4DLte

2 2 2

where x 2 2 + y , and N0 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 an& the E/N being higher

in the present measurement.

The electron notion will induce an anode current equal to

(Raether 1964),

h

I i(t) = f eWdzf n 27rpdp (4)
0 0

* where the electrode sizes are aisumed to be very large.

-- 6-
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The transient voltage is thus given by

N0eR h (z Wt)2
- .z exp -dz

2ht(TTD Lt) 0 L(z

h [] (1 2th hW (z - 2h - wt)2
f+ (z- 2h) exp I - 4 DLt dz e

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

* DL, and ai" 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 N and

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

* "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 DL, the standard deviations are calculated and compared. It is

found that for the smallest standard deviation the W and a values are

* generally consistent with the published data within 20% (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 were taken at E/N -

89.9 Td (I Td - 10-1 7 V cm 2 ), h - 2.3 cm and Ar pressure of 2.04 torr.

Note that the initial spike of Figure 3 is a 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 obtaled

from Eq. (5). However, the sensitivity of fitting the waveform by

* varying DL from the best fit value is low, indicating that the

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 in 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-



waveforms vith an arbitrary choice of initial V and DL values. The W

values obtained are in general consistent with 20Z of the published

data of Jager and Otto (1962) and Braubring (1964) as shown in Figure

4.

C. Ionization Coefficient

The aI values are determined from the best least square fit of

transient waveforms. They are used to calculate the Townsend primary

ionization coefficients, a , using Eq. (2). The a/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. In order to ensure the reliability

of the electron diffusion coefficient, we fix the electron drift

velocity and the ionization 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. In this case, the 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 a 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 - 30Z 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 cm (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

IB

DL =+ y (6)

where f and y are constants.

The measured DL does not approach to zero at high Ar pressure,

so 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 a data

obtained at varioius 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 DL may be as large as a factor of 2. There

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 ND L values are equivalent with the~values 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.

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

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

values shown in Fig. 6 are 5.6 x 105 and 1.2 x 106 cm 2 /s 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 is about 4.5 eV (Cardwell 1953, Kobayashi and Kato 1959,

Eastman 1970, Ueda and Shimizu 1972). The work function 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-
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produced by the 193 na 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 cm/s 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 is 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 is 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 the Y 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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7 32. The electron densities estimated are about 10 cm for low E/N

and 108 cm- 3 for high E/N. These electron densities are smaller than

the limit of charge density (Raether 1964) of 109 ca that may

induce significant space charge effect. Thus, the space charge

effect is 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 nearly 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.

4 F. Initial Electrons Produced by Excimer Laser

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

6 -13-
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will exert a repulsive force on those ejected later(Penning 19571

Also, the ejected electrons are pulled back by the image force of

electrode. These forces will decrease the number of initial photo-

electrons entering the space. These forces can be overcome by

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

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

positive ions that will neutralize electron charges near the cathode.

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 N e 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.

1.5N e increases with (E/N) 1 . At a fixed E, N e is proportional to0 0

1.51.5
N " . The net result is that N e is proportional to E 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, so 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 beat least square fit calculation (0).

The data were taken at E/N - 89.8 Td, h - 2.3 cm, and

Ar pressure of 2.04 torr. The waveform was fit by Eq.

(5) with N - 6 x 108 electrons, W - 6.7 x 106 cm/s,
6 -1 16 c2/s

ci 2.45 x 10 s , and DL = 1.28 x 10 c

FIGURE 4. Electron drift velocity as a function of E/N. The

data (1) are obtained from the best least square fit

of the transient waveforms, (y) from Nielsen (1936),

(A) from Jager and Otto (1962), and (0) 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 ionization 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 I (3), 2(V), and 4 (A) torr. The

data (9) 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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FIGURE 6. Apparent longitudinal diffusion coefficients, DL, of

electrons in Ar at E/N - 70 Td as a function of Ar

pressure. (a) Data ( A ) were taken at h - 2.3 cm.

(b) Data (• ) were taken at h - 1.1 cm.

FIGURE 7. The products of the longitudlinal diffusion

coefficient and the Ar density as a function of E/N.

Data ( ) were the a values from the best least

square fit of transient voltage signals. Values of NDL

calculated by ( A ) Sakai et al (1977) and by ( V )

Tagashira et al (1977) are plotted for comparison.

The values at low E/N ( U ) meacured by Wagner et al

(1967) are also plotted.

FIGURE 8. Apparent longitudinal diffusion coefficients, DL, of

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.

FIGURE 9. The space charges initially produced by ArF laser

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

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

3/2 is shown to compare with present data.
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