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ABSTRACT

A simple, pulsed, relativistic electron-beam gun has
been built to measure electron attachment rates. The high
voltage pulse (“100KV) is provided by a spiral generator
initially charged to "10KV. The electron-beam 1s formed by
a lead (Pb) cathode vacuum-diode. The resulting electron-
beam pulse has an energy of ~90KeV per electron,‘a peak
current density at the anode center of 175 A/cmz, and a
duration of “12 ns (FWHM).

The electron-beam is injected through a 26-um thick
aluminum foil into a gas mixture located in an electric
field. By placing suitable screens in front of the beam,
the injected electron-beam currént-density is reduced to
"1-2 A/cmz. This results in an electron density in the
plasma (produced by the primary electrons injected in an
atmospheric-pressure gas mixture) which is typically
~1013cm_3. The electric field applied across the plasma is
maintained constant (within ~0.2%) by means of a storage
capacitor (“1uF). Rate coefficients of electron-capture
reactions are determined by observing the temporal evolution
of the induced discharge curregt pulse.

~

The system was used to measure—the electron dissociative-

\_\\

attachment rate coefficient for HC1l as a functioHaBT‘the\\\\\%_hw
veduced field E/N, in both Ar-HCl and Ar—Nz—HCl mixtures. '

-11 3 -1 .
These coefficients are 6.45+0.95 x 10 cm s in Ar-HC1



(99:1) and 2.59¢.25 x 10 *%em s™% in Ar-n

2
-20 2
V-m~., From these measurements, and from the

-HCl (35:64:1)5
for EN ~ 10
use of a numerical solution of the Boltzmann equation for

electrons, we have calibrated the relative electron

dissociative-attachment cross-section measured by Abouaf

-and Teillet-Billy. The peak values that give the best fit

19 2 -19 2

to our data are 9.4 x 10 ~“cm“ for Ar-HCl and 18.0 x 10 ~“cm

for Ar—Nz—HCl.
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GLOSSARY X

CONSTANTS SYMBOLS

Bohr radius a_ = 0.529177 x 107 ’m
Boltzmann's constant kp = 1.3807  x 10723 .7t
electron charge ¢ =1.60219 x 1077 coulomb
electron-volt ev = 1.60219 x 10717 g
Vacuum permeability Mo = 47 X 10—7 (A's)—2 - kg -
Vacuum permittivity €y = 8.8542x10-12 (A-52)2/}<q-m3
Velocity of light in vacuum ¢ = 2.997925x 108 w7t
UNITS SYMBOLS

Ampere A

Farad F

Henry H

Joule J

Kelvin °k

Meter m

ohm Q

Pascal Pa

Second s

Volt \Y
MULTIPLICATION FACTOR SYMBOL

Giga - lO9 G

Mega - 106 M

Kilo - 10° K

Milli - 1073 m
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MULTIPLICATION FACTOR (continued)

Micro - ].O—_6
Nano - 10»9
pico = 10712
TERM
Capacitor

Electron-Beam

Full Width at Half Maximum
Inductor

Resistor

Silicon Controlled Rectifier
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CHAPTER 1
INTRODUCTION

In recent years, high-current, pulsed, relativistic
eiectron~beams have become commonly employed in many areas
of applied physics; these include, radiation damage studies,
laser excitation, and fusion initiation studies.

The present work was oriented toward the construction,
characterization, and application of a small, pulsed,
relativistic electron-beam gqun suitable for investigating
the reaction kinetics of ionized gases.

Briefly, the electron-beam is created by a cold-cathode
vacuum—-diode. It is then injected through a metal foil into
a gas mixture, located between a pair of electrodes connected
to a capacitor bank, which applies an eiectric field in the
gas. The fast electrons ionize the gas, forming a glow
discharge. Information about the reaction kinetics under
investigation is obtained by observing the temporal evolution
of the discharge current pulse.

The present set up has been applied to the measurement
of the rate-coefficient of the reaction dissociative attachment

“

of electron to HCIl.

“
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1.1 Outline of the contents of the thesis

A large portion of the research effort has been spent
in the construction and characterization of the experimental
setup described in Chapter 2. The first part of that chapter
is devoted to the electron-beam forming system. There, the
principle of operation is given, the characteristics of the
electron-beam current pulse are reported, and comments are
made concerning the technical problems encountered with the
system. The second part of the chapter describes in detail
the characteristics of both the discharge chamber and the
discharge circuit.

Chapter 3 deals with modeling the discharge current
pulse. There, the electron-beam secondary-electron production
rate is calculated. 1In ad&ition, a program written to
calculate the secondary-electron steady-state energy-
distribution is described, and the limits of applicability
are discussed. A simple model is presented for predicting
the temgporal evolution of the discharge current pulse for the
case of an attachment-dominated plasma. Finally, suggestions
are made concerning proposed modifications to the present
system which should provide substantial improvements in,
and increased application of the electron-beam gun system.

In the fourth chapter a review is presented of the work

done on dissociative-attachment of electrons to HCl. The

compromises made between different experimental parameters

R
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are discussed. Finally, the experimentally-determined rate-
coefficients for dissociative-attachment of electrons to HCl
are presented and discussed.

Chapter 5 summarizes the overall research.
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CHAPTER 2
EXPERIMENTAL SET UP

A simple, pulsed, electron-beam gun system has been
built based on the original work of Brau et al [1]. The aim
of the first part of this chapter is to add to their work by
giving additional explanations of the working principles of
the system, to describe our improvement to the system, and
to report the measured characteristics of the present device.

Briefly, the electron-beam gun consists of a pulsed
high-voltage power supply (=100 KV) and a vacuum diode to

produce the electron beam.

2.1.1 High Voltage Generator

The spiral generator used in the present device,
schematically shown in Fig. 2-1, is similar to the one used
by Brau et al [1]. The basic operating principle has been
described by Howell and Fitch [2]. A spiral generator is
made by winding a stripline (a pair of broad conductors
separated with a dielectric) into a ceil, with insulation
between turns. The inner insulation between turns is made
identical to that of the dielectric in the original stripline,
to produce twin spiral lines with common conductors. When

the spark gap conducts, a wave is initiated only in the

PR



Bt 0N ot o e o o e nn

Fig.

2-1

Schematic diagram showing the spiral generator
primary spark gap and triggering circuit. The

components are R, = 10 ki, R, = 1.5 M}, R, =

1 2 3
4.5 KQ, R4 = 100Q, R5 = 100 M , R6 = 5.2 M2,
Cl = 4 yF, C2 = 10 nF, C3 = 2 nF, and an SCR

Model 2N3528.
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active line (shade in Fig. 2~-1), leaving the electric field
vectors in the passive line unopposed. The wave travels

both directions in the line, then reflects off the open
circuit at the inner end (HV output) and at the shorted end
(spark gap), which results in a reversal of the line polarity
relative to 1ts initial charge. The generator 1is fully

erected after a time

T = 2mD/v , (2.1-1)

}

where D is the average diameter of the generator, v = (su)_
is the velocity of light in the dielectric, and n is the
numbexr of double layers in the spiral. The voltage across
each double layers is 1deally ~2Vo (VO is the initial charging
voltage). Consequently, the voltage drop between the inner

and outer conductors 1is
v = 2nvO . (2.1-2)

The wave then starts to de-erect the generator, which returns
to its initial state after an elapsed time 21. The actual
performance of the spiral generator is limited by several

loss mechanisms [2], and falls short of the ideal model
described above. Brau et al [1] explain in detail the reasons
for the trade-off made between the various physical parameters
n, D, t, w (t and w are the thickness and width.of the
conductor, respectively) in order to get the best performance

for a given output voltage and capacitance. Following their

Smar e o



approach, a 25-turn spiral generator was made from a sandwich
of 1 cm wide by 130 um thick aluminum pressure sensitive tape,
insulated by 2 layers of 7.5 cm wide PVC tape, each of thick-
ness = 180 ym. This coil was wound on a l4-cm diameter
plexiglass tube, as shown in Fig. 2-2.

The capacitance of the generator, measured at the
spark gap, is Cin = 73.+ S nF. The output capacitance (at

the diode) is

C z 5 Cip ® 29 pF . (2.1-3)
This gives a dielectric constant for PVC of = 4.5 €q {(Brau
et al measured 3.8 €5 (1)), which represents an upper bound.
The value of ¢ may be a little lower because the tape was
stretched during installatibn, and the line capacitance 1s
slightly greater than calculated because of edge effects.

The stripline impedance is

ZO =u§t/(ew)5 = 2.6Q . (2.1-4)

In order to minimize the losses due to the primary
switch (spark gap) inductance (Ls), the switch rise-time must
be kept small in comparison to the generator rise-time. This

o+

<
requirement can be written as:
Ls/zor << 1 . (2.1-5)

In the present case (switch inductance <50 nH) the loss is



Fig. 2.2 Cross sectional view of the electron beam
gun system showing the spiral generator (SG), vacuum
diode (VD), primary spark gap (PSG), series spark
gap (SSG), foil electron beam window (EW), Rogowski

coil (RL), and rf electromagnetic field shield (RFS).
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expected to be less than 10% [2]. The spark gap and trigger-
ing circuit used to achieve <50 nH inductance are shown
schematically in Fig. 2-1. The electrodes were made from a
l-cm diameter copper rod, and the mid-plane electrode was
brass. The inter electrode separation was approximately

0.5 cm, corresponding to a breakdown voltage of‘about 12 RV
in air. Spark gap triggering was by means of a 10-15 KV
positive pulse produced by a car ignition coil, coupled
through a 1 nF capacitor.

A typical voltage pulse measured by means of a 1 pF

capacitive voltage divider is shown in Fig. 2-3a. This

pulse, which has a rise time t = 120 ns (65% of the calculated

value of 185 ns), was obtained by positively charging the
generator (the high voltage was connected as shown in
Fig. 2-1) (configuration I). The first peak is, as expected,
negative relative to ground. The second peak, which 1s due
to coupling between turns, 1s positive and approximately 50%
higher than the first. The polarity of the output pulse can
be reversed by interchanging the high voltage (together with
R6) and ground at the spark gap (configuration II).

Figure 2-3b shows the peak value of the measured out-
pﬁt voltage pulses for the first and second peak, at voltages
well below nermal operating voltages. Our high voltage probe

was limited to 40 KV peak. Therefore, the maximum input

voltage could not exceed ~3.5 KV. Reliable switching was

achieved when the spark gap was adjusted to hold-off ~ 4-5 KV.

——
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Fig. 2-3 a) Typical output pulse from the 25-turn
spiral generator described in the text into a 1-nF
load. The generator was initially charged to 3 KV,
and the primary spark gap adjusted to hold off 4-5 KV
(in air). b) Peak output voltage from the 25-~turn
spiral generator into a 1l-pF load, as a function of
the charging voltage. The lower curve corresponds to
the first voltage peak (Fig. 2-3a) and the upper

curve corresponds to the second vqliage peak.
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The small spacing at this hol@—off voltage results in a

lower than normal switch inductance, and correspondingly
lower losses. There is a résulting voltage "increase" which
should, however, be somewhat equalized by loading of the
probe capacitance. This loading reduced the voltage by = 3%.
The results of Brau et al [1] indicate a breakdown of
linearity at high charging voltage. For example, at 12 KV
the output voltage can be as much as 30% less than 'estimated
by direct extrapolation.

In most of our experiments, we connected the inner
conductor of the spiral to the ground plate (opposite polarity
to “that shown in Fig. 2-1). The electron gun was therefore
operated on the second (negative) peak of the voltage pulse.
This permitted us to obtain a suitably high output voltage
of ~ 100 KV by charging the line at about 10 KV, which was
well below insulation breakdown (estimated té occur at
~ 15 Kv).

During the pulse, discharges could start on the inner
conducting layer, propagate along the surface of the tube,an
and finally jump to the grounded support rods. That problem
was solved by covering the surface of the dielectric tape

with silicon vacuum grease.

2.1.2 Vacuum diode

The electron beam in the present device is produced
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by a cold-cathode vacuum diode. A brief summary of the

large amount of work done on the latter is given below. How-
ever it may be noted that the behavior of cold cathodes is
not yet fully understood.

When the gas pressure in a discharge is reduced to
such a low value that the mean free path of the electrons and
positive 1ions is large in comparison to the discharge gap,
the mechanism o0f breakdown depends solely on electrode
processes. Fowler and Nordeim [3] have shown that when a
very large positive électric field (= Gv'm-l) is applied on
a metal surface, the electrons have an appreciable probability
of tunneling through the solid potential barrier. This
phenomenon is called field emission. At a giéen value of the
electrical field the experimentally observed current density
is ually higher than predicted by the Fowler-Nordeim theorv.
The apparent discrepancy has been resolved by extended
studies, which show that the initial eiectron flow must be
field emitted from the tip of microscopic whisker-like
projections (typically 1 um height, 0.1 um base) appearing
at the surface of the cathode, over which the field is locally
enhanced by factor as large as two orders of magnitude (4 ].
In the second phase (leading to breakdown), Fursci et al [5]
have shown that the microscopi? field at the tip must exceed
some critical value in order for the cathode field emission

to evolve beyond the stable mode. Under that condition the

current density gets large enough for the tip temperature to
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increase above the point where the cathode material 1is
evaporated. This evaporation, in regions close to the
whiskers, 1increases the probability of gas ionization. The
resultant ions contribute to reduce the electron space charge,
which maintains a large voltage gradient in the vicinity of
the cathode [6). There is then a rapid increase in the
emitted current, with subsequent resistive heating of the
whiskers. The projection finally explodes, causing the onset
of cathode flares [7].

Bugaev et al (7] have shown that following the
explosion of the projections, the cathode flare current
increases at a flow rate determined by space charge limited
emission from the surface of the plasma. At the same time,
the plasma sheath radially expands at a velocity of 2-3 cm/us.
Parker et al [6] have derived an expression giving the
correct dependance for the time interval ti required for a
projection to reach the critical temperature point TC (where
the vapor pressure of the material is = 10'2 Pa). The

relationship is

ed -3 _
o 5 I F (2.1-6)

where p is the density of the tip material, d its specific
heat, n its resistivity at Tc’ and F the microscopic electric

field. Bugaev et al [7] have also measured the breakdown

delay time td (the elapsed time between the application of a
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voltage gradieﬁt and the time when the resultant current
achieves ~ its space charge limited value) as a function of
the macroscopic field strength E.- Parker et al [ 6] have
shown experimentally that both t. and td have the same F—3
dependence. Furthermore, they have pointed out that before
the results of Bugaev et al { 7] can be used, 1t 1s necessary
to know the ratio of the field enhancement factor observed
in their experiment (Bugaev et al) to the field enhancement
factor pertinent to the configuration under investigation.

In order for a cold cathode to transform efficiently
the electromagnetic pulse energy 1into electron kinetic energy,
the build-up time of the cathode plasma (qualitatively defined
as the time required for the plasma to form a uniform
emission surface) must be kept as small as possible. The
electric field dependence of the build-up time is similar to

that for whisker breakdown time .. In addition it depends

on the concentration of thermally unstable cathode projections.

Another factor is the effect of the anode composition
on the electrical properties of the electron beam diodes.
Kelly et al [8] have observed that low molecular weight
impurities in the anode may cross the gap at velocities of
~ 10 cm/us. The most likely impurity candidate is the
hydrogen molecule because of its small mass. The presence of
impurities may lead to an early closure of the diode, which
limits the maximum duration of the electron beam current

pulse.

M,
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The vacuum-diode chamber shown in Fig. 2-2, 1s made
of plexiglass and aluminum. It has a total volume of - 0.56 ¢,
a total surface area of = 430 cm2 and a plexiglass surface
area of = 304 cmz. Lfter extensive pumping (> 48 h) the
"leak rate" of the chamber was found to be approximately
1.2 Pa/min. After careful examination of the chamber by
means of an He mass spectrometer leak detector, the relatively
large "leak rate" was attributed to the poor outgassing
property of plexiglass. This is further supported from com-
parison of the measured rate with the value of leak rate
> 0.6 Pa/min calculated using Eg. (2.2-1) and a pumping time
of 48 h. The discrepancy is not serious since Eg. (2.2-1)
1s derived for the best available experimental condition for
plexiglass, as reported by Dayton [9].

Two pumping system configurations were used in the
present case. The first configuration 1s obtained by
replacing the diffusion/mechanical pump arrangement, shown
in Fiq. 2-4, with a mechanical pump connected in series with
a liguid-nitrogen cold trap. This is connected to the
vacuum chamber by means of a low conductivity (~ 0.00221/s)
system of tubing and valves. The ultimate vacuum attainable
was estimated at -~ 5.6 Pa and measured at - 4-5.5 Pa.

The diode operation was found to be erratic with
the above pumping configuration. We first believed that
the problem was caused by vacuum flashoever (see, e.g., Okhi

et al [10], or Bergeron [11]) because a gas discharge could



Fig. 2-4 sSchematic diagram of the vacuum system.
diffusion pump (DP) connected to a mechanical pump
(MP) was used to evacuate the vacuum diode (VD);

A mechanical pump connected in series with a liquid
nitrogen cold trap (LNCT) was used to pump the

experimental cell (EC) and the series spark gap.

A
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not be visually observed, and because dark spots were found
on the plexiglass at the insulator-cathode and insulator-
ground plate junctions. The surface of both the conductor
and insulator were then polished (except for the active
cathode area). An alternative solution would have been to
let the 1insulator and the conductor meet at an angle, as done
by Brau et al {1], and explained by Bergeron [11]. This
would have the same effect as surface polishing. Polishing
did not solve the problem, and therefore we 1investigated
more carefully the possibility of gas breakdown. When the
pressure was increased to = 7-10 Pa, the electron gun ceased
operation, and a faint violet-colored gas discharge could be
perceived to take place over the longest possible discharge
path. In the present configuration this path was between

the insulator to cathode and insulator to ground plate
junctions. Figure 2-5a shows Paschen breakdown curve in air,
for low values of pd (pressure x interelectrode distance), as
measured by Pokrovskaia-Soboleva et al [12] under uniform
field conditions. We could not quantitatively use the data
in Fig. 2-5a because the electric field was non-uniform in
our case. Qualitatively, since the applied voltage was
extremely large, and since the gas breakdown phenomenon
didn't occur at every shot at a pressure of 4-5.5 Pa, we
deduced that we were operating in the rapidly varying region
of the appropriate "Paschen curve". Consequently a

relatively small increase in the vacuum (factors of »>2)

o



Fig. 2-5a) Paschen breakdown curve at low pressure
and uniform field (for air), [ref: Pokrovskaia-
Soboleva A.S., Klarfeld B.N. Sov. Phys. JETP, 5,
No. 7, 812-18 (1957)]. b) Schematic diagram of

the Rogowski coil. Primary current (total diode
current) (Ip); secondary current (IS); shunt
impedance (Z) (50-Q co-axial cable). <¢) Schematic

diagram of the Faraday cup with resistive shunt

(emerging electron beam current).
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should be sufficient to solve the problem.

The second pumping configuration 1S shown 1in Fig. 2-4.
The conductivity of the tubing and valves was estimated to be
= 0.05 ¢/s. The estimated ultimate vacuum was 0.2 Pa, com-
pared to a measured value of = 0.65 Pa (the measurement was
limited by the gauge). The maximum operational pressure range
was found to be = 2.5-3.0 Pa. This 1indicated that with a
sufficiently high system conductivity a good mechanical
pump (limit = 1.3 Pa) would be adegquate.

Carbon and lead have been used as cathode materials 1in
the present experiment because both materials have short
cathode plasma build-up time. Bugaev et al [7] have reported
that carbon and lead have delay times of 6 and 12 ns, respect-
ively, at a macroscopic field strength of 600 KV/cm. The
active end of the carbon cathodes had a spherical surface.
Assuming the field to be nearly spherical around the end, the
macroscopic field 1s approximately given by V/r. With r = 1.6
mm, as used here, we get a field amplitude of 600 KV/cm for an
applied voltage of 100 KV. The end surface of the lead cathode
was made slightly "ellipsoidal" with the major axis oriented
along the length of the rod. The macroscopic field strength
was consequently larger than in the case of the carbon cathode,
and the difference in the delay time was reduced. However, the
active area was reduced with a correspondiﬂg reduction in
electron beam current and area. As mentioned earlier in this

section, the build-up time varies inversely with the density
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of whiskers. In order to increase the effective area (i.e.
whisker density) of the active end, the cathodes were not
polished.

The anode was made of stainless steel mesh having a
transparency of = 37%. The mesh was cleaned with acetone
before insertion in the chamber to prevent early closure of
the gap (by removing oils, which are hydrogen raich). An
aluminum foil "window" separates the vacuum diode from the

experimental cell.

2.1.3 Performance

In the present section weﬁreport the measured
characteristics of the total current beam (incident on the
diode anode) and emerging electron beam (from the aluminunm
foi1l), as observed under various experimental conditions.

The diagnostics employed a Rogowsky loop to measure
the total current, and a Faraday cup to collect and measure
the electron beam current. A theory of the Rogowsky loop,
viewed as a delay line, has been developed by Nassisi et al
(13]. They found that when z<<R, (z is the shunt impedance
Fig. 2-5b, and Ro the characteristic impedance of the line) -
the probe behaves as a self integrating circuit with a
calculated sensitivity N/Z (N is the number of turns). This
result is identical to that obtained by considering the loop

as a simple LR circuit when wL>>R, (see, e.g., Klein [14]).
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In the present case the Rogowsky loop consisted of = 430
turns of # 28 magnet wire wound on a 6-mm diameter poly-
ethelene tube core (ur = 1). A core of higher magnetic
permeability would 1ncrease the line inductance per unit
length and consequently i1mprove 1ts self integrating character-
1stics. However, this would introduce undesirable saturation
effects at high frequencies (- 100 MHz). The spurious signals
caused. by the helical nature of the winding were eliminated
by passing the return oground conductor inside the plastic
core, as shown in Fig. 2-5b. The Rogowsky loop was shunted
by an impedance-matched 50-3 coaxial cable. The loop inductance
was L = 23 uH and 1its characteristic impedance = 1500 Q2. Both
the calibrated sensitivity, 8.6 A/V, and the decay taime,
460 ns, are 1in good agreement with the values given by N/Z
and L/Z.

An ideal collector of incident electron would behave
as a black body, and furthermore, would accept all electrons
emerging from the foil into solid angle 27. A real system has
to be a compromise. In a recent publication, Turner et al (15]
have demonstrated the major importance of optimizing the solid
angle subtended by the aperture at the bottom of the cup
(escape angle). Their work, performed with 100 KeV electrons
incident on carbon and aluminum Fara&éy cups, has shown that
for escape solid angle larger than -~ 0.1 v for carbon and
~ 0,08 n for aluminum most of the backscattered electrons

escape from the cup. For escape solid angles less than 0,05

———
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(carbon) and 0.03 r (aluminum) most of the electrons were
collected.

The Faraday cup schematically shown in Fig. 2-5 c¢)
was assembled from brass sheets, of thickness 75 um for the
walls and top, and 100 um for the bottom. The base thickness
corresponds to approximately 6.25 times the extrapolated
range for 100 KeV electrons incident on brass [16]. This
prevents the loss of electrons by transmission through the
surfaces of the Faraday cup. Because of the small size of
the experimental cell in Fig. 2-2, the Faraday cup configura-
;ion used represented a practical compromise between the
input and escape angles. The solid angle subtended at the
centre of the foil by the aperture is 1.6 =, and the escape
solid angle is 0.2 wn, which is somewhat greater than the
optimum value. The latter can be seen by extrapolating the
' results of Turner et al [16] to brass (which has a larger
backscatter coefficient than aluminum). The fraction of
electron lést is <30% at 100 KeV incident energy. Since brass
is typically composed of 65% Cu, 34.5% Zn, 0.5% Pb, the back-~
scatter coefficient observed in copper [30] for 100 KeV elec-
trons [15] is a good approximation to the actual case. We
_ expect the measured electron-beam current to be less than
the true current. Howevexr, the correction factor (<1.4) is
not known. Therefore only the rgw uncorrected data are given

in this section.
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The output signal appears across a low-inductance 0.625Q
resistor formed from an array of sixteen 10Q carbon resistors
in parallel. The cup was operated in vacuum of ~ 2Pa, in order

to prevent plasma return currents from shorting the shunt re-

sistance.

Two methods were used to investigage the electron-beam
uniformity. The first method consisted’of placing a glass plate
covered with phosphorescent paint in the electron-beam path.
That simple method presented two major drawbacks. The beam
was "visible" only for a short period of time (- 1 sec). It
was also difficult to spread the paint evenly over the glass
plate, which made it hard to determine if the observed varia-
tions in the phosphorescense were caused by phosphor or
electron-beam non-uniformity. The second method consisted of
replacing the glass plate by photographic paper. Although
the exposure time could not be adjusted, reasonable image
contrast was obtained by the use of diiute developers. Still,
only qualitative informations about the absolute beam uni-
formity could be obtained in this way. However, the method -
permitted us to distinguish between'definitely non-uniform
and apparently uniform cases. A qualitative method has been
used by Parker et al. [6], but couldn't be applied in the
present case because the necessary equipment was not available.

The remainder of this section is concerned with the
measured electrical characteristics of the electron-beam

system.
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Typical total current pulses are shown in Fig. 2-6.
The first oscillogram was obtained after application of the
voltage pulse, to a carbon cathode. This voltage pulse was
produced by a positively charged spiral generator connected
as shown in Fig. 2-1 (configuration I). The remaining oscil-
lograms were obtained after reversal of the charging cables
(configuration II) (in some cases, also using different
cathode material and gap spacing). The generator configura-
tion used in the first case (configuration I) has the advan-
tage of an effective output capacitance given by Eq. (2.1-3),
which is larger than can be obtained with the generator
connected in configuration II. However, there are disadvan-
tages. These are lower available peak voltage, departure
from the normal diode operation mode of the vacuum diode, and
non-uniformity of the electron-beam. The first disadvantage
has already been described in Section 2.1.1. The second is
illustrated, in part, by Fig. 2-6a. After the first nega-
tive pulse, the current flow reverses direction, and reaches
its peak after an elapsed time of 2t = 240 ns (not shown in
Fig. 2-6a), and finally returns back to zero without further
oscillation. The oscillograms shown in Fig. 2-6 a and b
have been obtained under the same experimental conditions
except for the voltage pulse polarity. Figure 2~6 b has
proper vacuum~diode behavior. The third oscillogram (c),
which was obtained with a lead cathode, is similar to Fig.

2-6b. A reduced spacing results in oscillogram (d). In this



Fig. 2-6 Oscilloscope records showing typical total-
diode-current pulses. a) The generator was connected
as shown in Fig. 2-1 (configuration I) and was
initially charged to 12 KV. The series spark gap
pressure was v 191 Kpa. The electron beam was
produced by a carbon cathode with a 3.5 mm gap.

b) The generator high voltage was connected in
configuration II (second voltage peak negative),

and was initially 10 KV. The series spark gap
pressure was ~ 191 KPa. A carbon cathode with a

3.5 mm gap was used. c¢) The generator high voltage
was connected as in configuration II and was
initially 9.5 KV. The series spark gap pressure

was v 253 KPa. A lead cathode with a 2.7 mm gap

was used. d) Every parameters were identical to
those used in c¢) except for the gap spacing which

was 1.5 mm.
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case the current rises to a peak valué of 340 + 30 A 1n
approximately 5 ns (with a charging voltage of 9.5 KV and
an N2 pressure of 250 KPa), to give a pulse width of -~ 20 ns
FWHM. However, an electron-beam current has not been
observed i1n this configuration, for reasons which are not
fully apparent. The most likely explanation 1s that the
discharge starts from the cathode and propagated toward the
side of the anode, thereby preventing an incident electron-
beam on the foil.

For each cathode material and gap spacing investigated
we have found that an increment in the charging voltage re-
sulted in a corresponding increment of the total current, as
shown in Fig. 2-7 a. There were no systematic changes 1n
the peak current when the spark-gap pressure was made the
running variable and the charging voltage was kept constant,
as shown in Fig. 2-7b.

As mentioned in Section 2.1.2, Bugaev et al, [7]) have
shown that the cathode plasma expands radially at a typical
velocity of 2-3 cm/us. They also show that the electrons
are emitted from the surface of that plasma, and that the
current is space charge limited. The expected diode closure
time is therefore 85-125 ns for a 2.5 mm gap. If it is
assumed that the generator produces a "step type" voltage
pulse, then the apparent closure time is ~ 15 ns for all

gaps investigated in the range 2.3-4.0 mm. The stainless -



Fig. 2-7 a) Total diode peak current, as a function
of the spiral generator charging voltage. b) Total
diode peak cyrrent, as a function of the series
spark gap nitrogen pressure.' The "error bars"
{standard deviation from the average) show the

typical scatter between various shots.
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steel mesh anode was carefully cleaned. Therefore the dis-
crepancy in closure time cannot be explalned by the presence
of low molecular weight impurities deposited on the anode,
which would give a closure time of < 25 ns. A reasonable
explanation 1s that the actual voltage pulse 1s not a step
function. The experimental diode closure time can be de-
termined by simultaneous measurement of the voltage and
current pulse in the gap. We were not able to do this be-
cause our high voltage probe had an upper limit of 40 KV.

In order to verify that the current peak was space-
charge limited, we have compared the measured current pulse
with that calculated by means of a simple space-charge-
limited current flo@ model.

In our model we assume that the tip of the cathode 1is
initially uniformly covered by the electron emitting plasma.
The cathode plasma then start to expand radially at a velocity
v “2-3 cm/us. The effective tip radius r and gap distance

Bug
d, shown in Fig. 2-8 a, vary in time according to the equa-

tions.
r(t) = ry + VBugt . (2.1 - 7 &)
d(t) = dO - VBugt (2.1 - 7 b)

The tip is now divided into infinitisimal steps, to
each of which is applied the one dimensional Child-Langmuir

law [17] which gives the space-charge-limited current-density.



Fig. 2-8 Space charge limited current flow model.

a) The cathode plasma sheath. The "effective radius”
of the active end of the cathode is r and the ‘
effective gap spacing 1s d. b) Step model of the
cathode plasma sheath. ¢} Typical total diode current
pulses obtained with lead cathodes. The gap spacings
were 2.7 mm (left side) and 1.5 mm (right side). The
full curves correspond to the measured total diode
current pulses, and the dashed curves correspond to

the calculated values.
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Such a representation is obviously 1nexact, but 1t should
provide results of sufficient accuracy for the present com-
parison. The current density emitted by a step located at
angle 9 (as defined in Fig. 2-8b) 1s

2.3 x 107° v3/2<c> , (2.1-8)

I (3,t) = 5
£d(t) + r(t) (1 - cos8)]

and the total current 1is

I, (t) = 1.45 x 107> v/ 2(e)
ae) £(t)
U gy ey ao) (2-1-9)

Figure 2-8c compares the measured current pulses obtained with

gap spacings of 2.7 and 1.5 mm to the corresponding space-

charge-limited current given by Eq. (2.1-9). A constant gap

voltage of approximately 100 KV was used in the calculation.
Figure 2-9 shows four current pulses measured by means

of the Faraday cup. All these oscillograms were recorded

using a stainless steel mesh anode of transparency ~ 37%.

The beam was further attenuated by a nickel mesh of 55%

transparency in the first three cases, and in the fourth case

by the nickel mesh and an additional stainless steel mesh

of ~ 37% transparency. The overall transparency, calculated

by taking the product of the individual transparency factors,

is - 20% for (a), (b) and (c), and 7.5% for (d). "
The oscillogram of Fig. 2-9a has beeh obtained by operat-

ing the vacuum diode with the first voltage peak negative



Fig. 2-9 Oscilloscope records showing typical emerging
electron beam current pulses. a) The generator high
voltage was connected as in configuration I (see

Fig. 2-1) and the inltlai charging voltage was 11.4 KV.
The series spark gap nitrogen pressure was ~ 182 KPa.
The cathode material was carbon and the gap spacing

3.5 mm. b) The generator was 1nitially charged to

10 KV, and the high voltage was connected as 1in
configuration II (reversed polarity). The series spark
gap N2 pressure was ~ 191 KPa. The cathode mater:ial
and gap spacing are identical to that of a). An

18-um thick aluminum feil have been used 1in hoth

cases a) apd b). c¢) The charging voltage was 9.5 KV,
(configuration II). The series spark gap pressure

was 205 KPa. The cathode material was lead and the

-~

gap spacing was 2.7 mm. d) The charging voltage
was 10 KV. The series spark gap N2 pressure was
225.5 KPa. The cathode material was lead and the gap
spacing 2.5 mm. A 26-uym aluminum foil window was

used for both ¢) and 4d).
)
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(configuration I). In this configuration the electron-beam
always appears at the side of the output window, and 1s there-
fore highly non-uniform. After adjustment of the series

spark-gap pressure to 253 KPa (best conditions), we obtained
average current pulse widths of 12 ns FWHM, and peak current
values of 2,2 * 0.9 A (through a 26-um thick aluminum foil).
The observed large scatter between shotg (40%) is explained

by the combined effect of voltage pulse fluctuations and beam
non-uniformity. The second oscillograﬁ was obtained after
reversal of the positions of the charging cables (configura-
tion II for the spiral generator). Qualitatively the overall -
beam uniformity was reasonably good, with the exception that
abrupt changes in the current density, caused by the nickel

and stainless steel meshs, occurred over lenghtsof ~ 200um.

In addition the electron-beam pulse shape was fougd to vary
considerably between shots. Typical scatters in £he value

of the peak current were found to be 25% and 30% for the 4.8 mm
and 3.5 mm gaps, respectively, over the whole range of pressure
(160-230 kPa) and charging voltage (8~11 Kv) employed. The
oscill&grams of Fig. 2-9 ¢ and 4 have been obtained by re-
placing the carbon cathode with a lead catﬁode. The pulse
shape was found to be reproducible from shot to shot (but

npot the amplitude). Under the best conditions (series spark-
gap N2 pressu;e" 253 KPa) the average pulse width in Fig. 2-9¢

was “13 ns FWHM, and the pulse peak-current was 2.6 + 0.45 A
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through a 26-uym thick aluminum foil (and a total mesh trans-
parency of 20%). : '

The effect of varying the charging voltage is snown in
Fig. 2-10, Figure 2-11 shows the strong dependence of the
electron-beaw peak current on the spark gap nitrogen pres-
sure. As the N2 pressure increases, the voltage pulse 1is
switched to the cathode at a higher voltage (i.e. closer to
the peak). Consequently, higher energy electrons are created,
which are more efficiently transmitted through the foil.

In the present case, when the spark-gap nitrogen pressure
increased above 255 KPa, the electron-gun ceased to work
properly. Above that pressure breakdown occurred between the
high voltage terminal and metallic components of the system.

"Synchronized" total and electron-beam current pulses
are shown in Fig. 2-12. The oscilloscope was triggered by the
Rogowsky loop signai. Since the pulses have not been measured
simultaneously, a direct one~to-one correspondence is not
possible. However, typical scatters in the electron-beam peak
and the total peak current positions are t 2ns. Therefore,

the electron beam peak position relative to the total current

/

peak is accurate to ~ * 3ns. Oscillograms (a) and (b) (in /“/
L.

Fig. 2-12) show that the electron beam current reaches its
peak during the rise of the total current. This is caused by
the effects of temporal changes in electron energies over the

rise time of the current pulse, and at &ater times by the



Fig. 2-10 Peak emerging electron beam current as
a function of the charging voltage. The "error
bars" (standard deviation) show the typical scatter

between various shots.
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Fig. 2-11 Peak emerging electron-beam current as
a function of the series spark gap nitrogen pressure.
The "error bars" (standard deviation) show the

typical scatter between various shots.
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Fig. 2-12 Oscilloscope records showing "synchronized"
total diode current pulses (upper traces) and emerging
electron beam current pulses (lower traces). a, b)
The charging voltage was 9.5 KV. The series spark gap
pressure was ~ 198 KPa. The aluminum foil thickness
was v 26 um, and the énode transparency v 20%. c¢),d)
The charging voltage was 10 KV. The series spark gap
pressure was Vv 225 KPa. Aluminum foil was not used,
and the anode transparency was ~ 7%. In each case,
the cathode material was lead, the gap spacing ~ 2.5 mm,
and the generator high voltage connected as in

configuration II (second voltage peak negative).
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significant contribution of the heavy 1ons released at the
anode to the conductivity of the diode. Figures 2-12 ¢ and

d were obtained after removal of the aluminum foi1il. The
electron-beam peak position is still shifted relatively to

the total current peak, and decays more rapidly than the total
current. Both of these effects can be explained by the heavy-
ions current.

If we assume that the electron energy distribution 1is
narrowly peaked about its average at any time, then the
"average—-energy" time-dependence can be determined by carefull
measurements of the aluminum foil transmission coefficient
(16]. Unfortunatély, the actual time resolution of * 3ns 1is
not sufficient for this purpose. However, i1t 1s still possible
to find a lower bound for the electron energy at the current
peak. The ratio of the e-beam peak current measured with and
without the foil, can be taken as the transmission coefficient
of the foil. This transmission coefficient is found to depend
solely upon the series spark-gap pressure. The estimated
electron energies are, 74-75 KeV and 80-81 KeV, at 225 KPa
and 239 KPa, respectively [16]. These values are lower than
the expected peak voltage of 90 and 100 KV producgd by the
generator at a charging voltage of 9 and 11 KV, respectively.

It should be noted that the transmission coefficient of
\
the foil is less than 5% and 1% .for electron energies smaller
than 65 and 63 KeV, respectively [16]. Since the electron-

beam current becomes negligible (<1% of its peak) by the time
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the total current arrives at 1its peak (see Figs. 2-12a and
b), we deduce that the gap voltage at that time 1s less than
63 KV.

To complete the characterization of the present electron-
beam gun, we need to determine the effect of scattering in the
foil on the output electron-beam angular spread.

When an electron-beam 1s incident on a solid slab the
electrons penetrate into the solid and suffer collisions with
the nuclei. The resultant scattering causes an 1lncrease 1n
the angqular spread of the beam. If the slab 1s thick enough
for the electrons to make several collisions, then multiple-
electron—scatferlng theories have to be considered. The pro-
blem has been a topic of interest for the last half-century.

A few of the theoretical works on the subject are given 1in

the references [18-24]. Jacob (18] has recently shown that
the transport equation for electrons through a slab is
solvable when the energy loss is neglected. He has further
developed a method for treating the problem of penetration and
energy deposition of electrons in thick targets [19]. 1In
spite of the fact that his methods are expected to give the
best results, they have been neglected in favor of simpler
t#gories which never require us to write complicated computer
codes. The theory used is that due to Goudsmit and Saunderson
[20], as connected to Moliéres's {21] by Bethe [22]. The Q

Goudsmit~Saunderson theory has two major drawbacks. It assumes
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"

that all electrons "see" the same target thickness and 1t
never includes the boundary conditions. The numeraical
approach of Jabob (18] eliminates these difficulties.

In the present case we assume that all electrons travel
through the slab over a path length equa; to the foil thick-
ness. It has been shown by Jacob [18] that even at large
angle theksrror due to this assumption should not be more
than a facgg} of 2, which 1s adequate for the present purpose.

After traversing a thickness t in the foil, the number

of electrons 1in the angular interval 8, ©+d® is given by

fGS(e,t) sine ds, (2.1-10a)

or fM(e,t) 3 de, {(2.1-10b)

where fGS(e,t) 1s the Goudsmit-Saunderson distribution func-
tion, and fM(e,t) is the Moliére distribution function (where
sin® is replaced by 8 for small angles).

The simplicity of Moliére's theory lies in the fact that
the angular distribution depends only on the ratio of the
"unit probability angle"” Xer which describe the foil thick-
ness, to the screening angle x;, which describes the
scattering atoms. The "unit probability angle" is given

by the equation

Xi = 4n Ner? Z(2+1) (1-82)0'5/

4
o 8

' (2.1-11)
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lSm is the "classical electron radius",

where r_ = 2.83 x 10~
Z is the atomic number of the scattering atom, t is the
length of the electron path, N is the scattering atom number
density, 8 = v/c (the ratio of the electron velocity to the
velocity of light). The physical meaning of Xo 1S that the
total probability of single scattering through an angle
greater than Xa is exactly one. The Dalitz screening angle
(18] is used in the present case instead of the expression
derived by Moliére [21]. Nigam et al. [25)] have pointed out

calculation errors in the latter expression. The screening

angle is therefore given by:

2
2 2 1-8 0.231
Xy oF l.l67xo[l + 4axo ( z lnxo + 7 +
+1.4488) 1], (2.1-12)
- 1/3 _
where X = huZ /(0.885 aop), and where u = 1.12 (for the

Thomas~-Fermi atom), ag is the Bohr radius, o« = 2/137, and

p is the momentum of the electron.

(

Bethe [22] has shown that >
_8de = oy 12, .. 12 )
efM(e)de =T [y dy J (XC) exp[4y (-b+lnzy )1, (2.1-13)
c

0.5),

where b = 21n (xc/xé)" After writing B-1nB =b,¢=e/(xCB
and expanding f, in power of B!, Bethe [22] finally

obtained
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y (v +
- AT 1, (2.1-14)
where £ (1) = ) 7h 7 ua g ) expi-h?) (3 ki n

(o)

Bethe [22] has tabulated values of f , f(l)

and f(z) over

a wide range of y. He had pointed out that over the whole

range of 8{0,n) only f(O) to f(Z) are necessary to get a

good estimate of fM(e) (to ~ 1%) [22]}. It 1s of interest

(O)(e)

to note that £ is given by the Guassian

£09) (5) = 2 exp-(ez/xiB) (2.1-15)

Bethe gives the formal connection between the Molidre

and the Goudsmit-Saunderson theories, which yields the

,/_‘_,/
approximate expression !
o
L8 172 1.2 17 .
fGS(O) = (_5—1'._;1—6_) exp(lsch)fM(e) + 53 (2.1-16)

‘

In the present case we consider the foil thickness to

be 26 um and the electron energy ~ 90 KeV. We therefore

et 8 = 0.5263, x> = 0.3143, x'2 = 1.435 x 107>, and (after
g (o] a

successive trials) B = 7.3892. Figure 2-13 shows the

Moli8re distribution function, the Goudsmit-Saunderson

(o) (o) !

distribution function, and the terms f (8) and £ (8),

which are the Gaussians given by Eq. (2.1-15). On the

-



Fig. 2-13 Intensity of scattered electrons emerging
from an aluminum slab per unit angle in the direction
“8". Incident electrons energy Vv 90 KeV; foil
thickness v~ 26 um; fGS 15 the Goudsmith-Saunderson

(0)'

distribution function; fM is Moliere's; f(o) and £

are Gaussian distribution functions(l/e width; XCB§

and xC(B-l.Z)i respectively) .

P e R

R, -
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hs

latter the l/e width chl/z is replaced by XC(B—l.Z)l/Z,

as suggested by Hahson et al. [26]. They have pointed out

that a better small angle approximation for fM(e) is

obtained by using a Gaussian of slightly smaller width

than £©) (5).

Another drawback of the present theory is that it con-
siders the electron energy loss to be negligible while
traversing the foil. This is not exact because the stopping
power of aluminum for 90 KeV electrons is ~ 9.4 MeV/cm,
which means that the electrons lose ~ 24.5 KeV by passing
through a 26-um thickness in Al. This effect,which contributes

to incpyease the spread of the electrom angular distribution,

has been considered by Jacob [19] and Spencer [27].

2.2 Conductivity Cell 6f

The present arrangement, which will be described in

detail in the following Sections, is based on the original

design of Schrnieider and Brau [28]. The experimental

conductivity cell, shown in Fig. 2-14, consists of a high

pressure chamber, and a bias circuit with electrodes used

[P S

to maintain both a constant voltage and a uniform field in

. the plasma region.
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Fig. 2-14 Cross sectional view of the apparatus

showing the conductivity cell and the bias circuit.
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2.2.1 The High Pressure Chamber

The high pressure chamber is a sealed enclosure with
total volume of ~ 36 ml, ap effective discharge volume of
~ 0.2 ml, a total wall surface area of ~ 110 cm2, and 1is
capable of withstanding a differential pressure of at least
600 KPa. The cell and electrodes are aluminum and the
insulator is plexiglass. This material has been chosen as
the insulator because of its low cost, because of its
transparency (which allows inspection of the electrodes
without exposing the cell to air),and also because of its
slow reaction rate with HCl. The major problem with plexi-
glass is the high outgassing rate. Dayton [9] expresses the

outgassing rate for plexiglass as

4 1 -2

Rate = (1.33 x 10 T—0°5) Pa.l.s ~.cm “, (2.2-1)

where T is the pumping time in hours (> 1 hour). This ex-
pression has been derived from experimental data representing
the best outgassing conditions for plexiglass. The principal
gases evolved are watér vapour, N2 and 02. However, H2, co
and CO, may also be observed [29]. Since HZO is released

by the walls, the cell should be thoroughly outgasses before
HCl is injected. This precautiénary measure has been found

to eliminate any visually-detectable corrosion damage to

either the electrqdes or the aluminum wall surfaces. The
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normal thin layer of A1203 provides protection to the surface,
and prevents adsorption of HCl to the walls. This has been
verified by measurement of the dissociative attachment rate
constant, as described later in the thesis, after leaving

the Ar-HCl (2.8% HCl) mixture in the cell for periods of time

varying from ~ 1 min to 1 hour. No systematic change in
the measured rate constant was observed in these measurements.
However, as a precaution the cell was always vented and re-
filled before each shot, which occurred within a few minutes
of refilling. 3

The chamber was mechanically pumped to ~ 2 Pa. The
mechanical pump was connected in series with a liquid nitrogen
trap in order to prevent contamination of the chamber by
vacuum pump o0il, and to collect HCl during evacuation. The
"leak rate", which was due mainlf to plexiglass outgassing,
was 1.5 Pa/min after > 48 hr of pumping. This can be compared
with the 48 hr value of 0.78 Pa/min calculated using
Eq. (2.2-1) and an exposed plexiglass surface area of

24.4 cm2.

The calculated rate is 0.38 Pa/min for T = 200 hr.
The large outgassing rate of plexiglass can be eliminated,

if necessary, by the use of a teflon insulator. However,
this would rgsult in the loss of the transparency required
for viewing the electrodes.

Cell pressure measurements were made with a Matheson

0-400 KPa gauge, which was checked to be properly calibrated,
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and for which the reading was found to be reproducible to

within * 5 KPa.

2.2.2 The Discharge Circuit

The discharge gap potential difference was maintained by
means of four 0.25 uF capacitors, capable of holding off
7.5 KV dc. The capacitor bank was charged through a 1 M@
resistor, in series with a high voltage power supply (up to
3.1 KV). The current pulse was measured from a low—;nductance
1.25 - Q resistor consisting of eight 10 - Q@ resistors in
parallel.

A schematic of the discharge circuit is shown in Fig.
2-15a. Figures 2-15b and c are simplified representations of
Fig. 2-15a circuit for:purposes of analysis.

Solution of the appropriate differential equations for
circuit (b) gives the voltage drop across the series resistor

R as
VN

v_(t) = S &f exp(xz)Ig(z)dz, (2.2-2)

1 1

+ (RCl)- 3 Cl is

the bias capacitance, and Cg is the gap capacitance. The

1

where Ig(t) is the gap current, A = (RCg)—

initial conditions are Ve (o) = Vg(o) =V, During a
‘ 1
dissociative attachment run, the current pulse decays nearly

exponentially in time (typical time constant t = 50 ns).

LN PV



" Fig. 2-15 Schematic diagram of the discharge circuit.
a) entire circuit. b) simplified circuit.

c) simplified circuit.
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Writing
I (z) = I exp - 2 (2.2-3)
g = Iexp - .

we get
V_o(t) = I_(exp-S-exp-at)/(C.(i-1 1)) (2.2-4)
R 0 T g

since the actual experimental parameters were Cl = LluF,

C_= 1pF, R = 1.25 Q, we get, for t = 50 ns,

x'l = RC_ << 1 (2.é—5)
g

Clearly, only the first exponential term appearing in

Eq. (2.2-4) is important. Therefore, Eq. (2.2-4) can be

simplified to

VR(tl = RIg(tl, for t > 20X = 25 ps. (2.2-6)

It follows that equating the gap capacitance to zero, does
not introduce any significant error in the calculated
response of the circuit.

It is of interest to estimate the bias capacitor

voltage drop AV

c for the experimental conditions.

1

«©

Q Ig(t)dt . (2.2-7a)

Ol

8V

P

When Ié(t) has the exponential form given by Egq. (2.2-3),
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AV is
€1
AVC = IOT/C1 {2.2=7b)
1
In the worst case v = 500 ns, Io = 15 A and VC (0) = lOOOVr
l -1
This gives AVC = 7.5 volts and AVC (0) x 100 = 0.75%.
1 1
Under typical conditions t = 50 ns, IO = VC (0) = 2000V.
e 1
We then get AV = 0.25V and (aV, /V. (0)) x 100 = 0.0125%.
€1 ¢ A

These results clearly show that the measured current variations

are due to changes in the plasma conductivity, rather than
being caused by the- discharge of the bias capacitor.

The previous results lead us to consider the circuit
shown in Fig. 2-15c¢ as being a more adequate simplified
representation of the discharge circuit. In this case, we

are interested only in the temporal evolution of the gap

voltage Vg(t),wgiven by

Vq(t) =V, - Q Ig(t)dt - RIg - —9, (2.2-8)
1 dt
\ The circuit inductance L is < 50 nH. The experimentally

observed current pulse can be approximated by

3

Iot/lo 0 <t < 10 ns
Ig(t) = IO 10 ns < t < 13.ns
I exp - (E%}Q) £ > 14 ns (2.2-9)

s en -

N e e 4 M

e e e e st o S onrd =
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Figure 2-16 shows (Vg(t)-Vo)/V0 calculated using Egs. (2.2-8)
and (2.2-9) for typical values of I, v and V_. We find
that [AVg[/VO is always less than 0.4% for time t > 15 ns.
Since no measurable changes in the dissociative attachment
rate should be observed for such small fluctuations of the
gap voltage, we have used Vg = VO.

A reasonably uniform-field electrode configura;ionlwés
employed. The anode electrode had a composite three dimen-
sional Chang profile [30], and was made from of a 2.54 - cm
aluminum rod. This was machined on a lathe, rough-polished
with #600 emery paper, and finally polished with Brasso.
The cathode was the thin aluminum foil (26 um Reynold's
wrap) separating the high pressure chamber from the vacuum
diode. The cathode diameter was 4.5 cm and the gap spacing
was 0.6 cm. The foil was supported by means of a nickel
mesh. of - 55% transparency from circular holes of 0.3 mm
diameter. The use of such a support prevented the foil
from breaking at high differential pressures (~ 400 Kra),
and helped to maintain a flat cathode. Inside a central
region of - 1.5 - cm diameter, the main source of field
distortion was caused by the irregularity of the cathode,
Qutside this region the irregularity was caused by the
edge effects due to the finite anode size.

The bias capacitors, the high voltage lead and the
series resistor were carefully shielded, as shown in

Fig. 2-1%. This precaution reduced the peak-to-peak rf



Fig. 2-16 Fractional changes of the discharge gap

voltage as a function o

was in each case S A

f time. The peak current (IO)

and the applied voltage (Vo)

~ 1500 V. The dashed curve corresponds to 1= 40 ns,

and the full curve to rt

= 200 ns.
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noise amplitude by approximateiy a factor of 10, in comparison
to the case where,only the e-beam gun was shielded and a
single braided return current conductor used. Figure 2-17
shows typical current pulse% observed in nitrogen, both

with and without the shield.

4

wr
¥

N

2.2.3 Gas Mixtures

Nitrogen (Matheson 99.99% pure), Argon (Matheson, 99.995%
pure), and an Ar-HCl mixture (2.8 * 0.06% HCl, analyzed by
Matheson's) were used without further purification.‘ The gas
mixturgs‘ﬁhich consisted typically of 55 - 400 Kpa'of
Ar-HCl (2.8% HCl) plus 0-345 Kpa of Ar or N, were prepared

in a previously passxvated 250 ml pyrex bulb.
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Fig. 2-17 Oscilloscope records showing typical current
pulses observed in nitrogen. a) The bias circuit
was shielded. . b) The shield was replaced with a

single braided wire (1 cm wide).
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CHAPTER 3
THE DISCHARGE PLASMA
3.1.1 Creation of the Plasma

In the first section of this chapter we provide a rough
estimate of the bulk characteristics (initial secondary elec-
tron number density, and diffusion characteristic time) of
the discharge plasma column.

The 'secondary-electron production rate P (at the out-

put of the aluminum foil window) is given by [19]

PS x JebpS/((eEi)(cose)avg) ' (3.1-1)

where S is the mean stopping-power of the gas (eV-cmz/g), Jeb
is the primary electron-beam current density (A/cmz), Ei is
the effective ionization energy -required for the formation

of an electron-ion pair{(eV), p is the mass density of the
A - .

gas-(g-cm-3), and

T/2-

¢cos8 sing fGS(e)de./

(cose)av =.%

g

/2

f sing fGS(e) de (3.1-2)

is a correction term allowing for the angular distribution of
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the electron velocity (fGS is the Goudsmit-Saunderson distribu-

tion [20]).
We have shown in Section (2.1.3) that, for small angles,

fGS(e) = 2exp-(62/xi (B=1.2)). Using this approximative

expression for the angular distributilon function, numerical

integration yields (cose)an = 0.6004 (using xg(B—l.Z) = 1.945,

as found for typical conditions iﬁ Section (2.1.3)).

The stopping-power for 90 KeV electrons in Argon is

~

2
~ 2.9x 10° &Vcm

2
and in Nitrogen is ~ 3.7 x 10° EXéEE_ [31].
The effective ionization energies are 27 and 33 eV for Ar and

e
N2,»respectively (31} . At a gas number density of ~ 2.5 x 1019

cm“3 and an electron beam current density of ~ 2A/cm2, the

secondary electron production rate (just beyind the aluminum

21 -3 _-1 1
cm

foil window) is ~3.7 x 10 s7Y in Ar and "2.7 x 10°

cm—3.s'l in N2. If we assume that the current pulse is
tringular (isoscele) with a FWHM of ~ 10 ns, and that the
electron energy is constant during thé electron beam current
pulse,. then the "initial" secondary-electron number density

is calculated to be ~ 3.7 x 1013 cmm3 in Ar and - 2.7 x 10l3 cm-3

ih N, (at 100 KPa). .
"Equation (3.1-1), together with the appropriate expressions

for Jeb and (cose)év can be used to determine the secondary-

gl
electron production rate .anywhere in the plasma.

As they cross the discharge gap, the primary electrons

12
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suffer collisions with the atoms (molecules) of the gas. The
scattering produced results in a diffusive increase in the
angular spread of the e-beam. The l/;\width of the angular
distribution, starting from an initially parallel 65-KeV
electron-beam passing through a 6 mm thick argon target at
100 KPa, is estimated to be ~ 0.58 rad (el/e * Xg (B—l.é)l/z,

as given in Section 2.1.3). As the primary electrons travel

through the gas they also suffer inelastic collisions with

atoms (molecules), and lose a fraction of their kinetic energy.

Each electron typically loses 3.5 KeV-cm T in N, and 4.5 KeV.
cm-l in Ar [31] (at a pressure of ~ 100 KPa). This energy
loss is approximately balanced by the energy gain from the

1

accelerating discharge field (typically 3.5 KeV.cm ~). Both

effects (scattering of electrons by the gds and electron

energy loss) are less important for determining the expressions

for Jeb and (cose)avg), than the angular spread caused by the

multiple scattering of the electrons in the foil. These

effects have been completely neglected in the present calcula-
>

tions in oiier to keep the solution simple.

In the actual case we assumé that the primary electron
beam has cylindrical symmetry. Therefore, Jeb(z) and
(cose)avg(Z)’ at a distance z from the foil and along the
symmetry -axis, are given By
6 (r,2))z(c%+2%) 3 2ar  (3.1-3a)

R
Jeb(z) o Q ZHF dr fGS

\7



and

. fmax ,
(cose)avg(z) z % fGS(e) sin® cos6 de

/ &?max fog (8) sine de, (3.

where R is the radius of the aluminum foil window and em
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1-4a)

ax
tan-l(z—lR). These integrals must be solved numerically.
However, for z > R the use of the approximations fGS(e) =
2 exp-(92/x2(B-1.2))) and sins = 82 may be used, to yield
the following approximative expressions:
Jeb(z)az(exp—o"l(z—l(z_l—(zz+R2)—1/2)‘+
(27§ AL oy L (f e RH TP
n=0 n:
¢ AL G R (3.1-3b)
n=0 '
and
0 gy 2. =1, 02 2 !
(cose)avg(z) = 5 (l-exp-(R"o /(R7+27)) )/ ((l=0 ™)
(1-2/(R2+2%)Y7/2) + (o7Y3) (1~ (% +2H3/%)) . (3.1.4p)

In the case of a highly diffuse distribution function
. ]

(fGS(é) = 1, ¢ ~ » the solutiong are

-
e ————— . e o i 23 ®
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I (z) = Jo(l~z/(22+R2)1/2) (3.1-5)

eb

and

cose JORZ/(ZJ (R%+2%)), (3.1-6)

vg eb(Z)

where Jo is the current density at the ¢enter of the foil.

Therefore, the secondary-electron production rate is given

by
(R2+22)

2

P (z) = 2058 J2 (z)
eb
JOR

(3.1-7)

—

It is also of interest to know‘the radial dependence
%
of Ps' For z>>R an approximation of the functional dependence

is given by

2
Ps(z,r)a f(ecen)/Ravg’ (3.1-8)

An analytic solution for Ravg has -not been found. However,

we have determined a lower and upper bound for its value,
which is given by
2,2 1 -2

2, - -1
(r=+2"+R") < Ravg < (tan “(z=r) =~

- tan"Y(-z-r) )/ (2R2) (3.1-9)

g 4
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Figure 3-la shows a plot of the secondary-electron
production rate Ps(z) calculated by combining Egs. (3.1-1),
(3.1-3b) and (3.1-4b)+ together with the rate given by

Eq. (3.1-7) (both results have been arbitrarily normalized

to Ps(0.6 cm)f}). Figure 3-1b shows a plot of PS(O.G,r)maX,
PS(O.6,r)min, PS(O.3,r)max and Ps(0.3,r)min obtained from Egs. (3.1-8)
and (3.1-9). We can now consider the diffusion problem.

The spatial and temporal evolution of the electron number-
density is determined, in the case of a simple diffusion

process, by

%3 = Dv°n, (3.1-10)

where D is the diffusion coefficient and n is the electron
number~density) .

If the medium through which the electrons diffuse is
infinite (no boundary conditions), then the electron pumber-

density is given by [2]

1
n(x,y,z,t) = ————m fFnix*,y',2',0)*
B(WDt)3/2
2 ooy 2 ey 2
exp - ) Py ) 1272 ) gy . (3.1-11)

L1

We have shown in this section that n(x,y,z,0) is
approximately known. Therefore n(x,y,z,t) can, in principle, .

be determined for all other times.
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Fig. 3-1 a) Secondary-electron production rate as a
function of the distance to the foil (2) along the
symmetry axis of the plasma. The dashed curve was
plotted using Egq. (3.1-7). The rate function
determined using Egs. (3.1-1), (3.1-3b) and (3.1-4b)
as represented by the full curve. b) Secondary-
electron production rate as a function of the radial
distance. The rate function was plotted for z=0.3 cm
(dashed curves) and zz0.6 cm (full curves). In both
cases the lower curve corresponds to the values

calculated with R; Eq. (3.1-9).

P
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However, it is not essential to solve this problem ex-
plicitly in order to obtain useful information about the
evolution of the electron density. We consider instead the

initial electron density
no(z,y,z,o) = nod(x)d(y) (3.1-12)

Substitution of Eq. (3.1-12) in Eg. (3.1-11) yields
n f
n(x,y,z,t) = Z?%E exp—zég . (3.1-13)

The 1/e width of this distribution is given by

_ 1/2 :
ry e T (4DE) (3.1-14)

In the present case the coefficient of diffusion D is
typically ~ 6 x_lO'-6 cmzns-l. Therefore, the expansion

velocity is

dr ' -5
O Tl/e 1.2 x 10 -1 -
Vl/e T g 2 Sy cmens 7, (3.1-15)

with rl/e in cm.
At a 1/e radius ~ 0.3 cn, V1 /e is - 4 x 10°° cm/ns.
This clearly shows that over the time scale of interest

- o

o s
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3.1.2 Electron Energy Distribution

A general model of the gas discharge can, in principle,

be built by solving the Boltzmann equation for the distribution

function fs(y,g,t) using the appropriate boundary conditions

for each species S5 (neutral and excited atoms, and molecules,

ionsg, and electrons). The pertinent set of equations have
the formm

af £y

Tt Yy fs t U, ﬁ;fs =k Csr' (3.1-1b)

where Csr represents the net rate of increase of the class
in question as a result of collisions between particles of
species s with those of species r, ES/Ms is the acceleration
of particles of species s of a given class resulting from
external forces Es’ and fs(g, X/ t)d3v d3x is the number of
particle of species s in a volume element d3v at v in
velocity space, and in a volume element:ajx at x in space.
This approach was found to be far too complicated. The
chosen alternative consisted in eonsidering the homogeneous
steady-state Boltzmann equation for electrons alone. Several
authors have given methods for solving this problem in some
special cases [33-38].

A Boltzmann code has been written based on Sherman's

[36] method of solution. 1In this case the Boltzmann equation

is reduced to

N e s
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E - (elastic) (inelastic) _
Yy M, fe E Cer * Cor (3.1-17)
where CZiaStlc and ngelastlc stand for the elastic and in-

elastic collision of particles of type e with those of type r,
respectively. .

Holstein [35} has shown that, provided the electron
mean-free-path for elastic collisions is short compared to
the linear dimension of the volume occupied by the gas, the
large deflections resulting from elastic collisions with atoms
(or molecules) lead to a nearly isotropic electron-velocity
distribution function. The linear dimensions of the present
plasma column are -~ 0.6 cm, and the mean-free-path for
electrons, at 100 KPa in Ar, is ~ 5 x 10-5 cn. Since the
conditions were appropriate, we employed Holstein's [35]
two térm cartesian tensor expansion of the electr&n—velocity

distribution

fe(V) = fo(vl + gl(v)’g/v, . (3.1-18)

where lsl[<<fo.

- Detailed”develoémgnt of the\Boltzmann equation for fo
and 5;, with explicit expressions for tha collisional terms,
is found in standard text books [39, 40]. Therefore, only
the final results are giveh hexé; The time~indépendent

Il - "&J
Boltzmann equation for the isotropic part, fo(v), 6f the
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nearly isotropic electron-energy distribution for a mixture
of gases (in the case where only the elastic and inelastic

collisional processes are considered) is given'by [40]

K
u 6.,.Q (u) -1
. _ -1 20 K'm _ A "(u)
fo(u) = exp(( é 2A (u)Meu i M ) I x
K o
u .
(£ 7 % au((urat) 6 Q5 (urut) £ _(uru')))), (3.1-19)
: 3 o
j ko .
where A(u) = %(E/N)2 ull &, QK)"l
X m
and where the arbitrary normalization factor fo(o) = 1 has

. 2 . .
been used. Here u = mv /2e is the electron energy in volts,

Qﬁ(u) is the momentum transfer cross section for the Kth

species, QE is the inelastic cross-section for the kD

species in the jth excited state, N is the total (atoms

plus molecules) number density, E is the applied electric

field, MK is the mass of a particle of species K, ajK is

the excitation energy of the jth level for the Kth species,

and Sk is the mole fraction of particle of species K,
Sherman [36] has proven that Eg. (3.1-19) can be solved

by iteration. A Boltzmann code employing is iterative

method of solution was W{itten. However in the present

)

case the iteration was started by setting féo (u) =0,

éO)(u)=L ag daone

0 < u < Uiax’ rather than by using £

\
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(n)

o (u)

by Sherman [36] (note that the subscript (n) in f

)th

‘represents the (n+l iteration, and that u . Was chosen

so that fo(o)/fo(umax) > 108). In the range of E/N (reduced

electric field) employed, starting the 1teration with

(1)

f(o)(u)=l invariably lead to fo

(o]
(o)
O

(u) = "floating zero".

However, starting with £ =0 give a solution and also

provided the useful relationship

£(0) (2) gy < ¢l®)
O

(u) < fO °

{u) . . . < fo

(2n+1)

(2n-1
<ﬁo x

(1)
(u) < fo fO

(u) . . . < (u) . (3.1-20)

We used the above "two-sided" convergence property to

reduce the number of iterations and consequently to shorten

the computation time. For this, fén+l)(u) in the (n+2)th
iteration was replaced by fén+l)(u) = (fgiﬂ)(u) fén%u))l/z
(the geometric average of fén)(u) and fén+l)(u)). This

method was found to be very efficient in reducing the total
number of iterations required fo; a good convergence of the
electron~enerqgy distribution-function.

The distribution-function was then used to calculate
the electron drift velocityyvd, the electrons characteristic
energy e . the average electron energy ®avg’ and the rate
constant (R) of reactions involving electrons as primary

particles. The relations used to calculate these parameters

are [40]:

o
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- 1/2 « af @
v, = Z (&) 4 © au /s u?f (uydau (3.1-21a)
a’” I ‘M K. 3u o
e o (I GK Qm) 0
K
= uf_(u) o 3f
! o) u o du
e, = - J du’ s -9 (3.1-21b)
Koo s g (zs,Q5 (w)) ¥
K K K
_ [ 3/2 T 1/2 g
Eavg z g u fo(u)du/ i u fo(u)du, (3.1-21c¢)

and R = (%é)l/z S Qgluluf_(u)du/ f ul/zfo(u)du,(3.l‘—2ld)

0 0
e

where QR(u) is the cross section for the reaction R.

The Boltzmann equation employed did.not account for
super elastic collisions or for electron—electfon (e-e)
interaction terms. The error introduced by neglecting the
superelastic term is not important because the ratio of the
number of atoms in any excited state to the number in the
ground state is expected to be small during the éischarge. ‘
Péstma [37] has given a simple expression for the electron

concentration at which the influence of e-e collisions

becomes important. This is

2
N 4ne -
e _ o) K. -1 2
¥ T (£ GKQmL gE/N) v (3.1-22a)

e lnA K

where ¢ is the permittivity of free space,



e KT_3/2

(-2 ©) » Ty the electron temperature, and K
N

lnA:lZnN;l/z

2

the Boltzmann constant. All the other symbols have been
previously defined in this section.

For Argon the numerical value of Egq. (3.1-22a) is

N 2
R 1034 (E) , (3.1-22b)
N

where E/N is V.mz. The range of E/N employed experimentally

extended from 0.2 x 107%% . m? to 10720 V.mz. The lowest

E/N values were obtained by setting the buffer gas pressure

to approximately 400 KPa (N ~ 1026m-3), so that the critical

LBem 3, at large values

-zov.mz, the critical

electron number density is ~ 2 x 10

of the reduced field, E/N > 0.5 x 10

electron number-density is > 5 x lOl3cm’3. In order to

avoid any theoretical complication the electron beam current
density was attenuated to - 1-2 A/cmz. Even though, at low

E/N~0.2 x 10'2°v,m2 (large pressure) the electron density

at the foil can be initially as large as (5-10) x 1013cn3
and the computer code fail to give accurate result. However,
for E/N > 0.4 x 10729 v.m? the electron density is low
enough that the e-e interaction can be neglected.

The secondary electrons produced by the incident
electron beam are distributed in energy (u) according to

[41]
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2 -
s AELL oy (g-p -20), (3.1-23)
(u=T ) "+T
o)
where U is the Heavyside step function, A(E)=00KE—lln(§J;1),
\\/,/
3 \
= - 4 =
TO Ts 1.0 x 107 /(E ZEi) ' r TSE/(E+Fb),

. - 2 .
Ei is the ionization energy, 9y = 10 16cm , E is the
f S

primary electron energy, and K, J, Ts’ Fs and Fb are 9.30,
3.75, 6.87, 6.92 and -7.85, respectively. From Eq. (3.1-23)
the secondary-electron average energy have been calculated
to be ~ 17.5 eV for an incident electroh energy of ~ 80 Kev;
After the electron-bedm is turned off, this high-average
electron energy distribution function relaxes toward the
quasi-steady-state distribution function. An estimate of
the relaxation time is obtained by calculating the elapsed
time required for the electrons to lose their energy through
collisions with the atoms (molecules) of the gas. 1In the
case of an 99.5% Ar/O.S% HC1l plasma and electron energies
in the range 6-12 eV, the dominant céoling processes are
elastic collisions with the atoms (molecules) and electron-
electron interactions. The characteris£ic time (ra) for
an electron to cool by collisions with atoms is

‘ .

_ Bar 1

¢ - _Ar Axr, = \ _
Ta 2Me (NArVeQm ) ’ , (3.1-24)

and to cool by electron-electron collisions is [39]

-,



—~2 ) 1an"t. (3.1-25)

All symbols have been defined previously. Under typical

19 -3 15

conditions N 5% 10°7cm 7, Qgr 100 cm2,~qnd

Ar

Ne‘i4lgl%gm—3. Consequently, Ta is "3.0-5.5ns (for electron

energies in the range 6-12 eV) and Te is ~ 65 ns (for 10 ev
electrons). Above the excitation threshoid, the electrons

will lose energy by inelastic cqllisions, with a character-

istic time

Ar, -1

R Ar
? Tox (u/uj )(NarVeQj ) , (3.1-26)
Ar ., . . .th .
where uj is the excitation energy of the j electronic
level of argon, and Q?r the cross-section. Typically,
u?r © 13 eV and Q?r - 107 m?, so that Tay ~ 8.5 ps for

u ~ 15 eV. For electron energies below ~6 eV, electrons
lose energy by exciting vibrational levels of HC1l with a

characteristic time given by Eq. (3.1-26) (with Q?r *> Q?Cl
Ar HC1, -3

, . 17
and uj > ouy ). Typically, NHCl 5x 107 em 7,
QHCl "4 x 10-16cm2 and u?CI “ 0.4 eV, so that Tex - 0.5ns

(for 5eV electrons).

The electron energy distribution reaches its quasi-
steady-state within “10 ns (for an Ar-HCl plasma). At
an§ later time the distribution function calculated by.
our Boltzmann -code is a good approximation of the actual

"distribution. The relaf?;éon time of an Ar-N,-HCl plasma
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is much shorter because of the large vibrational extitation -
cross-section in the energy range of "6-12 eV.

Figures 3-2 to 3-8 show the calculated transport
coefficients and rate constants obtained for typical Ar-HCl
and Ar-Nz—HCl plasmas, the cross-sections and the numerical
methods used for these calculations are given in Appendix 1.

The accuracy of the program was verified by comparing
calculated values of drift velocity (vd) and characteristics
energy (ek) with experimental results for pure Ar and N2'
For E/N in the range 0.2 x 10-20 - 10-20 V-m2, the calculated
parameters for Ar are found to lie within the error limits
of the experimental data. For N, the values differ by

approximately 6% and 3% for e, and var respectively. These

K

errors may be due to the neglect of rotational excitations

even at these E/N values.

~

Figures 3-6 and 3-8b show k (the dissociative

HC1;Cl™
attachment rate constant) plotted against Eavg' The result

is rather insensitive to the exact shape of the electron

energy distribution function. For purposes of comparison

the figures show the same data calculated using tavg in the '
Maxwellian distribution function

M
e . 3/2 -

fyaxwe11 V) = (4ﬁ€ ) exp=(5c—) ° (3.1-27)
avg avg
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Fig. 3-2 Drift velocity for electrons in Ar and Ar-HCl

mixtures as a function of E/N. ' Experimental data for

the drift velocity in pure Ar (o) [79] are shown.
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\ o
Fig. 3-3 Characteristic energy for electrons in Ar
and Ar-HCl mixtures as a function of E/N. Experiment:al
data for the characteristic energy in pure Ar (A)

[79] are shown.
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Fig. 3-4 Average energy for electrons in Ar and

Ar-HCl mixtures as a function of E/N




74

(;m° A 4{0T) N/ .

919
2°0 L°0 9°0 0 $°0 €*0 2°0 1°0 0,
T 1

-0°1

—10°¢€

-10°¢

-10°9

(4%) 3



~/

Fig. 3-5 Rate doefficient for vibrational excitation
(0+1) of HC1l by electron impact. The rate coefficient
were calculated using a Maxwellian electron energy
distribution and using the electron energy distribution

determined by our Boltzmann code for pure Ar.

.

4
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Fig. 3-6 Rate coefficient for dissociative attachment
of electron to HCl as a function of the average

electron energy. The rate coefficient functions are

calculated for different electron energy distribution,

which are those for; pure Ar (I¥); Ar-HCl1 (99.5:0.5)

(———); Ar-HCl (99:1) (-~--- )3 and Maxwell (+).
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Fig. 3~7 a) Drift velocity for electrons in N, . Ar-N2

and Ar-N,-HCl mixtures as a function of E/N. The

2
full curve is Ar-N, (36:64) and the dashéd curve 1is
Ar—N2~HCl (35:64:1). b) Characteristic energy for
electrons in N, and Ar—Nz—HCl (35:64:1) (dashed curve)
as a function of E/N. Experimental data for the
drift velocity and characteristic energy in pure N,

() [80] are shown.
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Fig. 3-8 a) Average energy for electrons in N2 and
Ar—Nz—HCl (35:64:1) (dashed curve) as a function of
E/N. b) Rate coefficient for dissociative attachment
of electron to HCl as a function of the average
electron energy. These rate coefficient functions
were calculated using a Maxwellian electron energy
distribution (—— ) and also using the electron
energy distribution determined by our Boltzmann

code for an Ar—Nz-HCl {(35:64:1) mixture (—-----— ).
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3.1.3 Reaction kinetics of the discharge plasma

The reaction kinetics of the Ar-Hcl or Ar-Nz—HCl plasmas
are rather complex, involving several ionic species and a
large number of excited atomic and molecular species. Since
our interest was directed toward the determination of the
temporal evolution of the plasma conductivity, it was ﬁéssible
to build an adequate descfiption of phenomenon by considering
the electrons and ionic species alone.

We have listed-in t;ble 3-1 the important electron-ion
reactions relevant to the present case together with the

kinetics of the precursor species.

TABLE 3-1 <
Reaction Rate (cm3s-l)* Reference
ar’ + 2ar - Arj + Ar 4.4 x 10731 (42
2.5 x 19731 (43 ]
1.46 x 10 2% (44]
5 x 10732 (457
1.9 x 10731 ' (46
2.07 x 10732 (473
2.3 x 1073 (48]
g 3.0 x 10731 [49]
(3.1-28)

T, -0.67
e + Ar, -+ Ar* + Ar 7.5 x 10 ( ) {50]

300°K .
13 -
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29

+ + -
N2 + 2N2 + N4 + N2 7.2 x 10 \j[Sl]
(3.1-30)
+ -7
Ny +e~>N+N 2.8 x 10 (52]
(3.1-31)
NZ + e - N2 + N2 **3.0 x 10-8(€K)—l'8 (53]
(3.1-32)
- -11
HCl + e = H + C1 (5-10) 10
+ H + Cl
0 - -12
, te~0+0 3.0 x 10 (54]
{(3.1-34)

« -
the rate is expressed in cmss 1 for three-initial-article
reactions.

**e

K i1s the characteristic energy in ev.

3.1.4 Modeling of the Discharge Current Pulse (attachment
dominated plasma)

A simple model of the discharge current pulse, for the

case of an attachment dominated plasma, is developed in this

sec¢tion.

3.1.4 a) General approach
Computation of the evolution of a current pulse, when
the electric field is distorted by electrons and ions,

requires solution of the appropriate rate equations for the
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different species (including the boundary conditions) together
with the simultaneous solution of Poisson's equation. The

rate equations are [55]

IN.

1
— . - . o= T D k,
e e e R IRt S U S U

il

NaNchkabc;iv - czd NCNdNidel;lv ' (3.1-35)

- - (+) (=)
V+E = ~e(N I N. + I N )y (3.1-36)
e j ] -]
]
where Si 1s a source term for the specie i, kab; and kabc;

are the rate coefficients for two- and three-initial-particles,
respectively. The final particles are represented collectively
by v (or iv). N§+) and quare the number densities of positive
and negative ions, respectively.
The above approach has been followed by Davie; et al

(56, 57], who have developed a method for computing the
evolution of ionization currents between plane parallel
electrodes when the field is distorted by electrons and

ions. Davidson [58] has given a formal solution to the

problem, for the case where the space charge can be neglected.

The gap current Ig(t) for the case of plane parallel
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electrodes 1is given by

$ dsdz, (3.1-37)

O — fu

where 2 1s a unit vector perpendicular to the surface of the

+ - . 4
electrodes, g( ) and g( ) are the positive-ion and negative-
ion current-densities, respectively, and 4 158 the 1inter-

electrode distance.

3.14 b) Simplified approach

It 1s clear that the solution of Egs. (3.1-35) and
(3.1-36) should give accurate results. However, it 1s also
clear that such a method would hardly be suitable for
experimental data analysis. Instead we decided to adjust
the experimental conditions so that the observed current
pulse could be related in a simple manner to the parameters
of interest.

We first describe qualitatively the temporal evelution
of a typical discharge current pulse. The current pulse
starts when the electron-beam turns on. The primary
electrons ionize the gas mixture, creating a high average-
electron-energy (~17 ev), low density (‘1013cm-3), non-
uniform plasma. After the electron-beam turns off the
electron energy distribution relaxes rapidly to its quasi-
steady-state value (within “Sns). At the same time the

cathode-fall region builds up, and the plasma conductivity
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starts to decrease, because of the electron=-positive ion
recombination process and because of dissociatiQe attachment
of electrons to HCl. The electron density finally becomes
negligible in comparison to that of the positive and negative
ions, which determine the plasma conductlylty at later times.

The cathode 1s connected to the positive column of the
high-pressure glow discharge by the cathode-fall zone. This
is a region of large positive ions density over which the

electric field varies from a very large value (- 107 V-m_l)

down to ~10° Vm—l, according to E © -2V_/d_ [l-z/dc] (where
dc is the cathode-fall region "thic&ness“ and V. s the
cathode-fall potential drop). The éolutlon of the problem
ié very complex since we are dealing with the behavior of
electron swarms in electric fields having rapid spatial
variration (59, 60]. Consequently equilibrium between the
electrons and the electric field cannot be reached and

therefore the electron energy distribution can be very

different from that found in the uniform field case {59, 60].

v

However, it is sufficient for us to know the bulk character-~

istics of the cathode-fall zone. These are that the voltage

drop Ve (ﬁihh an aluminum cathode) is 100 v for argon and

200 V* for'nitrogen [28], the thickness d_ of the zone is
Y

* 5 um for both argon and nitrogen at atmospheric pressure

(611, and that the cathode-fall region is an efficient

source of elgctrons.
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The positive column of the glow discharge is a zone of
major importance. We expect the field to remain reasonably
uniform during the whole current pulse because the electron
number-density 1s rglatively low and the non-uniformity of
the plasma is not very large. Thus Poisson's equation
(3.1-36) doesn't need to be considered 1n the present calculation.
Furthermore, the spatially dependant term appearing in the rate

equations can be neglected 1f the following conditions hold:

2
9P 3~ P
D 1l 3 s s
Polear FaE) T Fmenar Macwr (3-1738a)
and
vd aPs

<<

0 P 3z Kuc1;c1Macl (3.1-38b)

where PS is the secondary-electron production rate, V3 is -
the drift velocity of the electrons, and D their diffusion
EOefficient.

We assume that conditions‘(3.1-38a) and (3.1-38b) are

satisfied in the present case (the validity of this assumption

is discussed in siore detail in Chapter 4). The problem is,

therefore reduyted to the solution of a system of stiff non-
linear differpntial equations. A computer code, using a

N ‘
fourth order Runge-Kutta explicit integration scheme, was

’ .
written to solve this ¢ype of problem. One of the cases
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. R . + + -
studied concerned the evolution of the species Ar , Arz, Cl
and electrons in an Ar-HCl plasma. The code was used to

numerically solve the following set of equations:

3N

e_ —_ — —
T = S (8) = KyopopNaley kArE;Ar NArE Ny,  (3.1-39a)
8NAr; ,
5T = kAr;Ar§ Nar+ Nar ~ kArE;Ar NArENe’ (3.1-39D)
IN. _+

Ar _ _ 2 -

BE = s (6) kAr+;Ar§NAr+NAr , and (3.1-39¢)
3L (3-1.39d)

5t - Kuel;ci-MuciVe

The rate coefficients used in the numerical calculations
are those given in Section 3.1.3, except for kHCl;CI-' The
value of kHCl;Cl used for the case described in Fig. 3-9 is
a factor of ~ 3 times less than that calculated with the

)
Boltzmann‘code.
-~ Figure 3-9 shows the femporal evolution of the number-
density for different species (Ar;...) using typical concen-
trations of the primary species. It can be seen that the

+ . .
Ar, density rapidly increases with a time constant

~[k

2 4=1 . . . .
Ar;Ar+ NAr] , which is typlcally. 4.8 ns (at an electron

2



Fig. 3-9 Temporal evolution of the number density

4 - .

of Arz, Ar , C1 , and electrons. The gas mixture
was Ar-HCl (99:1) with NAr = 3 x lOlgcm_B. The rate
coefficient for dissociative attachment of electron

to HCl used was 3.5 x lO-llcm3S_land the average

electron energy was fixed to 1.5 eV.
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temperature of leV and a pressure of 124 KPa). After the
Ar; specie has reached its peak, it then starts to decrease
with a characteristic time much larger than that for
electrons. The electron number-density varies nearly
exponentially with a characteristic time constant

(t=0)] 1 (since N

te [kHCl;Cl'NHCl ' kAr;;ArNe Ar; (t ztpeak)
> Ne(t=0) over a time scale large compared to t). The total
current (Jtot) density is therefore approximately given by

! T ! - - - - -
Jeot eNeo(‘vArzl |Vep = I*exp %([ve; Vo= 1) (3.1-40)

where ] is the drift velocity for particles of species i.
An approximative expression for the ratio of the

mobility for ions of mass M, moving through a gas of particles

1
of mass M, to that of electrons moving in the same gas (Mz)

is given by [61]

‘ 1/2
, M, E L M

fon - 415 (2o &4 2 )

ng & W KT M, 1)

{3.1-41a)

3

where 4 V2 Lg is the mean~free-path of the electrons. For

T ~~300°K (gas temperature) Eg. (3.l-4la) can be written as

“ion . MM 1/2

e 2
3 1.38 ((W) E Lg)

e

. (3.1-41b)

o
I
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For argon, MI T 6.6 x 10-26 kg, and Lg N 10_7 m at atmospheric

pressure. At a typical field strength of -~ 3 x lOSV mml we

obtain for the Cl ion u. Ju_ T 7T x 10~4 and for Ar+
ion’ "e 2
-4

uion/ue 5.5 x 10 . The ion contribution to the total
1

current then becomes > 10 Je for t > 5t. Therefore, we

-expect to observe a quasi exponential current pulse over a

time scale of -~ 5tr. A reascnably good approximation for the

total current density is given by (for t < 51)

Jpop = e, (£20)exp=(t/T) [v_]. (3.1-42)

The gap current Ig(t) (which 1s the experimentally measured

parameter) is given (for t < 51) by

ev_ d
-~ 2 - _ _
Ig(t) 3 é é Ne(x,t 0) exp (t(kHCl;Cl NHCl
_ -1 _
" kAr;;ArNe(X't’O)) ax dy dz. (3.1-43)

Any complication resulting from the fact that Ne(x,t=0) is

non-homogeneous are removed by keeping the electron density

. _ _ +
at the foil (Ne(x-o, t=0)) low enough for kArz;Ar Ne(0,0) <<
k The rate coefficient for the dissociative

HCl;c1 MEc1
attachment of electrons to HCl is therefore given by the

simple expression
:

(r N...)°L, (3.1-44)

Kuci;e1™ ® HCl
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The trade-off between the various experiméntal parameters 1in
order to work under the best conditions is discussed 1in
detail in Chapter 4.

3.1.5 Modeling of the Discharge Current Pulse (recombination

dominated plasma)

The purpose of this section 1s to discuss problems in
the measurement of the electron-ion recombination rate
coefficients, and to propose a solution. In the first part
we present a simple model for the temporal evolution of the
current pulse. In the second part, we describe how the
e-beam gun system could be modified so as to allow measure-
ment of the rate coefficient for the above reaction.

()

(3

3.1.5 (a) Temporal evolution of the current pulse

The electron number density (Ne) in the plasma is given

by

- =8, -k N N - kAN

at e rec rec e Ne - vJ (3.1-45)

A

where krec and kA are the recombination and attachment rate

coefficients, respectively, and Nr and NA are the cor- 7

ec
responding species number-density.

When krechec >> kANA’ Ne = Nc {recombination dominated
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plasma) . Moreover, when the term V-J is negligible compared

to k Eq. (3.1-45) may be 1integrated from t=0 at

N N _,
rec rec e

cutoff (1.e., when Se=0) to give

-~

Neo/Ne = ((kreCNeO/kANA) + 1) exp (k N, t)
JiifrecNeo/kANA)’ (3.1-46)
where Neo z Ne(t=0). In the absence of attachment Eg. (3.1-46)

reduces to

e0o _ -
T 1+ krecNeot . {3.1-47)

The gap current Ig(t) is therefore given by

eoQ

1+k N
v rec eo

dv . (3.148)

The inhomogeneity in the initial secondary-electron plasma
produced with the present arrangement prevented us from

measuring krec in any simple way. However, if Neo (x,y,2) =
constant, then the solution of the problem becomes straightforward,
provided that the volume of the discharge is known. In this

v

case, the measurement of Ig (t=0) = 3 N together with

v
eo &’

the slope of Ig(t=0)/Ig(t), permits determination of Noo and

finally krec’
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b) Proposed modified electron-beam gun system

The creation of a quasi-homogeneous plasma column appears
to be feasible if the vacuum-diode anode and aluminum foil
window arrangement 1is modified as illustrated in Fig. 3-10.

The present stainless-steel mesh anode 1s replaced by an
, .

18=uym thick aluminum foil, and the present aluminum-foil
window 1s replaced by a 6-um aluminized mylar film. The
diameter of the "output window" 1is 0.15 cm, its distance from
the anode is ~ 1.5 cm, and the "primary window" (at the
aluminum~-foil anQde) diameter is ~ 0.6 cm.

The electron-beam current density incident on the anode
is ~ 175 A/cm2 over the primary window area (estimated from
the electron-beam gun data given in Chapter 2). The trans-
mission coefficient of a 18-um thick aluminum foil is

estimated to be 75%¢ for 90~Kev incident electrons [16].
Therefore, the output current density (JO) at the primary
window is estimated to be - 130 A/cmz. If we assume that
the angular spread of the electron beam emerging from the
primary window is that of a totally diffuse distribution
function, then we can use Eqg. (3.1-5) to estimate the on-
axis current density incident on the output window. With
the present configuration the calculated value is

- 2.5 A/cmz.

Because of the low dénsity and small thickness of the

aluminized mylar film, all the incident electrons should be




Fig. 3-10 Proposed modification to the electron-
beam gun. The stainless steel mesh anode and
aluminum foil electron beam window shown in Fig. 2-2
are replaced by a 18-um thick aluminum foil and an

aluminized mylar film, respectively.
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transmitted (°100%) without any significant increase in the
beam angular spread. Then the main contribution to the
electron-beam angular spread comes from passage through the
anode foil and from the scattering in the gas. The geometry
of the configuration shown in Fig. 3-10 makes the angular
spread at the center of the output window = 0.06 + rad (with
a sharp cutoff at larger angles). The contribution coming
from the scattering in the gas would typically be -~ 0.05 =
at 0.3 cm from the cathode and at a pressure -~ 100 KPa.

The primary window and output window are chosen such
diameters and their large separation (1.5 cm) that the
emerging electron-beam current density will be quasi-uniform

over the surface of the output window. Furthermore <cosé>

avg
should be = 1 over the whole discharge volume. Therefore
Ps(r,z) should be proportional to the current density
J(r,z). The ratio of the on-axis (r=0) current density at

the anode to that at the cathode (mylar film) is estimated
to be 0.7 using Eq. (3.1-5) (lower bound). If we assume
that the current density is uniform at the anode, then the
plasma column diameter is estimated to be “(0.7)"1/2 times
that at the cathode (an increase of ~ 20%). This is not
exactly an homogeneous plasma. However, we point out that
it can be easily characterized with a reasonably good
accuracy. We also point out that the plasma will tend to

equilibrate its inhomogeneity through recombination. The
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ratio of the electron density at the anode (Nea) to that at

the cathode (Nec) 1s given by

Noa - (L + krecNeoct) (3.1-49)
N ) (1 + \vk__ N t) )
ec rec eoc

where % = 0.7 1n the proposed arrangement. The time at which

the ratio Nea/NeC T X 1S given by

_ o {x/A=-1) -1 B
tx T L-x krecNeoc) : (3.1-50)
Therefore, 1n the present example t = 0.7 (k N -1
0.8 rec eoc
~ -lr
and t0.9 = 2.8 (krecNeoc) {in 100 KPa of nitrogen, Neoc
- 1.75 x 1043 em™>, and (k. N__ )Y - 500 ns for
rec eoc

E/N > 0.4}:10_20 v-m2 (53]).

The above illustrates that recombination rate measurements
can be carried out with a properly modified electron-beam-

gun system.
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N CHAPTER 4
ELECTRON-CAPTURE RATE-COEFFICIENT MEASUREMENT

Electron-capture processes are commonly studied using
two experimental methods, the electron-swarm and the electron-
beam technique. Electron-swarm expqriments measure quantities -
which are averaged over the electron eﬁergy distribution. In
beam experiments, efforts are made to produce nearly mono-
energetic electrons. Consequently the data obtained by the
latter method may be regarded as a first approximation to
the shape of the curve represenpting the capture cross-section
as a function of electron energy. One of the major defi-
ciencies in beam experiments 1s that it 1s very difficult to
obtain knowledge of absolute cross—sectlgns for electron
capture. Christophorou et al [62] have shown that the swarm
and beam experiments can be combined to obtain much more
information on electron-capture processes than can be
obtained with either method alone.

For this thesis, tbe main objective was to construct a
system that could be used for measuring the rate coefficient
of electron-capture reactions (swarmm experimgnt). The system
was used to determine the rate coefficient of the dissociative
attachment of electrons to HCl, and to use the results to
calibrate the cross-séctions measured during beam experiments.

The last two sections of this chapter present results

«

i e
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obtained from the dissociative attachment experiment.

4.,1.1 Literature review

Various swarm methods have been used in order to deter-
nmine the rate coefficient for electrog-capture processes.
Among those the method of Botzner and Rurst {63] has been
applied by Christophorou et al [62]. 1In this method,
electrons are produced in a plane normal to the applied
electric field. They are then allowed to drift through a
gas mixture compPSed of a non-attaching carrier gas {(which
determines the electron energy distribution) and a small
fraction of the attaching gas. The attachment coefficient
1s calculated from measurements of the current pulse produced
in the parallel-plate chamber; and the free-electron drift
velocity, vy Measurement of the current pulse permits
determination of a(E/N) (the probability of capture per
centimeter traveled in the field direction divided by the
number density of the attaching gas). The attachment
coefficient is then given by a (E/N) x vy

Nygaard et al [64] have designed simple self-calibrating
method to determine a(E/N). Tﬁe method consists of
producing a short burst of {llectrons at the cathode (of a
parallel-electrode discharge-chamber), and then integrate
the circuit current produced by the flow of fast electrons

and slow negative ions. The resulting voltage transient
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is observed with an oscilloscope. As before, the free-
electron drift velocity has to be determined in an independent
experiment.

Another method (which requires a large and expensive
electron-beam gun system) has been used by Chen et al [65].
In their experiment the rate coefficient of the observed
reaction was calibrated by using the electron-ion (NZ)
recombination rate coefficient together with the electron
drift velocity in pure N,-

The last method considered here is the one that has been
chosen by us, and which has been used by several other
workers [53, 66, 28]. Its simplicity and low cost justify
our choice. Furthermore the coefficient is obtained
difectly without either having to calibrate the measured
value to any othemr reaction rate coefficient or having to
know the drift velocity of the free electrons.

Dissociative attachment of electrons to Hlegas been
studied by several workers, employing various methods:
electron-impact mass-spectrometer [67-73], total ionization
(74,757, and "swarm-beam" method [62]. The shape of the
curves of the cross-sections as a function of the electron
energy are in feésonably good agreement in all cases.
However the absé;ute value for the cross-section differs
by a factor as large as ~ 5.

The research reported.here was carried outson HC1

because accurate data on electz achment in HCl are

J
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pivotal in understanding the excitation mechanisms of XeCl

excimer lasers.

4.1.2 The Experimental Parameters

The reasons for the choice of the external circuit
parameters and for the choice of the materials used in the
construction of the conductivity cell have been discussed
extensively in Section 2.2. The object of the present
section is to give the reasons for the compromises made
between the experimental parameters, absolute HCl concentra—
tion, HCl1l fraction, carrier gas, electron number densf;y,

-1

characteristic time ([k ] 7), and electrodes gap

HC1;CIL: HCl

spacing. P

Because the cross-section for the excitation of the
vibrational levels of HCl are not well known, we had to
keep the HCl mole fraction small in order to knéw accurately
the electron-energy distribution of the swarm. An Ar—NZ—HCl
plasma was suitable for this purpose. Even with an qu
mole fraction as high as 1%, only a small correction has to
be made in order to account for the presence of HCl. This
can be seen by reference to Fig. 3.7, and also by considering
the cross-sections for both HCl1l and N,. 1In the case of an
Ar-HCl plasma, a 1% mole fraction of HCl has a significant

effect on the electron-energy distribution (see e.g.,

Fig. 3-4). This results in an increase in the uncertainty
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of the average electron energy at a given value of E/N.

The HCl mole fraction must also be kept small enough so
that the cathode-fall voltage drop is not changed by the
presence of the molecule. The typical HClL mole fractions
(70.5-1.0%) used in our experiments were a compromlse between
the previous requirements and those described below.

The reduced field (E/N) was varied over the range
0.2-1.0 x 10—20 V-mz. The interelectrode gap was adjusted to
0.6 cm. This prevented the plasma-column diameter from
exceeding the dimension of the uniform-field region. At the
same time this allowed us to use large gap voltages even at
low values of E/N and total pressures < 350-400 kPa.‘ In the
evaluation of E/N the correction for the cathode-fall
voltage drop never exceeded 15% of the gap voltage.

The Boltzmann code has to be applicable to the present
problem under the condition that the electron-electron
interaction term is neglected. For E/N > 0.4 x 10_20 V~m2,
we have previously shown in Section 3.1.3 that this condition

can be written as Nep < 5 x 101‘3<:m—'3 in argon and

Nep < lOl4 cm—3 in nitrogen (both at 200 kPa). The condition

Trecombination’ " must also hold because we want to observe
an exponentially decaying current pulse. On the other hand,
the conductivity of the plasma must be kept large enough for
the S/N ratio to be >>1. This establishes a lower limit on

the electron density in order to achieve sufficient signal.

However, this was not a serious problem because the shield
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was quite effective (see Figs. 2-17 a and b).

The relaxation time tv_ must be kept small 1n comparison

R

-1

to the current pulse decay time t=(k ) 7. This

HCL;Cl_NHCL

condition imposes an upper limit on the HC1l concentration

(NHCL)' However the Ar—Nz-HCl plasma 1s generally withain

this limit since the relaxation time R 100 ps.

The above conditions were simultaneously satisfied

when the electron-beam current density was adjusted to

1-2 A/cm2 and the total pressure was in the range

"50-350 KPa (with an HC1l mole fraction "1%). The peak

electron number-density, at 200KPa, was ”4}<lOl3cm_3 in N

and "leomcmn3 in Ar. The characteristic decay time =,

2

measurea in Ar—-HCl (99:1) at 200KPa, was 17 40ns >> rR”B—Sns

(at 200KPa). Therefore, the Boltzmann code is applicagle

to the present case when E/N > 0.4x10" 20y ;2 (the same is

true with the Ar~N2—HCl mixture) .

The electron-ion recombination rates are “8.0xlo_8cm3s

and 2.5x10 Sem’s™t for nitrogen [{53] and argon [50],

respectively. Hence, at a pressure of 200KPa, kN+~N N
47 %2 P

3.2x10% ™ and k. + . N__~1.25%x10%s7L.

Arz;Ar ep Therefore, the

correction factor for r~1, due to the electron-ion recom-
bination process, is less than 11% in N2 and less than 5%
in Ar (the HC1l mole fraction was ~1%).

The last item considered in this section is that

expressed by Eq. (3.1-38) . If we approximate the radial

-1

S
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dependance of the electron number-density by the Gaussian

curve of Eq. (3.1-14) (with r2 e=4Dt), then Eq. (3.1-38a)

1/
can be written as
2
2D - r
2 (1 ;f“)! << ®ge1;c1r NEcy (4.1-1a)
l/e 1l/e i
2N

where the longitudinal term 1—53 has been neglected. For
32z

D = 6x1030m3s-l, r = 0 and rl/e~ 0.4 cm Eq. (4.1-1) reduces to

7.5 x 10%s7L << 2 x 10%71 . (4.1-1b)

The left hand term of Eg. (3.1-38b) can be estimated
from the P_(0,2) curve shown in fig. 3-1. The condition

reduces to (with V4 - 106cm's_l)

(3-4) x 10%s7t << 2 x 107s7L (4.1-2)

Therefore, the approximation which neglects the spatially
dependant term in the rate equation for electrons is not
very good. However, as we shall see, this does not present
any serious problems.

Let us write the rate equation for the electrons as

aN aN
e e

e 0 Va 5z~ ¥weisc1MaciYer ©OF (4.1-3a)
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DN
5t 7 “Muci;c1-Mac1Ve (4.1-3b)

1Y

where recombination processes have been neglected and where

é% represents the derivative evaluated 1in a frame of
reference moving with the electrons, 1.e., along the
characteristic curve z-vat = oz - Equation (4.1-3b) may now

be integrated to give

Ne(zo+vt,t) z Ne(zo)exp—t/(k ) . (4.1-4)

Hcl;cl-VHCl
Therefore, if the cathode-fall region is effective in pro-

ducing electrons,then the dischHarge current pulse will decay
exponentially with the characteristic time 1. Note that the
homogeneous rate equation model is applicable if the plasma

is created in the way described in Section 3.1.5.

4.2.1 Experimental

A typical current pulse is shown in Fig. 4-1. The
current decays exponentially over more than an order of
magnitude (~2.3t). This shows that the electron-ion re-
combination process is small compared to the attachment
rate under these conditions (as expected) . At later times
the current pulse is distorted, in part, by noise. More
significantly, the current is carried by pogitive and

negative ions (this region is not shown in Fig. 4-1) , which



Fig. 4-1 Discharge current pulse observed in
Ar-Nz—HCl {35:64:1) . The total pressure is

~

= 77 KPa, and the reduced field (E/N) 1is ‘10—20V-m2.
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causes a departure from exponential decay.

The dissociative attachment rate (r_l) is found to be a
linear function of the total pressure (for a constant HCL
mole fraction), as shown in Fig. 4-2. The rate coefficient

kHCl;Cl— 1s given by the simple expression kHCl;Cl— =

slope/[HClL mole fraction], where the slope is that of t
versus the total pressure.

The measured dissociative attachment rate coefficient,
as a function of E/N, is plotted in Figs. 4-3 and 4-4 for
Ar-HCl and Ar—N2~HCl gas mixtures, respectively. The rate
coefficients calculated using the Boltzmann code (Section
3.1.2), and the dissociative attachment cross-sections.
Abcuaf et al [{76], normalized to those of Azria et al [74],
;re also shown in the two figures. Additional measurements
of the rate coefficient were performed at an HCl mole
fraction of .0.4% and 2.8% in Ar-HCl mixtures and at a 0.4%
mole fraction in an Ar-Nz—HCl mixture. For Ar-HCl, these

-20,, 2

measurements were done at large enough E/N (>0.5x10 )

that the average electron energy (¢) does not depend
significantly upon the HCl mole fraction. No systematic

variations in k were observed when the HC1l mole

HC1;Cl~
fraction was changed.
FlgPre 4-5 shows the measured rate coefficient kHCl;Cl‘
" plotted as a function of the average electron energy e

. (where ¢ is calculated from the Boltzmann code). The



Fig. 4-2 Dissociative attachment rate as a function

of the total pressure. a) The mixtures are Ar-NZ-HCl

(35:64:1), and the reduced field is 10 2%v-m?.

b) The mixtures are Ar-HCl (99:1) and the reduced

field is 1.2 x 10 2%.m?.
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Fig. 4-3 Dissociative attachment rate coefficient
measured in Ar-HCl mixtures. The mixtures were (99:1)
()Y, (97.2:2.8) (A), (99.6:0.4) (). The rate
coefficients calculated by our Boltzmann code are
shown for the cases where the electron energy
distributions are those for electrons in pure Ar and
in Ar-HCl (99:1) mixtures, and the cross-~section used
is that of Abouaf et al [76] normalized to the peak

value of Azria et al [74].
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Fig. 4-4 Dissociative attachment rate coefficient
measured in Ar-Nz-HCl mixtures. The mixtures are
(35:64:1) (I ) and (85:6:14:0.4) (A ). The results
of Christophorou et al [62] (o) (N,~HC1 m%xtures)
are shown. The rate coefficients calculatéd by our
Boltzmann code are shown for an Ar—Nz—HCl (35:64:1)
mixture. The peak values for the dissociative
attachment cross section used are those of Azria et

al [74] (0=8.9 x 10 2cm?

value (0=18 x 10”9

) (o) and the best fit®#

(@).

e
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Fig. 4-5 Sumﬁary of the dissociative attachment

rate for HCl 'ds a function of the electron average
energy, showing results from the present experiment
(a (Ar-HCl), B8 (Ar~N2—HCl)) and from the experiment

of Christophorou et al [62] (o). The calculated rate

.. ' Cea. . -19
coefficient for».Ar--N2 HC1 (35:64:1) (opeak 18 x 10
2 . . -19
cm”) | ) and Ar-HC1l (99:1) (opeak 9.4 x 10
cmzl (----) are also shown.
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calculated rate coefficient (best-fit cross-section peak
value) agrees with the measured value in the case of the
Ar—Nz—HCl gas mixtures. The experimental values obtained in
the latter case campare very well to those measured by
Christophorou et al [62] in N,-HCl mixtures. However the
agreement between the calculated andgmeasured rate coefficient

at low energy is not very good when the gas mixture is Ar-HCI.

4.2.2 Discussion and Conclusion

The differences observed between the dissociative
attachment rate coefficients measured in Ar—NZ-HCl and - those
obtained in Ar-HCl puts some doubt on the accuracy of the
method used. Part of the problem comes from the fact that
swarm experiments generally do not permit identification of
the particular processes involved. For example in the
present case the various types of ions formed are not
distinguishable.

Although several éttempts have been made to remove the
discrepancy, none has been fruitful. However, it is useful
to discuss in detail some of the hypothesis relating to the
causes of the discrepancies. We first consider various
processes that migh; make the rate coefficient appears
larger in Ar-N,~HCl than in Ar-HCl.

The electron-ion recombination rate in N, is approximately

three times that in pure Ar. This cannot explain the
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discrepancy because recombination barely increases the
apparent rate coefficient (as pointed out in Section 4.1.3).
The latter is further confirmed by the fact that the current
pulse decays exponentially over more than one order of
magnitude, as illustrated in Fig. 4-~1, and also by the fact
that the rate coefficients measured in Ar-N,-HCI, with HCl
mole fractions of 0.4% and 1.0%, remained constant (withain
experimental error).

The small amount of impurities which amy have been
present in the gases cannot account for the observed dis-
crepancy. FqQr example, an 02 mole fraction of 10~20% would
have been required to double the apparent rate coefficient
(for HCL"1%) . The effect would have been even less with CO
as an impurity. Furthermore, the rate coefficient measured
with ~0.4% HCl should have been, in that case, approximately
1.5 times that obtained with ~1.0% HCl (assuming that the
rate coefficient measured in Ar-HCL was exact).

Another explanation is the possibility of forming a

stable HCl negative ion through a three-body process of the

type

e + HCl + A ~ HC1l + A(kinetic energy), (4.2-1)

v

where the third body A is Ar, N, or HCl. The rate-coéfficient
for this process clearly depends on the type of buffer gas

used. Even though this hypotheéis looks appealing, it does
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not resolve the discrepancy because, for a given HCI1 mole
fraction, the rate (T-l) should increase as P2 (P is the
total pressure). However, it has been found to vary

linearly with P over a wide range of pressure (Fig. 4-2).

The differences may come from a failure of the calculated

electron-energy distribution to represent accurately the
real situation./ The conditions of applicability of the
Boltzmann code have been extensively discussed in Section
3.1.2. 1In order for the low rate-coefficient measured in
Ar-HCl to match the value obtained in Ar—NZ—HCI, the actual
average-electron energy would have to be > 10 eV, which is
a value significantly larger than “5eV estimated for the
Boltzmann code (very unlikely to occur).

The difference cannot be explained by assuming that the
actual relaxation time (rRa) for the electron-energy
distribution is larger than that estimated in Section 3.1.2

~

(TR S5ns). If this was the reason, g?en T would have to

Ra
be large enough to prevent significant variation (< lev)
of the average electron-energy (¢) over time scales > 100ns

so that the current pulse could decay exponentially over

more than one order of magnitude, as experimentally observed.

The actual value for the relaxation time would therefore
have to be >> 100 ns.

Furthermore, the di;crepancies cannot be explained by
the fact that the cross-sections for the high-energy

processes in HCl have been neglected in the calculations.

B
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Their effect would have been to make the computed average
electron-energy even smaller.

In summary, we are not able to explain adequately the
differences in the rate coefficients measured in different
mixtures. However it shouid be mentioned that the same
type of phenomenon (different rate coefficients in Ar-X
and NZ—X) has been reported by other workers, e.g. in the
measurement of dissociative-attachment to Cl, (66, 78], and
to HCl and DC1 [62, 77). Reasons for the differences have
not been given. We believe that the results could be
explained if the plasma was analyged with, e.g., a mass
spectrometeér, in order to determine which ions are formed
during the current pulse. However this would require an

extensive research effort.



CHAPTER 5
CONCLUSION

A simple, pulsed, electron-beam gun has been built
based on the original work of Brau et al [1]. The vacuum
diode of the electron-beam gun is operated on the second
voltage peak produced by the spiral generator, initially
charged at “10 KV. We have been able to obtain an ~175 A/cm2
(at the anode) electron-beam of "90 KeV energy electrons,
with a pulse duration ~12 ns FWHM. These characteristics
are similar to those of Brau et al [1], except that in our '
case they were obtained by initially charging the generator
to 10 KV, rather than 12 KV. Therefore, the possibility of
generator insulation breakdown (estimated at ~15 KV) was
considerably reduced. It was observed that the emerging
electron-beam was quite uniform over the whole surface of
the 6 mm diameter output window. Moreover, scattering in
the foil was found to produce a diffusive increase in the
electron-beam angular spread, leading to a nearly Gaussiag
distribution of velocity with a 1/e width ~0.45w.

The eleqtron-beam was used to ionize gas mixtures of
Ar-HCl and Ar—N2~HCl with typical HCl mole fractions ~1%.

An electric field of 1500-5000 V-cm  was then applied

across the plasma by means of two uniform field electrodes.

113
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After the electron-beam cutoff, the conductivity of the
high-pressure glow discharge decayed quasi-exponentially
with a typical characteristic time “50 ns. An extensive
study of the electrical properties of the discharge circuit
has shown that, under normal operation conditions, the bias
circuit provided a constant gap voltage (within 0.2%) during
the decaying portion of the current pulse.

The plasma-electron energy distribution was determined

by a Boltzmann code. The distribution function was used to

calculate the average electron energy (¢), the rate coefficient

for the ‘dissociative-attachment of electrons to HCl (kHCl;Cl—)’
and other parameters such as the drift velocity (Vd) and
the characteristic energy (ek). The code was found to be
applicable to the present problem when E/N > 0.4x10" 2% v-m?.

A simple model describing the temporal evolution of the
discharge current pulse has been developed. For the case of

a dissociative-attachment dominated plasma, the model predicts

an exponentially decaying current pulse having a character-

. -1 : . L.
istic time .t = (kDANDA) (kDA is the dissociative attachment
rate coefficient and Nqﬁfis the corresponding specie number

-

density) . !

Suggestions are presented for a proposed simple modifica-
tion to the electron-beam gun. The modification consists of
replacing the stainless-steel-mesh anode with a thin aluminum
foil (~18 um) and the aluminum foil window with a low mass

densitf film such as mylar. It is shown that a quasi-
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homogeneous plasma can, in principle, be generated, and
consequently the system could be used to measure electron-
ilon recombination rates.

We have used the system to measure the rate coefficient
of the dissociative-attachment of electrons to HCl. The
cross-section obtained by Abouaf et al [76] was normalized
to v = 18x10 Pem? using the data obtained from our Ar-N,-HCl
experiments. This value agrees reasonably well with that
determined by Cﬁristophorou et al (62] in N,-HCl mixtures

19

(¢ ~ 19.8x10° cm®) . However, the rate coefficient measured

in Ar-HC1l mixtures leads to a normalized cross-section peak
value o - 9.4x10 2cm®, which does not agree with
Christophorou et al [62]‘but which is in good agreement with
the value determined by Azria et al [74] o = 8.9xlo_19 cm2.
We have tried to explain the difference by considering first
the possibility that some unknown ions might be created
during the discharge, and then by looking at the possibility:
that the electron-energy distribution determined by our
Boltzmann code was not applicable to this problem. Both
hypothesis have failed to explain the discrepancy.

The individual experiments performed in Ar-HCl and
Ar~N2—HCl suggests that the rate coefficients measured are
those for the dissociative-attachment of electron to HCI.

However, the discrepancy between the results introduces

questions concerning the validity of these results. We
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believe that these gquestions can be answered only by extensive
14
analysis of the time-dependant reaction in the plasma. This

will require considerable additional research effort.

AN e e



APPENDIX 1

NITROGEN, ARGON and HCl CROSS-SECTIONS

Figure A-1 snows the momentum transfer cross-
section for N, and Ar as a function of the electron ener-
gy. The data of Engelhardet et al [80) were used for NZ'
For Ar, we have used the data cited by Itikawa [83])

(< 10 eV) and those calculated from the experimental
differential elastic cross-sections of Williams et al
{86] and Dubois et al [87] (extrapolated values were Ob-
tained at small and large angles using the.method des-
cribed by de Heer et al (84]).

The 1inelastic collision cross-section cited by
Erggarter ([81] has been used for Ar. Those of Englander-

Golden [85] were used for N For HCl, the vibrational

2
excitation cross-sections (0 +1) and (0 +2) measured by

Rohr and Linder [82] were used.
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Fig. A-1 Momentum-transfer cross section

and Ar.

for N2
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