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Abstract

An investigation of electron loss processes in elec-
tron beam-sustained discharges of an atmospheric pressure
gas mixture of 1/1.6/3, (?OZ/He/N2 in a closed-cycle flow
loop was conducted. Steady-state analysis of the discharge
current indicates that the discharge is dominated by elec-
tron-neutral attachment at rates of approximately 106 sec"1
in the E/N range of 0.5-9 Townsend. Attempts to fit an
analytic solution of the electron lifetime equation to the
discharge current decay curves were inconclusive due to the

slow fall-time of the electron gun relative to the currc.t

decay time. Changes in the discharge characteristics due

to chemical reactions in the plasma were not significant.




INVESTIGATION OF ELECTRON LOSS PROCESSES IN ;
COz/He/N2 ELECTRIC DISCHARGES

I Introduction

Project Viper at thé Air Force Weapons Laboratory
calls for the construction of a large scale, pulsed, elec-
tron beam-sustained CO2 laser to be used to perform studies
of the effects of laser radiation on various materials.

The design of the laser requires accurate prediction of its
performance. Such predictions are based on a detailed
knowledge of the behavior of the discharge plasma. The

following work sought to contribute to that knowledge.

Problem

The objective of this experiment was to determine
electron loss rates in an atmospheric pressure mixture of
1/1.6/3, COZ/He/N2 in a closed-cycle, electron beam-sus-

tained discharge.

Assumptions

The major assumptions noted here are discussed in more

detail in later sections. Electron diffusion losses were

ey

assumed to be negligible due to the large size of the dis-

charge chamber and operation at atmospheric pressure. The
plasma was assumed to be electrically necutral, i.e., the
number of electrons and negative ions equals the number of

positive ions present. The clectric field across the dis-

charge was assumed to be uniform and constant.




Approach

The fundamental guideline was to, within the confines

of available equipment, replicate the proposed operating
conditions of the Viper device with respect to gas mixture,
pressure, and electric field. The basic procedure was to
analyze the decay of the discharge current after the termi-
nation of external ionization. A pulsed electron beam-
sustained discharge, to be described in more detail later,
was formed in a guartz-lined stainless steel chamber within
a closed-cycle gas flow loop. The current decay was to be
recorded by a high-speed digitizer having a resolution
greater than that of a standard oscillnscope. The plot of
the current decay from the digitizer was to be digitized by
a computer and a non-linear least-squares fit to the data
performed. By varying the voltage across the discharge
and/or the current from the electron beam, measurements can
be obtained for a variety of electrical conditions. 1In
addition, analysis of the relationship of the steady-state

current to the ionization source strength was performed.

Sequence of Presentation

First, a general backyground discussion of the important
discharge characteristics including structure, electron for-
mation and loss processes, and chemical reactions within the
plasma will be presented. Next, the general mathematical
description of the plasma will be discussed with a greater
emphasis on the specific theory appropriate for this exper-

iment., Third, a discussion of the experimental apparatus

ey -




and methods will point out the unique characteristics of

this experiment as well as some of the problems encountered
during the course of the project. Fourth, the results
obtained will be analyzed in light of results of other
authors and with respect to theoretical predictions.

Finally, conclusions and recommendations about the results,

apparatus, and procedures will be presented.




II Backyground

A gas discharge is the conduction of electricity
through a gaseous medium. A discharge may be very short in !
duration as in a spark or lightning strike, or continue for
hours as with a neon light. As most gases are insulators
under normal conditions, certain fundamental changes in
composition must take place to change the gas to a conduc-
tor. This section discusses those changes in general and
for the specific gas mix and experimental set-up used in

this study.

Structure of a Discharge

Most gases at room temperature, atmospheric pressure,
and under no external influences are electrically neutral
containing few free electrons and ions. The few electrons
and ions present are a result of ionization by natural pro-
cesses such as cosmic rays. To conduct electricity effi-
ciently, the gas must acquire more charge carriers either
from an external source and/or from ionization of the gas
molecules. As the number of charge carriers increases, the
gas changes to a plasma. One criteria for differentiating
a plasma from a normal gas is that the distance within
which internal or external electrostatic fields are shielded,
called a Debeye length, be much smaller than the character-
istic dimension of the vessel containing the plasma. The

Debeye length, kd, of a plasma having an electron number




density of n, per cm3 at an electron tempcraturc¢ of Te can

be calculated from
1
—3 2 .
Ad 6'9(Te/ne) (Ref 3:4) (1)

Another plasma criterion is that the number of elec-
trons within a sphere of radius equal to the Debeye length
be much greater than one. For the conditions of this
experiment, n, was 109-1012 per cm3 and T, was approximately
11,600°K (1 eV), so Ad was 7.l‘=lx10—4 cmr to 2.35x10“2 cm.
Further, the number of electrons within a Debeye sphere
ranged from about l.7x103 to 5.4x104. These results mecet
the above criteria. Since the bebeye length was smaller
than the chamber dimensions and beyond a Debeye length the
plasma is electrically neutral, the plasma was assumed to
be electrically neutral throughout the discharge region.

There are different kinds of discharges each having
different characteristics. Of interest here was the glow
discharge which has shown itself to be an efficient laser
medium. The glow discharge is so called because of the
luminosity of the positive column. Figure 1 is a generic
diagram of a glow discharge. It will be noted that the
positive column occupies the majority of the space between
the electrodes. 1In the pdsitive column, the electric field,
charge density, and current density are virtually constant

in the axial direction so that a relatively homogeneous

medium is formed. Under certain conditions, however, the

positive column can become striated with light and dark

— 4
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regions such that the properties of the column are oscilla-
tory with respect to axial distance.

The regions near the cathode are typically very small
axially and play only minor roles in the processes to be
studied here. The cathode fall region is a portion of the
discharge over which a significant drop in potential occurs.
This potential drop typically reduces the effective poten-
tial across the positive column by a few hundred volts and
should be accounted for when analyzing the electrical char-
acteristics of the positive column. The cathode fall
results from the presence of very large fields (orders of
magnitude greater than those in the positive column) due to
a high concentration of ions. Such fields are necessary
for the emission of electrons by the cathode. The region
is of small extent because of the limited range over which
the high fields exist. Since the cathode regions are small
and the cathode fall can be experimentally dealt with, the
assumption of a uniform field across the discharge is a

good one.

Electron Kinetics

The formation of a plasma as mentioned above requires
a reasonably large number of charged particles, ions and
electrons, to be introduced in the medium either from an
external source and/or from ionization of the medium itself.
This section will discuss the processes by which these

charged particles are produced and lost in a discharge.
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The current density carried by a plasma can be calcu-

lated from
j = (neWe +n W, +nW)e (Ref 6:10) (2)
where

j = current density (amps/cmz)
ng,n.,n_ = number density of electrons, positive and
negative ions, respectively (cm-3)
W = drift velocities of electrons, positive and
negative ions, respectively (cm/sec)

19

e = electronic charge (1.6x10 ~° Coulomb)

But, since the force on each electron or iun is the same,
the relative drift velocities are proportional to the ratio
of the masses of the particles. The drift velocity is also
inversely proportional to the collision frequency of the
species. The electron-neutral collision fregquency is lower
than that for ion-neutral collisions. Thus, We is much
greater than W+ or W_, so that most of the current is car-
ried by the electrons. For this reason, this report will
primarily deal with electron gain and loss processes and
only consider the ions as they pertain to those processes.
Ionization. There are two types of glow discharges
differentiated by the source of ionization. In the self-
sustained discharge, a high electric field is established
across the plasma by placing a high voltage between the

electrodes. The field is large enough to impart enough
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energy to the free clectrons so that they will ionize the
neutral gas at a rate at least equal to the electron loss
rate. The discharge is called self-sustained because it
producces its own ionization and requires no auxiliary
ionization source.

The sccond type of discharge, the non-self-sustained
discharge, uses some external source of electrons to pro-
vide ionization. External sources of electrons commonly
are hccted cathodes and electron guns. The present system
utilizes the latter which fires a stream of high-energy
clectrons through a thin metal foil into the gas mixture.
The high-encrgy primary electrons ionize the gas producing
many low-energy sccondary electrons. Thus, a high back-
ground electron number density is established. The energy
of these secondary electrons is tailored by the sustainer
field.

An 2lectron within the plasma is accelcrated by the
sustainer field and collides with other electrons, ions,
and neutral species. If the electron transfers enough
encrgy to the neutral specics, that species can be ionized
yielding a positive ion and another elcctron. If the energy
transferred is not sufficient for ionization, it may still
be enough to excite the species to a state c¢f higher energy.
These excited state molecules can then be subsequently
ionized by electron collision or collision with another

excited state molecule. The excited state molecules may

decay through collisions with lower state molecules or by




emission of photons. This latter case is the source of the
light from a glow discharge and for a laser. Table I lists
these reactions for generic species A and B.

The amount of ionization taking place depends on the
electron energy distribution, the ionization potential of
the particular molecule, and the probability of a collision
between the molecule and an electron having energy equal to
or greater than the ionization potential. The latter two
parameters are essentially fixed as they are species
dependent. The electron energy distribution, which tells
how many electrons are at each energy, can be changed by
controlling the ratio of the electric field strength to the
neutral number density of the gas (E/N). By changing the
electrode separation or the voltage between them, the field
can be varied. The gas number density is easily varied by
changing the pressure at constant temperature. In a non-
self-sustained discharge, the E/N is low so that there is
insufficient ionization by secondary electrons to maintain
the discharge after removal of the external ionization
source. For self-sustained discharges, the opposite is true
and the plasma will continue as long as voltage is applied
to the electrodes. A common example of the latter case is
a fluorescent light. In the present case, the plasma only
exists, or is sustained, when the electron gun is operating.

Diffusion. All electric discharges will extinguish
when the ionization rate falls below the electron loss rate.

One process by which electrons are removed from the discharge

10




TABLE 1

Electron Kinetic Reactions

Ionization
A+ e > A+ + 2e --- Electron Impact
+
A* + e > A + 2e --- Electron Impact
+ .
A* + B> A + B + e --- Penning
Excitation

A+e>A* + e >A + e + hv

Recombination
+
A + B+ e > A + B —--- Three-Body
AB+ + e > A + B --- Dissocilative
+ . .
A + e > A + hv --- Radiative
Attachment
AB + e > A + B —--- Dissociative
2A + e * A + A --- Three-Body

Detachment

A +B>A+B + e -— Collisional
A"+ hv > A + e =-- Photo

A + B > AB + e --- Associative




h.

is diffusion. As the electrons move through the plasma,

collisions cause them to travel fairly random paths. 1In so
doing, some electrons collide with the walls of the chamber
and are removed from the discharge. Thus, there are fewer
electrons near the walls than in the center of the plasma
and a gradient in the electron number density is established.
Similar to normal gas diffusion motion, the electrons will
tend to move from the high concentration area in the plasma
core to the lower concentration areas near the walls. The
diffusion time is proportional to the neutral molecule num-
ber density and the square of the distance to the wall.
Thus, the higher the pressure and/or the larger the cham-
ber, the longer the diffusion time. This reduces the diffu-
sion loss for large-scale, high pressure systems.

Recombination. As the name implies, recombination is

essentially the joining of a free electron and a positive
ion to re-form a neutral particle. The rate of recombina-
tion depends on the numbers of electrons and positive ions
present. Since, as noted above, the number of positive
ions is approximately equal to the number of electrons,
recombination is essentially a function of the square of
the electron number density. As with ionization, the elec-
tron energy distribution and the necessary collision cross-
section determine a rate coefficient dependent on E/N. The
actual process of recombination in glow discharges usually
has three forms as denoted in Table I. Since recombination

releases energy, each method requires some way to remove

12

\ o e ome e v T

WO P R B




this energy. In three-body recombination, a third parti-
cle, usually a neutral species, carries off the excess
energy as kinetic energy. Dissociative recombination dis-
sipates the energy by yiglding two neutral specics with
additional kinetic enerygy. Finally, radiative recombina-
tion yields the excess energy as a photon. Recombination
is the primary electron loss mechanism in ideal high pres-
sure glow discharges. It is this rate that this study
attempted to determine.

Attachment. The third electron loss process is elec-
tron-neutral attachment, in which a free electron and a
neutral species combine to form a negative ion. Only a
relatively few species exhibit significant attachment rates.
Some of these species are 02, 0, and C02. While attachment
should be a less prominent process than recombination in
this experiment, it cannot be neglected because of the
presence of co, and the possibility of forming O,/ Oy and
other attaching species through plasma chemical reactions.

Attachment usually has two forms as shown in Table I.
In dissociative attachment, the neutral species breaks up
with one of the pieces becoming the negative ion. Three-
body attachment occurs less frequently and is analogous to
three-body recombination. The attachment rate, as the
others, is dependent on the number of electrons present and
their energy distribution. The rate is also dependent on
the number density of the attaching species and the asso-

ciated cross-scction.




Detachment. The final process to be discussed is

detachment, which is essentially the inverse of attachment. ;
The ccllisional detachment process shown in Table I stems
from the collision of a neutral species and a negative ion
yielding two neutral particles and an electron. For this i
experiment the detachment rate will not be considered |
explicitly. Rather, the attachment rate considered will be
a net rate encompassing both attachment and detachment.
Wiegand and Nighan have analyzed the electron kinetics
in COZ/NZ/He discharges (Ref 21:583). Table II lists the
reactions they consider to ke dominant. While their studies
were for pressures up to 100 Torx, operation at atmospheric
pressure should not change the list of relevant processes
since ionization and attachment scale with pressure and
recombination is independent of pressure (Ref 11:287). Fur-
ther, Bletzinger et. al. have investigated contaminants in
C02/N2/He discharges to determine their effects (Ref 2:317-
323). Table II also lists some of the reactions they found

to be possibly important.

Plasma Chemistry

In order to understand what is happening in a given
discharge, one needs to know what species are present. This
is done most often with a mass spectrometer. Other methods
include using tunable lasers to measure absorption or gain

at known energy levels of the particular species undex

study. Due to time and equipment constraints, none of




TABLE II

COZ/NZ/He Electron Kinetics

Ionization
CO2 + e - SOZ + 2e
N;+e~>N2+2e
Recombination
0, + e > 20
o” + O2 -0 + O2
Attachment
CO2 + e 2CO + O

-> -
O2 + e O+ 0

Detachment

CO + 0" > CO, +
NO + O~ > NO, +

e
e

Rate Coefficient (cmBSec~l) Ref
1x107H - 2x10712 21:583
1x107H - 1x107° 21:583

-8
2x10 21:583
1x10”7 21:583
3x10713 - 2x10712 21:583
1x10 12 2:320
5x10” 10 21:583
2.5x10 10 19:15

T e
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these methods were employed for this experiment. Determin-
ing the exact species present or exact process taking place
was beyond the scope of this study. Yet, for a better
understanding, a brief discussion of the plasma chemistry
processes at work in COZ/He/N2 discharges is warranted.

The plasma chemistry of N, and COq/Nz/He discharges
L

2
has been studied by a variety of authors. This section
will summarize some of the important aspects of these stud-
ies as they relate to the present experiment. Tannen, et.
al. observed the formation of O

NO, NO and CO with the

2! 2!

oxygen being generated by dissociation of the CO2

* o, cot, N;, and cot, al1

He also noted the presence of NO , 02,
of which can contribute to the recombination rate of the
mixture (Ref 18:9). While most of Tannen's measurements
were done at less than 10 torr, some cf the observed spec-
ies should be created at high pressure also. Kasner and
Biondi have observed that at higher pressures NZ becomes
the dominant ion and thus should be considered for the
present test (Ref 12:317). Eckbreth and Blaszuk have oper-
ated closed-cycle COZ/Nz/He discharges in the 20-49 torr
range and have observed the formation of the same neutral

species as Tannen with the exception of NO, (Ref 7:4).

2
Wiegand and Nighan developed a computer model of the plasma
chemistry inside Coz/ne/N2 discharges which considers about
300 reactions (Ref 21). Their predictions show the accumu-

lation of the same neutral species observed by Tannen and

Eckbreth, as well as ions such as COS, COZ, NOS, and NOE.

16

(Ref 18:7).
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The formation of such ions indicates that attachment may be
more predominant than just that expccted from 02. Thoenes
and Kurzius have developed a computer model for closed-
cycle, electron beam-sustained lasers that predicts not

only laser performance bﬁt also species formation based upon
a large number of reactions both electron kinectic and chem-
ical (Ref 19:11-26). Table III lists some of the chemical
reactions considered which might be important to this

experiment.

TABLE III

Plasma Chemistry Rcactions

Reaction

Co, + e 0O + CO
NO, + e > O + NO
0 + CO » co; + e
co; +e>CO+0
+ .
co + 05 » Co +*o +
3 3 > 2005 + 0
N¥ + CO, > N + NO + CO
2 2
2, _ L2
CO, + NO, » CO™ + O + NO

0]

2
cotr + co, +
O- + N -» e + NO

2

The concern over the formation of these contaminant
species stems from the desire to operate this kind of laser
in a closed-cycle configuration. 1Ideally, a lasing species
excited as described above will recturn to its original

state upon release of the excitation encrgy. Thus, the

17 |




same molecule or set of molecules can be used repeatedly to
produce laser radiation. In reality, however, Bletzinger,
et. al. found that small amounts of NO, CO, etc. seriously
degrade the performance of the laser (Ref 2). Further,
Eckbreth and Blaszuk have found that indeed these species
are created and remain in such a closed-cycle system (Ref 7).
As the present experiment is performed in a closed-cycle
loop, the opportunity to observe the effccts, if any, of
these contaminants will be exercised by looking for signif-
icant changes in discharge performance as a function of
time. It should be understood, however, that even if a
contaminant does not degrade the discharge performance, it
could hamper the lasing process by quenching the excited
state or absorbing the emitted radiation. Conversely, a
species that does degrade the discharge performance may
have no effect on the lasing performance. Thus, any plasma
chemical results based on the present analysis will be

inconclusive as to the overall effect on laser output.




Analysis of the experimental data required a theoretical

model of the discharge processes.

III Theorz

relevant equations and considerations necessary for such

analysis.

Temporal History of Electrons

The change in the number densities of the electrons and

positive and negative ions with respect to time can be

expressed as

dn
e

dt

dn+

dt

where

n,en,,n_

2
s - anen+ - Bne - oV ne + zneN (3)

s + zneN - anen+ - kin+n_ (4)

Bne - kin+n_ (Ref 6:10;4:4821) (5)

number density of electrons, positive and

3

negative ions, respectively (cm”
time (sec)

electron beam electron-ion pair production
rate (sec_l)

electron-ion recombination rate (cm3/sec)
inverse attachment time or net attachment
rate (sec-l) (B = Yn,. where Y is the
attachment coefficient and n, is the number

density of the attaching species)
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diffusion coefficient (cmz/sec)

o =
z = Townsend ionization coefficient (cm 1)
N = neutral gas number density (cm_3)

ki = ion-ion recombination rate

Collectively, the above equaticns describe the growth and
decay of all of the charged particles in the discharge.
However, as mentioned abhove, the relative drift velocities
of the particles result in the bulk of the discharge cur-
rent being carried by the electrcns. Further, the ioniza-
tion and excitation taking place within the plasma are due
primarily to electron-neutral collisions. For these
reasons, it is the rise and fall of the electron number
density that predominantly determines plasma performance.
Thus, Eq. (3) shall be used to describe the present exper-
iment. On a more practical level, the electron number

density can be calculated from the discharge current by

n,6 = I/(AeWe) (6)
where
I = discharge current (Amps)
A = area of the current collector (cmz)

Calculation of We was accomplished using a numerical solu-
tion to the Boltzmann equation for the gas mix in question
(Ref 9).

As discussed previously, for the large chamber size

and high pressure used in this experiment, the diffusion




time is much greater than that of recombination or attach-
ment so that the diffusion term in Eq. (3) can be neglected.
Phelps and Hake have calculated that the average energy of
the secondary electrons liberated through ionization by the
primary electron becam electrons is so low that ionization
by these sccondary electrons is not significant in the E/N
range of 1-20 Townsend of this experiment (Ref 15:81).

This fact is further substantiated by the fact that the
discharge is not self-sustained and decays immediatecly upon
removal of the electron beam ionization source. Thus, the
Townsend ionization term can be neglected from Eg. (3).

The resulting equation
—= = s - an’ - Bn_ (7)

(where the assumption of electrical neutrality has been
applied to the recombination term) can be integrated with

t = o at ionization turn-on to yield

n/n__ = tanhct[(an__+8) (**%+1)/ ((an__+8) (**F+1)-5)1 (8)
where
€ = ong + R/2 (Ref 4:4822) (9)
N = steady state electron number density (cm_3)

From Eq. (7) it is seen that at steady state

- 2
s = ong + Bne (10)




Further s can be calculated from

s = Jeb(NMmp/eEi)(dE/dm) (Ref 4:4822) (11)
where
Jeb = electron beam current density (A/cmz)
M = mean gas molecular weight (g)
m, = mass of a proton (g)
Ei = effective ionization potential (volts)
dE/dm = mean stopping power of gas (eV-cmz/g)

Use of Egs. (8-11) would allow calculation of the recombi-
nation and attachment coefficients by examining the rise in
the discharge current. An alternative method using the
fall of the discharge current after termination of ioniza-
tion can also be used.

If Eq. (7) is integrated from the termination of ioni-

zation with t o and n = Noo at that point then

n n./((an, /8 + 1)e®* - (an_ /8)) (12)

e

For the case where attachment is negligible, Eg. (7) can be

integrated to yield

n, = neo/(l + aneot) (13)

Use of Eq. (12) does not require any calculation of s and
is a simpler equation than Eq. (8). Further, since the cur-
rent decay time is usually much longer than the rise time,

it is experimentally easier to monitor the current decay.




Considerations of High-Pressure Operation

As noted previously, ionization and attachment scale
directly with pressure while the recombination coefficient
is independent of pressure. However, while the reconbina-
tion coefficient is independent of pressure, the process
scales as the square of the electron number density which,
in turn, scales with ionization. Thus, it is not clecar how
the relative magnitudes of the attachment and recombination

processcs will be affected by high pressurc operation.,
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IV Experimental Apparatus

The Viper device to be built by the Air Force Weapons
Laboratory will be a large-scale, electron beam-sustained
discharge laser utilizing an open-cycle flow configuration.
The device used in this experiment was somewhat similar
except that it was closed-cycle. This section will discuss
the equipment used as shown schematically in Figure 2, some
of the rationale for its use, procedures followed, and some

of the problems enccuntered with this particular set-up.

Gas Mixture

It is proposed that the Viper laser operate without
material windows separating the discharge from the atmos-
phere. This is desirable since there is no known material
transparent enough at the 10.6 um wavelength of the laser
that it would not fracture under the high heat loads and
photon fluxes it would be exposed to in this device. Window-
less operation requires that some other provision be made
to keep the plasma from being contaminated by the atmosphere.
Most simply this can be accomplished by maintaining a posi-
tive pressure gradient inside the chamber so that gas only
flows out of the window. Thus, the Viper discharge will be
operated at or near atmospheric pressure.

The particular gas mixture of 1/1.6/3, COZ/He/N2 was
chosen because its refractive index most closely approxi-
mates that of the atmosphere at the laser site. This index

matching is important to prevent the beam from bending or
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rcfracting at the window due to a change in the index of
refraction. These considerations dictated the gas mixture

and pressure for this experiment.

Electron Gun

Early designs of electric discharge lasers called for
the ionization of the gas to be produced by placing very
high potentials across the electrodes causing the formation
of a self-sustained discharge. While simple in design, the
systems had serious problems with the discharge collapsing
to an arc at high pressures due to electron avalanche.
Pressure scaling was necessary for higher output power but,
to prevent arc formation, the discharges could only be oper-
ated for microsecond or less time scales, which restricted
the amount of energy deposited. Work by Reilly and Fenster-
macher, et. al., demonstrated an alternative method whereby
the ionization source was separated from the energy deposi-
tion source (Ref 16,8). The technigue was to use an elec-
tron gun to deposit primary electrons which would ionize
the gas, creating the plasma. An electric field, called
the sustainer field, is generated across the plasma by plac-
ing a potential difference (voltage) between the electrodes.
The applied voltage provides the electrons with the proper
amount of energy to excite the molecules to the proper
level but is low enough so that additional ionization is
negligible (Ref 16:3411-3412). Since the plasma exists

only as long as the electron gun is on and supplying
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ionization, the discharge i1s said to ke electron becam-sus-

tained. Such a system provides two controls on the plasma ©
and yields stable high pressurc discharges which are scala- "

ble to large volumes. Kast and Cason have shown that elec-

tron becam-controlled lasers hold more promise for scaling
and efficiency than the pulsed, self-sustained type (Ref 13).

Electron beam-sustained lascrs can be operated either
pulsed or continuous wave (CW). The Viper device will be
a pulsed system to allow more detailed investigation of
the laser-target interaction of pulsed lasers.

The device used for this experiment is, likewise, a
pulsed, electron beam-sustained discharge system, though of
a much smaller scale. The electron beam is provided by an
Energy Sciences Inc. Model CBP 175/5/15 Electrocurtain
electron gun. The gun is a slightly modified version of
one available and used in industry. It can be operated CW
or pulsed up to 1000 Hz at energies up to 175 kv. It is a
hot cathode, grid-controlled gun. Electrons are "boiled" éf
off of a low work function cathode heated by a metal fila-
ment and guided into the accelerating region by a potential
established across a metal grid structure. Once past the
grid, the electrons are accelerated by the gun potential,
up to 175 kv, and pass out of the gun to the discharge

region via a metal foil window. The potential across the

grid controls the current by determining how many electrons P
are accelerated. The gun potential determines the cnergy [ 3

of the elcctrons. The window was a 0.5 mil titanium foil

having dimensions of 5 cm by 17.5 cm,
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The gun was operated at 175 kV to reduce loss in the
foil and minimize foil heating, which is the primary cause
of foil failure. Pulsing was accomplished at a rate of % q

Hz using 5 psec pulses. The rise time and fall time of the

gun pulse were measured and found to be approximately 1
usec, which was believed to be short enough so as not to
influence any of the measurements. Varying the grid poten- 4
tial provided a pre-foil current output range of 15-195 mA
per pulse.
In actual practice, it was desirable to switch back
and forth between pulsed and CW operation. However, to
change from pulsed operation to CW required the opening of

the high voltage storage tank and physical replacement of

the pulsed grid circuit with the CW grid circuit. This

exercise was very time-consuming. To facilitate matters,
the pulsed circuitry was modified to accommodate either
mode of operation, the choice being made by a remote switch.
This circuit design proved satisfactory for pulsed opera-
tion, but yielded low CW currents and was marginal in this
mode. As this was to be a pulsed experiment, the circuit Q
was left intact. A problem arose, however, because of the

above modification. The gun was normally brought up to

operating conditions in the CW mode, then switched to 1
pulsed. 1In preparation for shut-down, the gun was switched
back to CW. It was found that great carc must be exercisecd

when switching modes while at operating ceonditieons. Due to

the high voltage power supply (2.5 kV) and large capacitors




used to drive the grid in the pulsed mode, the CW circuit,

which is designed to accommodate less than 40 V, could be
overloaded if the remote relays failed to activate simul-
taneously. The result can be, and was, in one instance, a
catastrophic failure of the CW circuit to include burned
and fractured resistors and diodes. Damage to the pulsed
circuitry was also found. To preclude this event, it was
necessary to turn off the power to the grid circuit prior

to switching modes.

Discharge Chamber

The discharge chamber was stainless steel lined with
quartz plates to insulate the high voltage electrode from
the metal walls of the chamber. The anode was positioned
just beneath the electron gun foil and consisted of a set
of 1.6 mm diameter rods laid horizontally in the direction
of gas flow. The anode was held at ground potential. The
cathode was a polished stainless steel plate with rounded
edges and had dimensions of 8.26 cm by 20.32 cm. A current
button 2.57 cm in diameter and made of the same material
was installed in the cathode but insulated from it by a 6 mm
sleeve of dielectric. This button was centered in the short
dimension, but offlset 5.87 cm from the centroid of the
cathode. While at the same potantial as the electrode, the
button was designed to provide discharge current readings
that would be free from possible fringe effects that the
centire electrode might experience. Mounted on a micrometer,

the height of the cathode from the bottom of the chamber

29
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could be varied. This allowed the electrode separation to
be set anywhere from approximately 0.95 cm to 3.5 cm. Most

experiments were run with a separation of 2.2 cm. The

movable electrode eliminated the need for Langmuir probes
for cathode fall measurements. Windows for viewing the
discharge were located at both ends of the chamber and also
downstream in the diffuser section,

The quartz plates are held in place by a substrate
material similar to a very low vapor-pressure epoxy. Pro-
longed exposure to the heat and x-rays produced by the
electron gun discolors this substrate and may cause it to
break down. The latter case seems to have occurred during
the course of early testing of the system. Upon application
of voltage to the cathode, a sustained arcing was observed
in the chamber. Upon removal of the chamber from the flow
loop and removal of the cathode, it was found that the sub-
strate had decomposed at one junction of plates providing !
a direct arc path to the grounded walls of the chamber.

The gap was filled with quartz fragments and secaled with a
new layer of substrate.

The flow loop and discharge chamber haua been built for

8 to 107°

operation at pressures of 10° torr and had rou-
tinely been pumping into the low 10“7 torr range. Upon
re~installation of the chamber with the new substrate, the
system would pump down to no less than l.2x10-5 torr. Fig-
ure 3 is a plot of pressure versus time recorded after the

vacuum pumps had been valved off. The linearity of the
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curve clearly indicates that the leak is external. (If thc
problem were one of outdyassing, the curve would tend to
bend over as the vapor pressure of the material was reached.
After that point the pressure in the chamber would have
remained constant.) Using standard leak checking procedures,
an apparent leak was found near one of the internal weld
joints of the discharge chamber. The exact joint location
was not determined. Time constraints precluded repair of
the joint. While this situation allowed for the possibility
of a greater effect on the experiment from external contami-
nants such as H,0, the results should still be useful. Fur-
ther, from Figure 2, the leak rate can be calculated to be

3 torr/min starting at 1.2x10"° torr.

approximately 2.2x10
Since the experiments will be performed at or near atmos-
pheric pressure, it was expected that the leak rate would be
even less when the loop was filled with gas. After comple-
tion of this experiment, two leaks were actually found. One
leak was in the button high-voltage feedthrough assembly.
The second leak was found in the large bellows valve that
was used to seal off the vacuum pump from the rest of the
flow loop.

Voltage was supplied to bias the cathode negatively
from a 30 kV power supply. The voltage drop was limited by

a l uf, 30 kV capacitor in parallel with the sustainer elec-

trodes. The current was to be limited to some value above

that drawn by the discharge but such that the chamber would
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be protected in the event of an arc. The current limiter
was a large pass-tube capable of holding off the 1 pf capac-
itor. This circuit was to provide the capability of operat-
ing at high E/N values. However, it was found that the
pass—-tube was limiting the current to a value lower than the
discharge current, thus creating enormous drops in the sus-
tainer voltage. This situation was unacceptable and the
above circuit was abandoned.

Since Meyer, et. al. and Douglas-Hamilton have shown
that the most dramatic changes in the recombination occur at
low values of E/N, it was decided that a smaller power sup-
ply could be used (Ref 14:88; 4:4822). A Spellman 5 kV
current-limited supply replaced the larger supply. Again a
1 pf, 30 kV capacitor was installed to stabilize the volt-
age. This circuit provided up to 5.2 kV with a maximum
voltage ¢.op of 5%, yielding an E/N range of up to approxi-

mately 9 Townsend for the 1/1.6/3, C02/He/N2 gas mixture.

Closed-Cycle Flow Loop

The closed-cycle flow loop was constructed of 15 cm
diameter high-vacuum, stainless steel ducts connected with
Conflat flanges. Total volume of the loop was approximately
100 liters. The loop was equipped with a 1 kw heat exchanger
for removal of waste heat generated by the discharge. Cir-
culation of the gas was accomplished by an axial fan. The
fan was externally driven with the drive mechanism sealed

from the loop by a ferrofluidic rotary seal. Fan speeds of
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up to 11,500 rpm were possible with this system. Only high
purity gases were used, e.g., Grade 6-He, Grade 5—N2, and Grade
4-C02. The gas inlet manifold used high-vacuum valves and
ultrapure gas regulators.

The loop was evacuated via an ultrahigh-vacuum valve
with a Leybold-Heraeus NT450 turbomolecular pump. After
bakeout, the system could achieve pressures in the 10_8 torr
range. This capability to form such a high vacuum allows
unique opportunities to study the growth and effect of plasma
chemical by-products with assurance that the contaminants are
not coming from the atmosphere or the system components. The
discharge chamber is connected to the loop via bellows duct-
ing and flanges with knife-edge seals at both the inlet and
outlet sections of the chamber. As noted above, the leak in
the discharge chamber degraded to overall system vacuum
performance to the low 10"'5 torr range.

The closed-cycle flow loop described above was used
with a previcus device. More detailed information about the

loop can be found in Reference 10.

Diagnostics and Data Reduction

Measurement of the recombination rate essentially
involved monitoring the decay in the discharge current after
the termination of external ionization from the electron gun.
The discharge current through the current button was deter- !
mined using a Pearson Pulse Transformer Model 411 with a
sensitivity of 0.1 v/A. The transformer coil was positioned

around the high voltage cable connecting the button to the )
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main electrode high voltage connection. A Pearson Model 110

coil having the same sensitivity as above was used on the
high voltage line from the capacitor to the electrode.

This second coil monitored all of the discharge current
passing through the electrode and the button. The discharge
voltage was measured using a high voltage probe. All three
signals could be input to a Tektronix Model 7904 oscillo-
scope via standard coaxial cables and BNC connections. The
Pearson coils had a rated accuracy of +1%. The high voltage
probe was rated at #9%. The vertical display of the scope
had a nominal accuracy of *2%.

The discharge current signal was to be sent to a Bio-
mation Model 8100 Transient Recorder which would digitize
the current decay curve. The digitizer provided up to 2024
storage locations and sampling intervals of 0.1 usec to 10
sec. The resolution of the analog-to-digital converter was
one part in 256 or 0.4%. Data stored by the digitizer would
then be output via an internal digital-to-analog converter
to a standard Y-T chart recorder. This curve was then to be
digitized using a Hewlett-Packard Model 9845 computer and
9872A plotter. The computer would then fit Eg. (12) to the
data using a nonlinear least-squares fit program available
from Hewlett-Packard. A problem arose, however, that made
the Biomation digitizer unusable. During testing it was
found that even at the highest E/N values attainable with

the Spellman power supply at an electrode separation of
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2.2 cm, the current through the button was less than 100 mA.
The resulting signal was thus only 10 mV and the minimum
input scale on the digitizer was 50 mV. The low signal had
great difficulty being properly processed by the digitizer.
As an alternative to the digitizer, it was decided to
display the signal on the oscilloscope and photograph the

trace. This trace could then be digitized by the computer.

Again, the signal from the button was too small and an ampli-

fier fast enough not to distort the signal was not available.
It was decided to use the signal from the entire electrode
as this was usually 10-20 times larger than that from the
button and could be used without amplification. While the
electrode signal might suffer from fringing effects of the
electric field on the edges of the electrode, time con-
straints dictated that some measurements be made this way so
as to obtain at least preliminary results. Further, Meyer,
et. al., observed that the current from the entire electrode
was usually proportional to the button current in their
device, thus suggesting that fringing effects were small
(Ref 14:82).

The process of digitizing a curve using the HP 9845
computer and 9872A plotter proved to be a highly accurate
method of obtaining the data points for the curve fit. To
test the process, a plot of Eq. (12) using representative

values for o, g, and n,, was made. When the same plot was

digitized at 21 points whose values were alrcady known from

eathgices




the plotting calculation, the difference in vilucs ranced

from 0.02% to 3% on n, and 00 to 37 on t. The averayge error
was 0.71% for ng values and 0.29% for t valucs.

The accuracy of the curve-fitting process was tested
in a similar manner. Idealized data was produced using

Eq. (12) and the following set of values for the parameters:

12

ng, = 1.0x10 (14)
-7
a = 1.0x10 (15)
B = 1.0x10%  (Ref 5:62,64)

The program used the method of least-squares to fit the
curve to the data points and was commercially available
(Ref 17). Table IV lists the actual and the calculated

values for a and 8 for three cases.

TABLE 1V
Nonlinear Curve Fit Results ' k
Case a B Time (sec) Scatter
A
-7 4 ;
Actual  1.00x10 1.00x10

1 1.00x10°7  9.99x10°  1x10”°> 0%
2 1.18x1077  -5.6x10°  1x107° 5% ?

3 1.06x10”7  9.43x10° 5x10” 4 5%




Case 1 is for data obtained directly from the use of

Eq. (12) with the given constants and demonstrates the accu-
racy of the procedure. The sccond case uses the same data,
except the data has been modified to include a random error
of between +5% and -5% in the values for Ngs the electron
number density. The second case more closely models a real
experimental situation where some uncertainty and random
error will exist in the measurements. The second case pro-
duced larger errors with respect to the actual values, as
would be expected due to the induced random error. Still,
for the recombination rate, the error is oniy 18%, which
while not optimal, is not unacceptable.

A question immediately arises with respect to Case 2
about how the attachment rate could be so drastically dif-
ferent from the actual value. The problem stems from the
conditions assumed and the time scale over which the data
was taken. When the ionization is turned off, the dominant
loss mechanism initially is recombination. At later times
attachment becomes increasingly important. For the rates
assumed, the electron number density decrease is not very
rapid, and the time scale used, ].xlO-'5 sec, covers only the
early stages of the decline where recombination is predomi-
nant. Thus, one would expect an accurate value for a to be
calculated. To obtain a more accurate value for the attach-
ment rate, data must be used that covers a much longer time
so that the attachment process has a chance to produce a

significant effect.

i
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1
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In Case 3 the duata hes been analyzed over a time 50

ti . loncer than the previous casces. The values calculated
for + and . are both more accurate. While this time scale
proved adequate for this set of assumed rates, it may be

inappivepriate for situations where the rates may differ
drasticclly. To deal with the more general case, a param-
eter that is independent of the rates must be found to indi-
cate when "enough" time has elapsed to yield accurate
values.

One possible parameter is the ratio of the initial
(neo) and final (nf) electron number densities. This ratio
is independent of time, since the final number dencsity can
be chosen by the experimenter to be any point along the
curve. Since the ratio is independent of time, it is like-
wise independent of the rates as required. The next ques-
tion is what value the ratio must have before "enough" time
has elapsed.

Table V shows the errors in o and B as a function of
neo/nf for the same rates used previously. From the table,
it is shown that errors of less than 10% in both o and &
can be obtained for a ratio near 500. While higher accu-

racy may be obtained using a higher ratio, values in excess

of 1000 are extremely hard to measure.
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TABLE V

Rate LErrors vs Number Density Ratio

! ! i ]
| neo/nf o j B
| 6.55 11..0% | 46.3%

36.6 8.07% 15.3%

465 6.22% 5.69%
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V Results and Analysis

FPigure 4 shows calculated current decay curves using
Egq. (12) and a value for N6 which is representative of this

experiment. Where o and 8 are not labeled with the curve,

6 3

the values used were 10 cm3/sec and 10 sec_l, respectively.

The effects of different recorbination and attachment rates

6

are quite dramatic. A recombination rate of 1x10° cm3/sec

is typical of what was expected based upon Meyer, et. al.

(Ref 14:85). The anticipated attachment rate was less than

1x10° sec”! (Ref 5:64).

Measurements in CO, Mix

The loop was filled with 830 torr of 1/1.6/3, COZ/He/N2

gas mixture which yielded a number density of one amagat at
25°C. The electrode separation was 2.2 # 0.01 cm. Measure-
ments were taken at five different voltages spanninag the
range of the power supply and at four different beam current
settings spanning the range of the electron gun. Table VI
lists the raw data. Note that the cases marked with an
asterisk were run after all the other cases and were a repe-
tition of the first cases taken. The time differcntial was
approximately two hours and only a slight decline in the
discharge current was observed. This indicates that there
may have been some long-term plasma chemistry changes taking

place but they were not having dramatic ecffects.
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'igure 5 is a reproduction of a typical discharyge cur-~

rent trace. Note that the current has essentially dropped
to zero by 12 usec. This was typical of the co, data.

Some of the decay times were shorter, to approximately

8 usec, few were longer than 12 usec. These times were
short with respect to those measured in N2 discharges run by
Douglas—-Hamilton (Ref 4:4821).

The current decay curves were digitized and fits to the
data were attempted using Eg. (12). While some of the
plotted fits appeared accurate, all of the calculated recom-
bination rates were obviously incorrect. Of 22 fits
attempted, 17 gave values for a which were negative. The
five positive values were in significant disagreement with
values obtained by Meyer, et. al. in other COZ/He/N2 mix-
tures (Ref 14:85-87). Calculated attachment rates ranged
from 3.9—9.3x105 sec_l. These values, while not unreason-
able for the fast decay times observed, must be guestioned
because of the gross error in the recombination rates.
Attempts to fit some of the data to a hyperbolic curve as
Eq. (13) representing a recombination-dominated situation

or an exponential curve representing an attachment-dominated

situation were also unsuccessful.

Measurements in ﬁz

In light of the difficulty with the curve fitting pro-
cess encountered above, it was decided to make a series of

measurements in pure N, to determine if something in the

- e e - . .- .- . -* . & . ce .- .
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1/1.6/3, COZ/He/Nz, 1 atmn,
E/N = 8.82T, Beam Current = 148 mA
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procedure or equipment was at fault and also to attempt to
baseline this system against published results (Ref 4).
Table VII details the raw data. At low E/N, the decay

times were approximately twice as long as those for CO At

9*

mecasured E/N values of 4.97 Townsend on up, the decay time

and total current grew significantly. Pulse lengths of 60-

700 usec were required for the current to come to steady-
state. Such pulse lengths resulted in larg~= voltage drops.
The decay times for the high E/N cases were hundreds of
microseconds long. Since ideally there is no attachment in
a pure N2 discharge, it was expected that the decay times
would be much longer than with C02.

Nonlinear £fits to the N, curves were made using Eqg.
(12). Of the 10 attempts only three yielded rates somewhat
in agreement, though not good agreement, with those of
Douglas-Hamilton (Ref 4:4822). Table VIII lists the calcu-
lated rates for the three cases. The attachment rates are
small, but not insignificant and are probably due to contam-
inants left over from the CO2 mixture tests. It was noted

that these were the cases requiring longer pulse lengths

and having the very long decay times.

Data Modifications

The failure of the experimental procedure to yield
reasonable results, except in a few cases, in both the CO2
mix and N, indicated a fundamental problem with either the

equipment or the data reduction method. An examination of

-~ - 4 . .. e L - e e o ome e e - . . .. e e @ - ® -« . .
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TABLE VIII ?

Measured Rates in Nitrogen ;

the experimental error due to the equipment or the digitiz-

] — ™
EF/V(T) axl0 7 Douglas- BxlO4 Decay Ream
; ) cm3/sec Hamilton sec™ Time Current
4.97  5.53 1x1077 2.1 350 psec 64 ma ]
4.97  1.59 1x1077 4.4 250 108 f
: i
- I j
7.05  9.48 8x1078 .17 1400 17 -
] {o
i‘
5

ing process is discussed in the Appendix. The possible i
error from these sources clearly could not cause such dras-
tic errors in the results.

A significant result arose in the process of testing
the nonlinear fit program. Using data from one of the co,
curves, it was found that if the value of the electron num-
ber density of the first point, i.e., the value for Neo at
t = o on the decay curve, was changed, a better fit and
much more reasonable rates were derived. This suggested
that, in fact, the data analysis procedure did work, but
that something was discorting the beginning of the decay
curve. The pulse transformers and the oscilloscope had
response times in the nanosecond range so these were ruled
out as the sources of the problem. The discharge voltage

was maintained across the electrodes at all times so there

could be no response distortion. It was concluded that the




electron gun could not turn off fast enougyh to yield a proper

decay curve. As noted previously, the fall-time of the gun
was measured to be approximately 1 usec. For the low E/N
N, cases and all of the CO2 cases, the total decay time was
8-20 :sec. Further, for the N2 cases, the current had
dropped to as low as 42% of the steady-state value in the :
first microsecond. It is clear that the previous assumption
regarding the effect of the electron gun fall-time was in
error and that, in fact, the gun does not turn off fast
enough for these measurements. The N2 cases in Table VIII

had decay times so long that the electron gun fall-time was

less significant and produced less distortion of the early
part of the curve. An added complication arises from the
fact that at the low E/N values used in this experiment,

the power delivered by the electron beam was up to eight
times the power in the discharge. Thus, when the gun is
turned off, it is possible that significant changes can
occur in the plasma conditicns. If so, the electron kinetic
rates would be time-dependent and the plasma after beam
termination may bear little resemblance to the plasma during
the pulse.

One possible solution to the problem might have been
to begin the fit at a point greater than 1 usec from the
start of the decay curve. While this could be done with
only a slight modification to Eq. (12}, it is doubtful that,

for the data taken, an adequate ratio of initial to final
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eloectron number densities could be obtained to yield a low
uncertainty. For the CO2 measurements, the current had
dropped to typically 50% of the steady-state value within
the first microsecond. Further, as noted previously, recom-
bination is the dominant loss mechanism at early times,
while attachment becomes dominant at later times. By elim-
inating so much of the curve, in terms of amplitude, the
accuracy of the resulting recombination rate would be in

serious question.

Steady-State Analysis

The rapid current decay times observed indicate large
recombination and/or attachment rates. In the steady-state
Eg. (10) defines the relationship between s and n,,- Fig-
ure 6 shows calculated curves using Egq. (l10) parameterized
by different attachment rates. If the discharge was recom-
bination-dominated, the plot would show a square root
dependence of N,o On S. If the discharge was attachment-
dominated, the plot would be nearly linear. Figure 6 shows
this effect guite well.

Figure 7 is a plot of the experimental data with lin-
ear least-squares fits performed on the results. (Two fits
are made to the 3.04 T data. One uses all four data points
but has a very poor correlation. The second fit uses only
the first three points resulting in a very close correla-
tion.) It appears that the discharge is, in fact, attach-

ment-dominated. The attachment rates calcu

lated ﬁrgm_gpg_‘
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sloroes 0 the curves range from 0.6-7x10° sec l, which are

nuch larger than expected. In comparison with the curves
in Figurce 6, such large attachment rates could easily mask
the ¢xpected recombination rate of 10_6cm3/sec.

It should be noted that these results do not include
a correction for cathode fall (see Appendix). At these low
voltages, the effect of cathode fall might reduce the E/N
markedly. Such a reduction would yield a decrease in the
drift velocity and a resulting increase in the calculated
electron number density. However, at a given E/N, the
overall effect would be to translate the curve up along the
n.q axis with no real change in the slope. The cathode fall
data suggests the possibility of a decrease in the fall
voltage as s increases. Such a circumstance could cause the
curves in Figure 7 to arc over indicating a weaker attach-
ment dominance. However, the cathode fall data is not com-
plete enough for a thorough analysis.

Assuming the discharge is attachment-dominated, what
is the source of the attachment? The likely species are

COZ' 02, and H with the latter appearing as a contaminant

27
from water vapor in the vacuum leak or the gas bottles. The
oxygen could arise from the leak, gas bottles, or dissocia-
tion of CO2 in the discharge. If one considers the process
of dissociative attachment for these species, one finds that

the threshold encrgies for the reactions are much greater

than the average energy of the discharge electrons which is
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approximately 0.5 eV or less. This is true cven for vibra-

tionally excited hydrogen.

A second possibility is that the electron beam elec-
trons are the ones being attached. While these electrons
have the necessary cnergy to access the crcss~sections, at

the highest beam current, there are only about 105 cm_3 com-

=3 in the discharge. Thus, even if all of

pared to lOlo cm
the primary electrons were attached, because they are such

a small fraction of the total number available, the effect

would be minimal.

The third possibility is that a three-body attachment
process with 02 is occurring. This reaction occurs for
thermal electrons and, thus, the low energy discharge elec-
trons could access the cross-section. Using the rates for
thermal electrons with the third body being either CO,, N,,
or He, and assuming an attachment rate of 6x106 sec_l, a
lower bound on the amount of 02 needed can be found to be

approximately 3.4x10%7 cm™3 or 1.3% of the available gas.

From the leak, at most lxlO“3 torr or about 3xlO16 cm"3 are
available, From contamination in the gas bottles, another
0.3% or 8xlol6 cm-3 might be available. The amount creatcd
within the plasma is unknown. However, it appears that
there might be enough O2 from all of these sources to make
this explanation plausible. Still, it must be understood
that the actual rates for the slightly more energetic clec-

trons in the discharge would be lower than the thermal

electron rates used above.
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VI Conclusions and Reconmendations

Electron beam-sustained discharges were operated in a
closed-cycle flow loop in a mixture of 1/1.6/3, COz/He/N2
over a variecty of beam currents and an E/N range of 0.5-9
Townsend. Steady-state analysis of the discharge current
indicates that the plasma is attachment-dominated. Calcu-
lated attachment rates were 0.6--7x107 sec—l. Attempts to
fit an analytic solution of the electron lifetime equation
to the current decay curve were inconclusive due to distor-
tion of the curve by the slow fall-time of the gun relative
to the discharge current decay time. However, the curve-fit
method was validated by fitting current decay curves for
discharges in N2 with good success. Plasma degradation due
to plasma chemistry was not seen as significent for the cou-
ditions and time scale over which this experiment was oper-
ated.

The results of this study suggest a possible proklem
for laser plasma operation at low E/N values. The attach-
ment rates determined above are large enough to possibly
lead to attachment instabilities in the discharge, though
none were observed here. However, the optimum E/N range
for CO2 laser operation is in the 20-30 T range, well above
where thcse tests were made. It cannot be assumed that the
same relative magnitudes of the electron loss processes will

exist at thaese higher E/N values.




It is reccmmended that the 30 kV power supply circuit
be modified so that it can be used to allow measurements at
highor E/N values. Operation at higher E/N values may
recalt in the discharge current decay times becoming much
lenger as in the case of NZ. If longer decay times do
result, the distortion by the electron gun would be reduced.
It is also suggested that an amplifier be found so that the
current button and high-speced digitizer can be used. Fur-
ther, if some sort of data interface could be developed to
extract the stored data in its digital form from the digi-
tizer and fed directly into the computer, errors from the
intermediate digital=-to-analog-to-digital conversion could

be eliminated and data reduction turnaround improved.
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Appendix

Error Analysis

Cathode Fall

The most significant source of error in the measure-
ments was accounting for the cathode fall potential which
is typically a few hundred volts. An attempt to determine
the cathode fall voltage was made by establishing a current
at a particular combination of voltage and electrode separa-
tion, then varying the separation and voltage while main-
taining that constant current. The procedure is similar to
using probes except the probe in this case is the electrode
and a constant E/N is maintained by keeping the current con-
stant. Measurements were made at three different E/N val-
ues, three different electron gun currents, and five differ-
ent electrode separations. Since the cathode fall is pri-
marily dependent on the electrode material and gas mixture,
the different E/N curves should all intersect at the zero-
separation point at or near the same voltage value. After
performing linear fits of the data, it was found that dis-
parities of up to several hundreds of volts existed between
the intercept values. It was noted that at two of the
three E/N values the fall voltage showed a decline with
increasing beam current. Time constraints prevented accum-
ulation of enough data to further examine this trend and to
resolve the disparities in the calculated fall voltages.
Thus, none of the results in this report acccunt for the

cathode fall voltage.
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Piaipent Error
Using standard error propagation analysis techniques,

1t can be shown that the values for E/N, n , &, and 5 can

e
be found with good precision (Ref 1:64). Table IX is a sum-

mary ©f the rated or worst case accuracies of the eguipment

and signal values.

TABLE IX

Equipment and Signal Accuracies

Electrode Area -

1+
o

Pulse Transformer --

I+
o

Oscilloscope -

1+
oo

Voltage Probe -

I+
o

Pressure -
Drift Velocity -

I+

I+
w U U~ O N =
oe

oo

o0

Voltage --

1+
o2

Current -

I+

The large error in the voltage results from the worst
case voltage drop during the discharge. Most voltage drops
were 3% or less and the voltage on the scope could be read
in the worst case to *3%. The uncertainty in the voltage,
electrode area, and pressure yield a worst case uncertainty
in the value of E/N of 5.6% exclusive of cathode fall. If
the worst case for the uncertainty in the drift velocity is
assumed to be the addition of the 5% calculated error and

the 5.6% error from the value of E/N, the resulting error
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in the drift velocity is 10.6%. This is the primary uncer-

tainty in the electron number density. Evaluating Eg. (6)
with the above uncertainties, the precision of the value of
ng is found to be 12%.

It is not possible to predict precisely what the
uncertainty in a and 8 will be as a result of the curve-
fitting process. The program does calculate confidence
intervals which can be used to bound the values. With
respect to the analysis performed based on the ratio of the
initial to the final electron densities, a crude error esti-
mate can be made. Upon reviewing the data, the ratio of
initial to final electron density was typically around 100.
Based on the previous analysis, the uncertainty on a and #
could thus be inferred as being approximately 10%. A more

detailed case-by-case estimate would be required to assign

a smaller value.
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