‘AD-R182 422 INVESTIGI!TION OF SHERTH PHENOHENH IN ELECTRONEGRYIVE i1
BL NSCHRRGES(U) AIR_COMMAND RND STRFF COLL MAXMELL
L DUKE APR 87 RCSC-87-073
UNCLASSIFIED F/G 20/3 NL




.

N ¢

o,
;

o
EE

L
||I

FEEEEEE

"EEEE
EF

[

=

Iz
On
=

4
’

MICROCOPY RESOLUTIO!{ TEST CMHART :"
NATIONAL BUREAU OF STANDARDS-1963-A  *

e, MY .M. Y

-~ e _of . 4 A4 - -
XN ) TR .
‘_, "‘b .7: ‘4‘: 0:: e ::‘s'l't‘l h:.t".l'\'?l: ,._ ~ -,’ , M~ \:.. \~ o ’\
i ‘.’“:: ::“‘ :'f' l" v "':‘:;:. oy “'}.} A ) : :"x !'"f"f"?"'\-
AN 6 l 4 t » g y O A
",lw" AT "«"‘a"‘n\':-.:?l':‘l':. e o f\‘v' SO0 O o Y @

3




TE FAE COBY -

il
AIR COMMAND

. oo
STAFF COLLEGE

AD-A182 422

—— STUDENT REPORT

INVESTIGATION OF SHEATH PHENOMENA
IN ELECTRONEGATIVE GLOW DISCHARGES

MAJOR GARY L. DUKE, PH.D. B87-0730

L— “Insights into tomorrow”

DISTRIBUTION STATEMENT A]

———— e R =

Approved ‘1 public release}
Distrilufion Unlimited

- —————— . - —

L

IR
ST e
'\',_. R
'/Il
v’
AT
ot e

v

“wy
]
ARRR IS
(S
?" -:.;.-:‘-:." Pl

v vy
i "-...-;J' ’. o

q

v %

n'v.- .'.'
M

4
S
NN

R

.. f"} -~

s

e 0

Sad o
“4 Vi al
[" LA U

Wy
Y
| ]
[

- -
: .‘:'s
R
5 ,ﬁ"




REPORT NUMBER 87-0730

TITLE INVESTIGATION OF SHEATH PHENOMENA
IN ELECTRONEGATIVE GLOW DISCHARGES

AUTHOR(S) MaJoR GARY L. DUKE, PhD, USAF
FACULTY ADVISOR MAJOR DOUGLAS D. DEABLER, ACSC,DO

SPONSOR DR. ALAN GARSCADDEN, AFWAL/POOC-3
Wright-Patterson AFB, OH 45433

Submitted to the faculty in partial fulfillment of
requirements for graduation.

AIR COMMAND AND STAFF COLLEGE
AIR UNIVERSITY
MAXWELL AFB, AL 36112




UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE

VIR

REPORT DOCUMENTATION PAGE

Yo, REPORT SECURITY CLASBIFICATION
UNCLASSIFIEL

1. RESTRICTIVE MARKINGS

28 SECUAITY CLASBIFICATION AUTHORITY

3. DISTRIBUTION/AVAILABILITY OF REPOAT

STATEMENT ~A"

28. OECLASBIFICATION/OOWNGRADING SCHEDULE

6. PENEORMING ORGANIZATION AEPORT NUMBEN(S)

A tion, b el

e —
S. MONITORING ORGANIZATION REFPORT NUMBER(S)

87-0730
RPOAMING ORGANIZATION OFFICE SYMBOL Te. NAME OF MONITORING ORGANIZATION
6a NAME OF PERFO [} or '
ACSC/EDCC
ADORESS (City. Siate end ZIP Ceds) Tu. ADOAESS (City. State end ZIP Code)
Maxwell AFB, AL 36112-5542
Gu. NAME OF PUNDING/SPONSORING OFRICE SYMBOL 9. PROCUAEMENT INSTRUMENT IDENTIBICATION NUMBER
ORGANIZATION (11 applioadis)

Gs. ADORESS (City. State and Z1P Code)

10. SOURCE OF FUNDING NOS.

r-. PROGAAM PROJECT TASK WORK UNIT
SLEMENT NO. NO. NO. NO.

11. TITLE (Inelude Secunty E'-'"““""I NVESTIGATION OF
(cont'd # 16)

13. PERSONAL AUTHOAE)

Duke, Gary L. Major, USAF
136 TYPE OF RGPOAT 3o T COVERED

smOM _____ O

1. SUPPLEMEN Y NOTATION

—
14. OATE OF REPOAT (Yr Me.. Dey/ 18. PAGE COUNT

1987 April

11 cont'd) SHEATH PHENOMENA IN ELECTRONEGATIVE GLOW DISCHARGES

17. COSAYI COOES

£450 | geove _sve. g

18 SUBJECT TEAME Continue on ewverse if necessery end identify by bock number)

9. AGBTRACYT (Continue on rpoeres i/ nscosssry end 1don lify by blech number)

Investigates sheath phenomena in electronegative glow discharges.

Calculations have been performed for He/HCI,
mixtures to model the cathode fall region of a gas discharge.

Ar/HCl, and Xe/HCl

The

electric field, Townsend ionization and attachment coefficients, as well as
positive ion. negative ion, and electron densiti{es were calculated as a

function of distance.
length of the cathode fall.

Attachment was found to

increase the voltage and

Efficient fonization of the electronegative
gas, HCl., which has a low ionization threshold,

resulted in an overall

contraction of the cathode fall in He mixtures.

e ¢ ! ION/AVAILAGILITY OF ABSTARACYT

uncLassi#180/unL T80 &) same as e Z oric usens (O

2' AGSTRACT SECURITY CLASBIFICATION

UNCLASSIFIED

200 NAME QF AESPONEIBLE NDIVINVAL

ACSC/EDCL Maxwell AFB, AL 36112-5542

00 FORM 1473, 83 APR

220 TELEPHONC NUMBEN 23¢ OFFICE SYMBOL

tinciude Ares Code)

(205)293-2483

COITION OF 1 JAN 7] 18 OGSOLETE

UNCLASSIFIED

SECURITY CLASSIFICATION OF THiS PAGE

- RN o P e -

- « Wy LAY e, . A, f-r\g
L S A L B R S S IS LR AR R S L 4 S



PREFACE

Understending the various regions of & glow discharge has
led to improvements in a wide variety of military systems. such
a8 high power excimer lssers, thyretrons for high power switches.
and plaama reactors for etching or deposition of thin films in
the manufacture of aemiconductor chipa. Many of these discharges
of current military interest now contain reactive electronegative
gases. It is hoped this menuacript has provided the reeder a
better understanding of the influence electronegative gases have
on the csthode fall region of & glow diacherge. Thia manuscript
susmarizes the resulta of a more comprehensive AFIT doctoral
dissertation. ‘

I am grateful to Dr. Alen Garscedden., ay dissertation
advisor st the Aerc Propulsion Laboratory, and Major Douglas
Deebler, Air Commend end Steff College faculty member, for
reading this manuscript and providing their critical comments.
Special thanks goes to the Aero Propulsion Laboretory Power
Division who sponsored this study.

Subject to clearence, this menuscript will be submitted to
the Journal of_Applied_Physjics for consideration. The format of
the manuscript, including references., are consistent with the
requiresents for publicstion in that journal.
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EXECUTIVE SUMMARY

students’ problem solving products to DoD
sponsors and other interested agencies to
enhance insight into contemporary, defense
related issues. While the College has accepted this
product as meeting academic requirements for

Part of our College mission is distribution of the ‘

graduation, the views and opinions expressed or
implied are solely those of the author and should
not be construed as carrying official sanction.

REPORT NUMBER  &7-0730
AUTHOR(S) MAJOR GARY L. DUKE, PhD, USAF

'TITTJE INVESTIGATION OF SHEATH PHENGMENA
IN ELECTRONEGATIVE GLOW DISCHARGES

i{. Purpose: To educate the scientific community 3about now the
addition of a gas which =as1ily torma neqative 1cns (electronesa-
tive gas) influences the cathode region and thus the voltanme droo
across a4 dlow discharge. A glow discharage consists <t 31 s=2t o1
@lectrodes surrounded by a gas or gas mixture. A fliucrescent
light is a simple glow discharge operated with an alternatina
current.

IT. Problem: The width of the light and dark regions ciose -ao
the cathode have been experimentally observed (Ret ¥) na <ontract
longitudinally toward the cathode when an electronegative aas was
added to a rare (inert) gas discnharae. A smaller volitaae droon

across this region is anticioated as a result of this
contraction. Theoretical models constructed to descrice =2iectrim
discharge lasers, high power switches. and devices used to
manufacture semiconductors have typically treated the vaoitaags
droo across the cathode fall region as a3 constant, as 1f the
electronegative gas did not affect 1t. This paper attemots to
resolve this inconsistency by explaininag why the width of tne
cathode fall contracts when an electronegative gas 1s aqaed rao
the discharge.

III. Data: A theoretical model of the cathode tall region was
constructed. The electron kinetics were analyzed by solvina the
one dimensional, time indevendent, collisional Boltzmann egquation

vii
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CONTINUED

which describes statistically a swarm of electrons as it
traverses the cathode fall region. The only production and loss
mechanisms for electrons was assumed to be ionization and
attachment. No loss mechanism was asaumed to exiast for negative
ions. This assumption holds for low pressure discharges where
ion-ion recombination can be neglected. The positive ion -
kinetics are based on Poisson’s equation which relates the net
charge density to a fluctuation in the electric field and an
approximation for the mobility of the ions in high electric
fields. The negative ion denaity is derived from the electron
kinetics, since the negative ions are formed by slow electron
collisions with the electronegative gaa molecules. The negative
_ion mobility is assumed to be the same as the positive ion
mobility. This is a good firat approximation, but could be
refined in a later analysis.

Gaas mixtures of helium, argon, and xenon with 1X and 5%
hydrochloric acid were analyzed. The electric field, the
Townsend ionization and attachment rates, and charged particle
densities were calculated as a function of distance across the
cathode fall region and compared. A contraction was predicted in
the helium mixturea, none was predicted in the argon mixtures,
and a slight expanasion in the cathode fall waa preadicted in xenon
mixtures.

IV. Conclusions: The resulta indicated ionization and not
attachment of a gaa such aa hydrochloric acid in helium mixtures
led to the contraction and a reduced voltage drop across the
cathode fall. Since the ionization threshold of the added
electronegative gas was less than the rare gas, less voltage was
required to accelerate electrons to achieve the same net
ionization in this region. It was also observed that the gas
with the lower ionization threshold was spatially ionized first
leading to a separation of the gas components in the cathode
region. The density of poaitive ions resulting from electron
ionization at the edge of the cathode fall was always found to
determine the slope of the electric field in all mixtures.
Conversely, results indicated electron attachment in the
cathode fall region increased the cathode fall voltage and
length. Although the attachment coefficient was larger than the
ionization coefficient immediately in front of the cathode, the
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CONTINUED ~

denaity of negative ions did not contribute asignificantly to the
space charge until near the end of the cathode fall. The voltage
drop and length of the cathode had to increase in order to main-
tain the same net ionization as occurred in a pure rare gas. The
classical theory that the formation of negative ions in the
cathode fall causes it to contract due to their slower mobility
was shown to be false.

V. Recommendationa: Scientists and engineers modeling electric
discharge lasers, high power switches, and plaama deposition and
etching devices should not assume the voltage drop across the
cathode fall region in discharges containing mixtures is equiva-
lent to the voltage drop across the cathode fall region of a
diacharge containing the primary conatituent (usually the rare
gas). The voltage drop across the cathode fall can be
significantly affected by trace species if their threshold for
ionization is less than the primary constituent. Scientists
modeling plasma deposition and etching devices should also be
aware that the gases are sequentially ionized across the cathode
fall region in order of their ionization thresholds. This
phenomena could impact the uniformity and reproducibility of
their films.

ix
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I. INTRODUCTION

Previous papers have analyzed the cathode fall in electro-
positive glow discharges.l’ 2+ 3» 4- 5» 6, 7 This paper analyzes
the cathode fall in an electronegative glow discharge. An
understanding of the formation of positive and negative ions 1in
elactronegative glow discharges is very important in modeling
electric discharge lasers, high power awitches, and the plasma in
plasama etchers and reactors for depositing thin films. In 1938,
Emeleus and Sayers® reported the width of the luminous and dark
regions in the cathode fall and negative glow region of a heliunm
diascharge contracted significantly towards the cathode with the
addition of just a trace of chlorine, an electronegative gas.
Thia contraction of the cathode fall implies a decrease 1in
cathode fall voltage. This change in voltage is important
becauae it determineas the energy of the electrons and ions which
traverse the cathode fall region and enter the negative glow.
This paper explains the contracted cathode fall region observed
in electronegative glow discharges.

Two theoretical approaches exist for calculating the
nonequilibrium electron energy distribution function in the
cathode fall region of a glow discharge. The Monte Carlo method

is based upon the statistics of modeling a large number

RAt ALY AT AL LR GHSHANRL A AN G RN B S



(typically 105 or greater) of electron collisions with gas mole-
cules in the presence of an electric field.3” 7+ 9 The other
method is based upon numerically solving the time independent
Boltzmann equation for the electron distribution function. In
uniform electric fields, agreement between these methoda has been
excellent .10+ 11» 12 allig and co-workersl’ 2 and Long®S assumed
a linearly decreasing electric field through the cathode fall and
used the Boltzmann method to model the change in the electron
distribution function as a function of distance. Tran Ngoc, et
al.7 and Segur3 similarly assumed a linearly deéreasing electric
field, but used the Monte Carlo model. These calculations are
not considered self-consistent. The perturbation of the electric
field from electron nonequilibrium kinetics, which their
calculations showed had occurred in the cathode fall region, was
not examined. Since then Segur et al.® have coupled a Boltzmann
solution for electrons with an analytical approximation to the
Boltzmann equation for positive ions i1n the cathode fall region
in a self-consistent manner for various helium-mercury mixtures.
Boeuf et al.?4 investigated the cathode fall in a helium discharge
using a self-consistent Monte Carlo technique, which sequentially
iterated Monte Carlo calculations for positive ions followed by a
calculation of the electric field, and then another Monte Carlo
calculation for electrons. The present paper is based on the
Boltzmann technique derived by Allis et al.2 and Long®, and

modified to include the formation of negative ions as well as a

self-consistent calculation of the electric field.




II. MODELING

a. Theory

The cathode fall region ia assumed to be a weakly ionized,
colliasion dominated, nonneutral plasma consisting of four compon-
enta: electrona, poasitive ions, negétive ions, and neutrals.

The densitiea of negative and positive iona are derived from the
neéative ion current density and current conservation respec-
tively. The neutral density is assumed to remain constant.

The electron density and the electron energy distribution
are determined by numerically solving the time independent, one
dimenaional, collisional Boltzmann equation. This r.pioaentation
models the distribution f of a awarm of elaectrona as it traverses
the cathode fall of a glow discharge. The one dinensionél

Boltzmann equation

PE - Mo AE
\4“ + m E(X) )\& ")f )“/ (1

is transformed into energy space as

Aof LA 1 it 2>
Y2 )€ T evEl) it )“, ’

where ¢-.fE<x>dx is the electron potential energy and§.=nvx2/2 is
the electron kinetic energy induced by the electric field E(x).

Let the total electron kinetic energy be represented byE,=E*7
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where , is the random or thermal energy contribution. The

distribution function £ can then be represented as the aum of two
functions, £-(&,f,$), which is the distribution of electrons with
vx €O moving against the field and £.(¢,§,@), which represents

those electrona with vy > 0O moving with the field. The right hand
term representa the change in f due to the collision processes in
the gas. This equation sub;’quontly is tranaformed into a lineer

integral operator oquetion.13

5+t -t [coa)r

where K is an integral operator representing a sum over all
collisional processes, Q(L) is the total electron cross section,
and ﬁ ias the gas density. Derivation of the individual operators
for each electron collisional process can be foﬁnd in Long’s
report.>

The collisional term is further simplified by assuming Kf to
be nearly isotropic in velocity space and expanding Kf in
Legendre polynomiala. This expansion differs from the usual two
term expansionl of Boltzmann’s equation in spherical harmonics in
times £, not an expansion of f. The resulting equation is solved
numnerically using an iterative technique developed by Long®. It
is assumed initially that electrons are only scattered-out of

each element of velocity space (Kf=0)., The equation is then

integrated for both forward and backward moving electrona.
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Scattered-out electrons then become scattered-:1n electrons for
other elements of velocity space. This gives a first approxima-
tion- to the electron distribution function from which a new oper-
ator Kf is calculated. This procedure was repeated until conver-
gence was reached (taken as less than .2% change in the distribu-
tion function). For a 200 eV cathode fall, the energy resolution
of the calculation corresponded approximately to 1 eV.

From the electron energy distribution, the electron number
density, electron current density, and Townsend i1onization
coefficient were calculated. The electron energy and number
density distributions were normalized to the distribution at the
cathode. In order to obtain a completely self-consistent
solution in which Poisson’s equation is obeyed i1n addition to
boundary conditiona at the cathode and anode, successive calcula-
tiona tfor the electron distribution function, electron number
density, and resulting electric field were accomplished.

The electric field 18 obtained by putting Poisson’s equation
in difference form so the value of the field at each point .s
based on the value at the previous increment with the fiela at

the cathode given as a boundary condition.

EJ= EJ-I - %[”'J *Nyy.y = Ny = Neyy = N, ""—w] 7

where n.j), nej, and n-j) are the positive 10n, electron, and
negative ion densities at position ), and x) 1s the spatia. point

corresponding to increment ). The positive 10n density 1s
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(B0

written in terma of the current conservetion (J = total current
density) using Ward’s modified formulal? for the ion draift

velocity for high field regions.

- -
-

n., = ek,(%t) ‘S

where Jg) and )-) are the electron and negative 10n current
densities at location ). Saimilaerly the negative 10n agensity 1s
calculated by dividing the negative 10n current densaity oy i1ts

velocity (k- 1s sssumed to be equal to k.).

J-

n.= I(_%? ‘e

Since the negative ions are formed as & result of electron
attachment, the negative 10n current denaity 18 obtainea Dy

integrating over all attaching collisiona.

~J

J- ‘_/‘,'5, Joy I, !

where is the attachment rate. Egquation 4 then becomes a fiftn
order polynomial whose roots were found numericelly using
Steinman’s method.l3 The lowest real value of E (some are
imaginary) at the cathode boundary was picked as the solut.ion,
since 1t led to the lowest possible cathode tall voitage. The
electric field at each location 1s therefore calculated from ne.

Jer )- and the value of the electric field at the previous
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apatial incresant. This technique converged quickly, norselly

. within 4-6 fterationa for three significant figure convergence.

b. Gas and Discherge Peresmeters

The gea and diacharge parameters used in the celculationa
are suaserized in Table 1. For & required electron energy
reaclution of 1 eV, the electrode distance (D) wes limited by the
2eaory storage cepability of a Cyber 74 coaputer. For 100x He, D
was 2.2 ca and for the remeining He/HCl aixtures, it was 2.1 ca
due to the contrection thet occurred. ’ is the secondary
slectron eaission cosfficient of the cathode for ion bombardment.
The diatribution of electrons leeving the cathode was the same as
thet used by Long> (16% between 1-2 eV, 25% between 2-3 eV, 28%x
batveen 3-4 eV, 235% between 4-5 eV, and 6% between 3-6 eV). The
mobility, ke, of the positive ions was represented by those of

the rere gases.

Table I. Gas and discharge paremeters used in the Boltzmenn

calculations.
) J Y K
(em) (mamp/cnl) cm-torr
Mixtures ____________________ volt-sec
He/HC1 2.1-2.2 16 .2 4.1E+4
Axr/RC1 1.19 10 .0417 8.29E+3
Xe/HC) .87 10 . 004 4.0E+3

€. Electron Impect Cross-Sections.
The cross-sections used for He, Ar, Xe, and HCl in the

Boltzmann calculationa are shown in Figs. 1-5S. Thresholds and

-... op® .-’.*...._.
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references for each energy range are listed in Table II. The

moat important cross sections in the calculations are the
ionization cross sections of the rare gases. This cross section
determines how quickly the electrons multiply, and thus directly
effects ng and dE/dx in Poisson’s equation. For the rare gases,
the ionization cross section was obtained from measurementa by
Rapp et al.l16 over the complete energy range. The ionizatioﬁ
cross section for HCl had to be extended above 100 eV. Since HCl
was used in small concentrationas and the mean electron energy in
the HCl mixtures was always leas then 87 eV, any error in the
epproximation should be negligible. Electronic cross aections
for He were extended using the formulaa listed under the

reference column in Table 1II.
III. DISQUSSION

The theory described above was used to model the cathode
fall in He/HCl, Ar/HCl, and Xe/HCl mixtures. All data presented
waa obtained for a gas pressure of 1 torr at a temperature of 300
K. Gas and discherge parameters previously described in Table I
were held constant. The only production and loss processes for
electrons was assumed to be ionization and attachment. At low
gas pressures ion-ion recombination can be neglected. No loss

process for negative ions was assumed to exist.
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Table II. Thresholdas for electron impact cross sectionsas.

Process Range (eV) _______ References
He
MHomentun 0.-6. i7
Transfer 6.-500. 18
Electronic
238 + 21s 19.81-23.54 17
24.-100. Constant
100.-500. o = .624/ef
23p 20.95-199.6 17
200.-500. o » .02755/ek
21p 21.2-196.1 17 ,
200.-500. o= 1.179/€1
3lp 23.07-207.8 17 ,
210.-500. o= .3605/&T
Ionization 24.59-3500. 16
Ar
Momentunm 0.-30. 17
Transfer 30.-3500. S
Electronic
2p3,/2(3pS 11.6-500. 19
2pq y2(2pS) 11.8-500. 19
Remaining 13.2-500. i3
Ionization 15.76~-3500. 16
Xe
Momentunm 0.-6.5 17
Transfer 6.5-20., 19
20.-5S00. i8
Electronic 8.32-500. 19
Ionization 12.13-500. 16
HCl1
Momentun 0.-100. 20
Transfer 100.-500, Log Extrapolation
Vibration
v = 1 «36-7. 20
v = 2 «7=-7.2 20
Attachment
Ccl- «67-2.7 20
H~- 5.6-12. 20
Excitation
A $.5-11. 20
B +C 9.3-100. 20
100.-500, 19
Ionization 12.74-100. 20
100.-500. 19
14
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a. Helium mixtures

. A 15% decrease in the electric field is predicted as the
amount of HCl is increased from O to 5% in Fig. 6. This
corresponds to a 32% decrease in cathode fall voltage and a 21x
decrease in cathode fall length. This decrease in voltage and
distance as a function of HCl is due to the increase in the
Townsend ionization coefficient, as displayed in Fig. 7. This
increase in ionization in the peak region occurs because HCl is
much easier to ionize than He (the ionization threshold for HCl
is 12.74 eV, versus 24.59 eV for He). Also, the spatial
threshold for the Townsend ionization coefficient is halved when
HCl is added, reflecting the change in threshold for ionization.
Thus very close to the cathode, more HCL is being ionized than
He. This is consistent with the results of Segur, et al.® with
Hg in He.

The slope of the electric field near the cathode is

described by Poisson’s equation. As will be seen in later

| figures, the positive ion density near the cathode is much larger

than other charged particle densitiea by several orders of

magnitude. The linear slope of the electric field thus depends

only on the near constant value of the positive ion density. The

curves in Fig. 6 are thus almost parallel. The electric field

curves are shifted down because leas voltage is required to

produce the same net ionization. \
Townsend ionization and attachment coefficients are compared

in Fig. 8 as & function of distance for 99/1 and 95/S concentra-
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Figure 6 ELECTRIC FIELD IN He/HCY MIXTURES.
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tiona of He/HCl. As one would expact, the magnitude of the
attechment rate is much smaller than the ionizetion rate
throughout the cathode fall region, except immediately in front
of the cathode. In this region, which corresponds to the Faraday
dark space, electrons have juat left the cathode with a few @V of
energy and are more susceptible to attachment than after they
have been accelerated to higher energies. The second peak seen
in the attachment curve at 1 cm is probably due to the electron
distribution function first reaching the ionization energy and
producing a new crop of alow secondary electrona. This is
consiastent with the peak in the ionization coefficient which
occurs near the same location.

The electron, positive ion, and negative ion number
densities are displayed as a function of distance through the
cathode fall region in Fig. 9. The electron density initially
decreases because the majority of electrons are rapidly
accelerated away from the cathode. Juat before they have gained
sufficient energy for ionization, their denaity reaches a
minimum. The electron density begins to increase after the
ionization potential of the gaa ia attained. Similarly, the
positive ion density increases slightly leaving the cathode
because very little ionization occurs close to the cathode as the
positive ions are being accelerated towards it. Although
negative ions are present throughout the cathode fall region,

their density is generally much too small to affect the net sapace

charge to any significant degree. Even in the 935/5 mixture the
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negetive ion density was atill sore then an order of sagnitude

. less then the slectron density and is more then four orders of
segnitude analler then the positive ion denaity. The magnitude
of the electroa density approeches the positive ion density only
neer the cathode fell-negative glow boundery. Equilibrium was
never reached in these examples because @ slightly bimodal

electron distribution still existed at this boundary.

b. Argon mixtures

In contraat to He aixtures, there is & negligible effect on
the electric field in the cethode fall region when up to Sx HCl
is eadded to Ar as shown in Fig. 10. This electric field distri-
bution through the cethode fall corresponds to about e 184 v po-
teantial drop scross the cathode fall. With 1x HCl, the differ-
ence in total ionization is too amall to have any obaervable
effect on the electric field. Ionizetion thresholds for Ar (15.7
eV) end HCl (12.7 eV) are much closer than for He and HCl.

This difference is also too smsall to be observed in Fig. 11
in the Townsend ionization coefficient. With 5% HCl, there is
sufficient HCl to increese the ionizetion raete about 1.6%
throughout moat of the cathode fall region. Townsend ionization
end attachment coefficients for 99/1 end 95/% concentrations in
Ar/HCl are alao compared in this figure. As in He/HCl mixtures.
the ettachment rate is lerger then the ionizetion rate only for a
few electron collisions close to the cethode where the electrons

have insufficient energy for ionization.

21
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The same nonequilibrium phenomena thet occurred in number
densities in He mixtures is obsarved in Ar mixtures in Fig. 12.
The positive ion density increases in the direction moving away
froa the cathode, while the electron number density initielly
decresases. The number of negetive ions is more than two orders
of magnitude smealler than the number of positive ions, and
actually their density does not begin to grow exponentially until
the cathode fall begina to merge into the negative glow. The
poaitive ion density is still seversl orders of magnitude larger
than the electron and negative ion denasities and thus determines

the slope of the electric field.

c. Xenon mixtures

In contrast to He end Ar mixtures, there is a slight
increase in the electric field in the cathode fall region when up
to 5% HCl is added to Xe as shown in Fig. 13. Slightly higher
fieldas are required to obtein the same net ionization neer the
cathode due to the formation of negative ions very close to the
cathode as well as the additional energy losses to HCl vibra-
tional processes. Xe/HCl mixtures are unique in that both
con‘tituonti have almost the same ionization potential (12.74 eV
for HCl and 12.13 eV for Xe). A loss of electrons close to the

cathode is similer to the effect of reducing the secondary

enission coefficient of the cathode. A decresse in { similarly
results in a higher cathode fall voltage. However, the slope of

the electric field stays the seme becasuse positive ions atill

24




‘FWALXIN 1DH/IY 5/56 V NI STILISNIA TLUVE QIDUVH) 11 2mbyy

(w3) 39nViSE
00't st 0s’ 0
T T T Tt v T .|\|«|H-dl1|<| ..L....h“d]lljo
\\ \ .

. .o—-: 4

™ )

e
\\
N\
\

~
A

L
\

-
A
»

<
e
S
AN
N

A 2
\\ / 4 “ ﬁ v;\
\\\ X - 2 b= -.u.
\ = .“
[y § ﬂ \.v
\ 3,

\ < '\‘

LR >
NG BN

oA,




-y
-
™~
-y
.
q
1 €
o
—18—
W 4
4 9 =
z;
< =
4 = =
gz
e 3
-
S~
L)
- ”
z
48 a
=
o [
&
-
- o
o
-
- -
pass
- :
3
.
o (r
o

(wa/304) @1314 21419313

26




dominate the other number densities. Thus the trend of the
electric field shifting vertically with a correasponding increase
in voltage would be expected to continue for larger concentra-
tions of HCl in Xe. In this study the positive ion velocity of
only the rare gas was included. Addition of HCl with ita higher
mobility would increase the average positive ion drift velocity.
This would result in s shallower -iope of the alectric field and
a further expanaion in cathode fall length.

Townaend ionization and attachment coefficients are compared
in Fig. 14 for 99/1 and 935/5 concentrationa in Xe/HCl. Again the
attathont coefficient is much smaller than the ionization rate
throughout the cathode fall region except immediately in front of
the cathode. Note that the region where the attachment coeffi-
cient is greater thean the jonization rate is amaller in Xe
mixtures than in either He or Ar mixtures (Fige. 8 and 11 respec-
tively). The onset of ionization however atill occurs close to
the second peak of the attachment rate.

The nonequilibrium phenomena occurring in the previous rare
ges mixtures is alsc observable in the number densities in Xe
mixtures. Resulta are illustrated in Fig. 15. The trends are

similar to those seen in Figas. 9 and 12.

IV. SUMMARY AND CONCLUSIONS

These results indicate ionization and not attachment of a

gas such as HCl in He mixtures leads to a contraction and a

27
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reduced voltage drop across the cathode fall. Since the
ionization thrashold of the added electronegative gas was lass

than the rare gas, lesas voltage was required to accelerate

electrons to achieve the same net ionization in thé thias region. N

This explainas the contraction of the cathode fall region obaserved
by Emeleus and Sayers8 in electronegative gas mixtures. It was
also obaserved that the gaa with the lower ionization threshold
was ionized firat. This leada to a aeparation of the gas
components in the cathode fall region. Diascharge models which
include the cathode fall voltage in their circuit analysis should
include the different ionization rates and distinct mobilities
for each gas apecies in determining their cathode fall voltage.
The denaity of positive ions waas always much larger than the
denaity of electrons and negative ions and thua determined the
slope of the electric field in accordance with Poisson’s equation
as well as the voltage across the cathode fall.

Conversely, resulta indicated electron attachment in the
cathode fall region increased the cathode fall voltage and
l.ngﬁh. Although the attachment coefficient is larger than the
ionization coefficient immediately in front of the cathode, the
density of n.gati?. ions does not contribute significantly to the
space charge until ﬁh. negative glow. The voltage drop and
length of the cathode fall must increase in order to maintain the

same net ionization as occurred in a pure electropogsitive gas.
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