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ABSTRACT

A series of Langmuir probe measurements have been made on the
plasma of a low pressure mercury arc in order to obtain information about
some of the fundamental processes in the plasma. It is shown that the
actual ionziation is many times larger than the direct ionization, and
that the effect of the electron drift velocity on the direct ionization is
negligible. The results of this research plus the limited information
available in the literature indicate that the metastable density is inde-
pendent of the electron density, and that the cumulative ionization is
a linear function of the electron density and not a quadratic one. The
effective cross-section for ionization of the 63P states is calculated to
be at least 9.0 times larger than that for the ground state. The mobility
of the electrons in the plasma was measured and it is found that the effective
cross-section for slow electrgns Lré the plasma is essentially constant with
an average value of 42 x 10-1 The ambipolar diffusion coefficient
and the ambipolar mobility coefflcxent are determined as a function of
E/p0 for an active plasma. With the aid of a specially developed theory
for ion mobility and diffusion in a strong nonuniform electric field, the
mobility and longitudinal diffusion coefficients are calculated for Hg ions
in the plasma. The effective cgoss -section for Hg ions is found to
increase from 31 to 104 x 10~16 ¢m? as the ion energy is increased from
0.44 to 1.37 electron volts. There is reasonable agreement with the
limited data of others. The theories and methods developed can be used
for the measurement of ion cross-section in other gases. A study is
made of the collection of positive ions by a negative probe for comparison
with theory. Several new experimental techmques are introduced. The
partial pressures of the residual gases in the arc were in the 10~ & to 107
mm Hg range and were measured “while the arc was in operation in the
water bath. The probe potential was supplied by a specially designed
low impedance voltage source featuring a high degree of negative feedback.
A new method is developed to permit the change of probe work-function to
be directly recorded as a function of time, and may prove useful in
future experiments.

Thesis Supervisor: W. B. Nottingham

Titles Professor of Physics



i

Chapter I
A.
B.
C.
D.
E.

Chapter II

-

mQ EEYO

Chapter III

w >

C.
D.
Chapter 1V

A.
B.

Table of Contents

Theory of Probe Measurements

Introduction

Current Density to a Retarding Planar Probe

Probe Current for the Case of a Maxwell-Boltzmann
Distribution and for a Druyvesteyn Distribution

Method for the Direct Determination of the
Distribution Function from Probe Measurements

Utilization of the Probe Measurements

Apparatus and Measuring Technique

Discharge Tube and Water Bath

Auxiliary Equipment Used to Monitor and Measure
Low Residual Gas Pressure

Probes

Vacuum Processing of Tube

Voltage Source for Retarding Potential Measurements

Measuring Procedure and Electron Bombardment of
the Probes

Change of Probe Work-Function

Stability of Arc and Reproducibility of Measurements

Basic Experimental Data

Retarding Potential Plots and Ion Current Extrapolation

Determination of Electron Temperature, Electron
Density, and Plasma Potential

Mercury Vapor Pressure and Density .

Correction of the Plasma Radius for Wall Sheath
Thickness

Ionization Process in the Plasma

Production of Ions in the Plasma

Measurement of the Total Ionization and Determination
of the Electron Density Distribution from Ambi-
polar Diffusion Theory

Calculation of the Direct Ionization Component
Including the Effect of the Electron Drift
Velocity

Determination of the Important Ionization Processes
in the Plasma

~o  ow

10
11
14
15
16

17
22

26
29

33

35

36

48

50



‘Chapter v

® 00 W

Chapter VI

E.

Electron Mobility, Ambipolar Diffusion Coefficient,
Ion Mobility Coefficient, Ion Diffusion Coefficient,
and Cross-Section for Hg ions in Their Parent Gas

-Electron Mobility

Ambipolar Diffusion Coefficient and Ambipolar
Mobility Coefficient

Ion Velocity as a Function of Er/p

Simple Theory of Ion Mobility and Diffusion Coefficient
for Ions in a Strong Uniform Electric Field

First Order Theory for lon Mobility and Diffusion in a
Nonuniform Strong Electric Field

Electron Energy Distribution Function and Probe
Measurements

Depletion of High Energy Electrons and Comparison
With the Druyvesteyn Distribution

Theory of Harmonic Analysis of Retarding Potential
Plots, and the Effect of Superimposed ac

Experimental Ratio of Saturation Electron and
Saturation Ion Current and Comparisoi with
Random Current Theory

Simplified Form of Schulz's Theory for the Saturation
Current Ratio and Comparison with Experiment

Basic Theory for the Prediction of the Variation of the
Saturation Current Ratio With the Arc Parameters

Chapter VII Summary and Conclusions

Appendix I

Glossary

References

Acknowledgem ent

Biographical Note

57

62
65

67

74

78

81

85
89
94
101
106
110
115
118

119



. |

[ S B |
W= UL W -

<< d<<<< <«

<4<
HTI—'
W N -

s W S BN R s VN 100 im0 Y S e e < WU N L A g e TR oA s e

o S AG S i3y D1 1 it 3

Table of Figures

Tube and water bath

Detailed drawing of discharge tube
Probes

Measuring circuit

Work-function change

Plane center probe curve (25. 1°C, 5.0 amp)
Expanded plane center probe curve

Wire probe curve (25.1°9C, 5.0 amp)

Disk probe curve (25.1°9C, 5.0 amp)

Plane wall probe curve (25.1°C, 5.0 amp)
Plane center probe curve (30. 0°C 5.0 amp)
Wire probe curve (30.0°C, 5.0 amp)

Plane center probe curve (30 00C, 6 0 amp)
Wire probe curve (30.0°C, 6.0 amp)

Plane center probe curve (35.0°C, 5.0 amp)
Wire probe curve (35.0°C, 5.0 amp)

Plane center probe curve (45 1°C, 4.0 amp)
Wire probe curve (45.1°C, 4.0 amp) .
Plane center probe curve (45 1°C, 5 0 amp)
Wire probe curve (45.1°C, 5.0 amp)

Plane center probe curve (45. 1°C, 6.0 amp)
Wire probe curve (45.1°C, 6.0 amp)

Plane center probe curve (54.6°C, 5.0 amp)
Wire probe curve (54.6°C, 5.0 amp)

Plane center probe curve (62 6°C, 5.0 amp)
Wire probe curve (62 6°C, 5.0 amp)

Ion generation as a function of q/kT_ and the production
of 63Po, 63P1 and 63P2 states

Electron drift velocity as a function of E,/p_

Effective cross-section for slow electrons m Hg
Ambipolar mobility coefficient vs E /p

Ion radial drift velocity as a function 1 of°E /p

Ion mobility coefficient as a function of Er/po
Longitudinal diffusion coefficient vs E / P,

Cross-section for Hg ions in Hg vs Er/po
Cross-section for Hg ions in Hg vs E -

Retarding potential plot for a Druyvesteyn distribution
Ratio of electron temperature to gas temperature for Hg
Ratio of saturation electron current to saturation ion
current

9a

1la
l16a
17a

25a
25b
25¢
26a
26b
27a

- 27b

28a
28b
29a
29b
30a
30b
3la
31b

- 32a

32b
33a
33b
343
34b

47a

57a
6la
64a
65a
73a-
T4a
75a
76a

79a
87a

88a



A SR 04 < BT R SRR B E ot e s e o b e e tene

Table I

Table I
Table III
Table IV

Appendix

Basic Probe Data
Basic Discharge Parameters
Ion Generation in the Plasma

Electron Mobility and Electron Drift Energy

106
107
108
109



I. Theory of Probe Measurements

A. Introduction

' The theory of probe measurements ‘of arc plasmas was first

(1,2,3) 4 made possible the

(4,5).

developed by Langmuir and Mott-Smith

determination pf many of the fundamental properties of the plasma

The Langmuir probe method is very poWerful because it yields the

plasma potential Vp, the eleqtroq temperature T_, (for the range of
electron energies where the électron veloéity distribution is Maxwell-
Boltzrpann), and the electron density n_. Because of the low potential |
gradients existing in the plasma (of the 6rder of 1 volt per ceﬁtimeter)
the ion and electron densities are very closely equal in the plasma (to
within about 0.001 per cent) and therefore the Langmuir probe measure-
ments will also yield the plasma ion densities n,.
The basic theory of the Langmuir probe method is as follows.
When the probe potential is slightly positive with respect to the plasma
potential, the current‘ to the probe ip’ is predominantly electron current.
and is relatively independent of the probe potential. For a spherically
symmetric electron velocity distribution, the saturation electron current
density J_ st is equal to the random electron current density and is thus
proportional to the product of the electron density n_, and the average
electron velocity (v_). As the probe potential is made negative with
respect to the plasma potential, the electron current to the probe is
reduced. because of the retarding field acting on the electrons, and
the ion current is increased until the probe current is predominantly
ion current and is again relatively independent of the probe potential.

The electron current i_, is found from the probe current ip, and the
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extrapolated ion current i,, and is used to determine the electron tem-
perature and the electron density. For the case where the electron
velocity distribution is Maxwell-Boltzmann (M-B), a.plot of log10 i_vs
the collector potential V+ will be linear with a slope dlog, 4i_/dV o
equal to 2.303 q/kT_ where gq/k is the ratio of the electron charge to
Boltzmann's constant and is equal to 11, 606 degrees absolute per volt.
The plasma potential Vp, is usually taken as the intersection (on the
semilogarithmic plot) of the saturation electron current extrapolation
and the ektrapolatiori of the linear part of the retarding potential plot.
The average electron velocity {v_) found from the electron temperature

is used to calculate the electron denéity.

B. Current density to a planar retarding probe

A useful expression will be given for the electron current
density J_, to a retarding planar probe for a common class of distri-

bution functions. In general-

J. = //x /r)/xf’ //} s (I-1)

o™

where J_ is the electron current density in the+x direction (charge per
unit area per unit time), Vi is the electron velocity in the x direction,
and (V) is the density of electrons in phase space. The .velocity v, i8
defined by:s m_ (VO)Z/Z = qV where m_ and q are the electron mass
and charge, and V(V > 0) is the reta’rding potential of the probe with
respect to the plasma. This expression states that only electrons with
velocities in the +x' direction that are larger than vo' will be able to
overcome the retarding potential and be collected. For the case of a

spherically symmetric velocity distribution function (or for the leading



spherically symmetric term of the spherical harmonic expansion in

, 2 2,.2.,.2 2.2 .
velocity space), f(\‘/‘) = fo (v) where v~ = Ve + Vy + v, ® Vg + V. and
the multiple integral may be reduced by change of variable and inte-

gration by parts to the relatively simple expression:
(-] .
B /0—(.1-—,0-"" (T AU A am (1-2)
1'(
Ao

When there is no retarding field, then v o = 0, and the saturation

or random current density for an arbitrary spherically symmetric dis-

tribution function is thus shown to be:

- ('/.,__>
L, = F ‘ﬁ——,;—""— (I-3)

where {v_) is the velocity averaged over the distribution function. The

distribution function averaging operator is defined by:

(A> = = ////476//"')9/,0-«//./#}, (1-4)

If the distribution function is of the general form f(v) = Aexp(—Bv )s
the integral may be expressed in closed form in terms of incomplete
garrima functions. There are, however, two important distfibution_ .
functions, the Maxwell-Boltzmann distribution (s = 2), and the
Drﬁyvesteyﬁ distribution(é’ 7,8) (s = 4), which yield values of J_ that

can be expressed in terms of exponential functions and error functions.
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C. Probe current for the case of a Maxwell-Boltzmann distribution

and for a Druyvesteyn distribution

A M-B distribution function:

R
. - -m -
f(”)- M- (w-lrr. ) exr { 2k7- a-5)

gives the following result for the current density to the probe:

_ o
_ ;e gy < k7= _ v
Jo = T wm. F ) ”"( —f_r_——) (1-6)

where the constant (8q/1rm_)1/2 is equal to 6.693 x 10° (meters/second)/
(electron volt)llz. - Thus a measurement of the current to the probe and
the saturation electron current density, plus the value of the electron
temperature obtained from the slope of the retarding potential plot will
permit:the determination of n_. The M-B distribution is the one which
results when the electron-electron interactions are predominant and
when the effect of the field, gas atoms, ions, and boundaries can be
neglected.

(6,7,8) i the

On the other hand, the Druyvesteyn distribution
leading term of the solution (in spherical harmonic form in velocity
space) of the Boltzmann transport equation, and corresponds physically
to the following assumptions: 1. electrons move under the influence
of the field in the gas; 2. electron-electron and electron-ion inter-
actions are negligible in comparison with the electron-gas interactions;

3. electron-gas collisions are elastic; 4. gas temperature is low com-

pared to the electron temperature; 5. electron mean free path is



independent of electron velocity (hard sphere model for gas atoms).
Some of these assumptions are of course subject to question: inelastic
collisions occur:for high energy electrons, and the electron cross-
section in Hg is quite velocity dependent for thé faster electrons. In
addition, since the electiron-electron interactions for slow electrohs

(%)

are much stronger than for fast electrons'’’, it is expected that the
slow electrons will tend toward a M-B distribution. The theoretical
normalized retarding potential plot for the D-D (Fig. VI-1) will show

the extreme case when the processes leading to a D-D are predominant.

The D-D is given by:

Mo L/_Z
Pl oi® /7( ) ém) [ (7) = o

where ['(k)_is the complete gamma function, n_ is the electron density

in configuration space, and v is the root-mean-square velocity

rms
corresponding to the average energy of the distribution function. It
should be noted that the number of high energy electrons drop off much
faster for the D-D than for the M-B distribution.

The probe current density corresponding to the D-D is given in
normalized form by:

hd 3 ‘ﬁ erfe o
-—‘7—-—(—’—‘—’)* ex/(-;o) - (7) s 7 7 (1-8)

-Tur

where y_ = [f'(5/4)/ I"(3/4)] V/V = 0.7397 V/V, V is the average
energy of the D-D in electron volts, V is the retarding potential, and

w7

-
erfe 7.‘=/-"’7'='_7’() ‘e “e (I-9)



e PR M P Eﬂﬁlﬁu-hmmw

P B AG EAm P  gr Fe

EREANE

At

i

The value of the saturation current density for the D-D is given by:

“Yrns i (I-10)
[ r(%)n+) &

The ratio of saturation current for the D-D to the saturation current

N -
Jor = F v

for the M-B distribution of the same electron density and same average
energy is equal to 1.030. For the purpose of comparison with each
other and with experiment, normalized probe curves for both distri-

butions are given in Fig. VI-1.

D. Method for the direct determination of the distribution function
from probe measurements ‘

It was shown by Druyvesteyn(-l_o) ( and earlier by Mott-Smith
and Langmuir(?’) for a spherical collector) that there is a simple
relationship between the distribution function f(v), and the second
derivative (with respect to the retafdi.ng potential V) of the electron
current to a retarding planar, cylindrical or spherical pi'obe. This
relationship can be obtained from Eq. .I-Z by doﬁble differentiatiOn

with respect to the potential V which is implicitly contained in the

definition of v o The result is:

2 2 '
A7 E) Ll | (I-11)
2 = 2*F L

AV

Numerical or graphical differentiation of the J_ vs V data will yield

very _inaccurate results because the process of differentiation will
magnify the relative effects of any small errors or fluctuations, and

a second differentiation will further increase the uncertainty. The
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use of more than three points in the determination of dZJ _ av® will

(11) has recently developed

reduce the error but not appreciably. Medicus
a convenient graphical method for determining the distribution function
from very accurate probe data but his method does not prevent an amplified
error in the second derivative. .Direct measurement of the second deri-
vative is possible through the use of harmonic analysis but it is necessary
to separate electrically the electron current from the ion current if the
high energy electrons are of interest. The theory of the determination of
the distribution function through harmonic analysis will be developed in
Chapter VI along with a discussion of the limitations of the various

methods plus suggestions for an improved method. In the present

research the distribution function was not measured.

E. Utilization of the probe measurements

The basic data obtained from the probe measurements consist,
in part, of a set of electron deAnsi.ties , electron temperatures, plasma
potentials, and probe currents for each probe at a given value of bath
temperaturé Tb’ and arc current Iz. This data will yield the average
electron density ﬁf,v (averaged over a cross-section of the cylindrical
plasma) provided that a reasonable representation can be assumed for
the radial electron density distribution. Th_.e basic; data will also give
the axial potentia} gré.dient E,. and the total iénization per unit volume.
This total ionization can be compared with the computed direct ionization
to demonstrate that the total ionization is much Iarger than the direct
ionization component. Information can be obtained about the dependence
of the total ionization upon the electron témperature and the electron

density.
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The eléctron and ion mobilities will also be calculated in
Chz_tpter V. Knowledge of the axial current density J 52 and the axial
potential gradient Ez,‘ plus the a.verage electron density will yield the
values of the electron mobility p,,as a function of the discharge para-
meters and will also give the equivalent cross-section for scattering
of slow electrons in mercury. If the requirements for ambipolar dif-
fusion are assumed to be approximately satisfied, the ambipolar dif-
fusion coefficient D,, can also be calculated.

If the radial electron density distribution canbeassumed
accurateljr enough, the radial density gradient at the plasma edge can
be calculated from the measured electron density at the center n_ ,
and from the measured electron density at the plasma edge n__.-
The radial potential gradient Er’ can then be calculated from the
electron temperature and the Boltzmann density distribution law
relating the potential and the density. This value of Er in conjunction
with the ion density and the ion current to the wall at floating potential
will give information about the motion of ions in the plasma. A simple
model for ion flow in strong electric fields will permit the calculation |
of the ion mobility and the diffusion coefficient. )

From the measured retarding potential plots, information can
be obtained about a dimensionless form of the retarding potential
plots. The mechanism of ion collection by a negative probe will also
be investigated.

Chapter II will describe the experimental conditions and the pre-

cautions used in making the measurements. Chapter III will present the

. basic results and will show some of thecorrections necessary before the

arc parameters are specified.



II. Apparatus and Measuring Technique

A. Discharge tube and water bath

The probe ﬁeasurements were made in the plasma of a low pressure
mercury arc in a pyrex envelope. An auxiliary arc (with a current IV of about
5 amps) was produced between a mercury pool cathode and a vertical anode.
The main arc in the horizontal side arm (which carried .a current I of about
5 amps) supplied the plasma to be measured. The use of the side arm helped
to isolate the plasma from the effects of the jets of mercury vapor given off
by the cathode spot and from the high energy electrons produced by the potential
drop across the cathode sheath. The anodes are hollow nickel cylindrical cans
mounted on 80 mil tungsten rod with the open ends facing towards the plasma.
Hollow anodes were used instead of disk anodes to minimize the effects of fluctu-
ating anode spots. The horizontal arm consisted of a pyrex cylinder of 5.5 cfn
inside dianieter with a wall thickness of 0.24 cru. The horizorntal plasma was
about 38 cm long. Figure II-la shows the discharge tube in more detail.

The mercury vapor pressure was controlled through immersion of the
complete discharge tube in a constant temperature water bath. The mercury
pressure in the arc is thus the vapor pressure of clean mercury at this bath
temperature with a small correction of 1 to 2 degrees C because of the thermai
drop in the pyrex wall. The bath temperature was varied from 25. 1°C to 62.6°C
to within 0.1°C which corresponds t6 a vafmor pressure uncertainty of about
0.8 per cent. This control was obtained through the use of copper cooling coils
with circulating cold water, plus' a mercury thremoregulator controlling

immersion heaters totaling 2 kilowatts. Two stirrers were used to
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keep the water in strong motion so as to reduce thermal gradients and
to keep the bath temperature uniform. More information about the tube

and bath is available in Fig. II-1.

B. Auxiliary equipment used to m:onitor and measure low residual

gas pressures

" A novel feature which was added to the usual discharge tube was
a re-entrant liquid air trap in series with a Bayard-Alpert(lz) type
ionization gauge, and an "evaporated metal" getter tube. The liquid
air trap permitted the mercury vapor component to be frozen out so
that the ionization gauge could measure the partial pressure of the
non-condensable residudl gases while the discharge tube was on the
vacuum system and also while the discharge tube was i.n operation in
the water bath. In addition, the liquid air trap served to "pump" any
condensable gases in the arc and thus helped to improve the vacuum.
The tubulation connecting the trap and the tube was built with two slight
constrictions, one before and one after a well- designed to contain some
mercury. This supply of mercury between the tube and the trap served
to reduce the mercury pumping action of the trap. Unfortunately, the
liquid air trap needed refilling about every four hours and even more
frequently if a virtual leak was to be avoided. A re-entrant liquid air
trap was necessary in order to prevent the trap from filling with
mercury. The bottom of the trap was connected to the discharge tube
so that the consensed mercufy could return by gravity flow to the main
tube whenever the trap was allowed to warm up. The liquid air was

introduced at least 6 hours. before measurements were made.

18,
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A specially designed ionization gauge control circuit (M.I.T.
Research Laboratory of Electronics drawings number D-1607-1,
A-1608-1 and A-1609-1) was used with the ionization gauge to measure
the residual gas pressure and to display it on a 1 milliampere chart
recorder. ' This procedure made the history of the background pressure
available to aid in the vacuum processing of the tube and also per-
mitted the anticipation of a virtual leak due to the lowering of the
liquid air level. An overpressure protector was used to prevent the

burnout of the ionization gauge filaments as a result of the loss of

liquid air.

The getter tube contained 10 mil filaments of Mo, Ta, and W
which Were used to evaporate clean metal surfaces on the pyrex walls
for the absorption of contaminating gases. The evaporation filaments
were operated with current pulses of about 1 Second' duration'eve-ry-

6 seconds in order to reduce the heating of the filament supports and
the consequent' evolution of unwanted'gas. The ionization gauge
cleanup helped to remove r;asidual gases 'in addition to the cleanup
of the dischargg tube itself.

As a result of all these inovations and precautions, it was possible

to make measurements in a mercury plasma with a known residual gas

pressure ranging from about 4 x 10-8 mm Hg to 4 x 10-7 mm Hg
(nitrogen equivalent). If better vacuum is de.s_i.’red in future experiments,
it is suggested that a vacuum system be connected to thé discharge tube
while it is in the water bath.
C. Probes

Five probes were built into the discharge tube: two tungs.ten

wire probes and three tantalum planar probes. The wire probes.

11.
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consisted of 29 mil diameter W wire with glass tubing shielding all but
0.98 cm. They were mounted in the center of the horizontal cylinder
with a 10 cm separation in the axial direction and with the probe a};is
coincident with a diameter of the cylinder. Since the radial potential
and charge density gradients are small at the center of the discharge
tube, the wire probes were in z; uniform region. An alternate way of
positioning the wire probes would be to mount them: with their axis
coincident with the cylinder axis. In this way, the effect of the axial
drift electron current would be reduced, but the effect of the axial
potential gradient (which is about 0.3 volts/cm) would result in
rounding of the retarding potentiallplot near plasma potential and
would cause considerable uncertainty in the measured axial potential
gradient.

The disk probe consisted of a disk of 3 mi_l tantalum sheet about
4 mm diameter, mounted on 30 mil tungsten wire with a glass shield
around the wire to limit the collection area to both sides of thé disk
only. In order to eliminate the effects of axial and radial drift currents,
the plane of the disk is located in a plane defined by the cylinder axis
and a diameter. The center of the disk is located about 6 mm in from
the inner wall of ‘the tube.

The center probe is somewhat more complicated and is illustfated
in Fig. II-2. It was mounted in the center of the cylinder with its plane
located in the plane determined by the cylinder axis and a diameter.
This probe was originally designed and constructed to permit the ion
and electron components of the probe current to be separately rﬁeasured,
and consists of three concentric cylinders of 3 mil Ta sheet, plus a

30 mil W wire mounted axially. The outermost cylinder acts as a
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shield while the next innermost cylinder supports a disk of about 4 mm
diameter with a 23 mil hole punched in it. The next smallest cylinder
and the W wire are situated within these two cylinders and are designed
to permit a transverse electric field to separate the ions and electrons
passing thfough the hole in the disk face. The alignment of the con-
centric cylinders was somewhat of a problem because of the small
radial separations (about 25 mils) and because the clearance of the

two innerniost cylinders could not be checked visually. This problem
was solved by using aluminum foil spacers to maintain the required
clearance during assembly and then disolving the aluminum out with
hydrochloric acid.

Maintenance of this separation was more difficult bécause the
large length of the cylinders made it possible for a small angular
displacement of about 1 degree at the press to cause a short circuit.
Unfortunately a short circuit did occur between the wire and the next
cylinder after the tube had been processed and was in operation in
the water bath. Suc;h a possibility had been anticipated, however, and
therefore the probe was designed to permit its ﬁse as a regular planar
probe in spite of such a short circuit.

The wall probe is the same as the center probe except that the
two innermost elements were not included, and the probe is mounted
with its face flush with the tube wall. The cylinders were made on

the same mandrils and the face disks were punched with the same

" jewelers punch. .

The Ta probe elements were cleaned and degassed in the

usual ways and then were preoutgassed by electron bombardment with
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1,000 volt electrons until the pressure was 107 mm Hg. They were

then sealed off under vacuum to keep them gas free until just before

assembly. The areas of the probes are listed below for reference.

Probe Area
wire probes 0.227 cm2
disk probe (both faces) 0.280 cmz
center face probe 0.137 cmz
wall face probe : 0; 13\7. cma

D. Vacuum Proeessing

After the pyrex envelope was cleaned -and the proEes were
sealed in, the discharge tube was sealed on the vacuum system along
with two mercury stills. The tube and the smaller still were baked
at 450°C while the larger still outside the oven aﬁd its charge of
triple distilled clean mercury were torched out. Mercury from the
outer still was then distilled over into the smaller still and the outer
still was then sealed off " Some mercury from the inner still was then
distilled over into the discharge tube and the arc was started with a
high voltage sparker.

The anéciés were operated at overload currents until the anodes
were red hot. The proioe elements were heated white hot by electron
bombardment by connecting them in series with current limiting
resistors to a high voltage, high current dc line. The ionization gauge

elements were again outgassed by electron bombardment, and the

‘evaporation filaments were again outgassed and slightly evaporated.

This outgassing procedure was repeated several times until the

14.
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pressure with the arc in operation was in the 10"’ mm Hg range as
measured with the jonization gauge. The glass sealoff constriction
was preoutgassed and softened in preparation for sealoff of the
discharge tube. After sealoff and after some pulsed operation of
the evaporation getter filaments, the residual pressure was about
10-7-mm Hg with the arc in normal operation. Continued operation
of the arc and the ionization gauge resulted in slow cleanup of the
residual gases and reduced the pressuré to as low as 4 x 10-8 mm,
although subsequent electron bombardment of the tantalum probes
resulted in temporary increases of ‘pressure to about 4 x 10"7 mm.
This evolution of gas was somewhat unavoidable since the press leads
and part of the probe cylinders could only be slightly outgassed by

heat conduction from parts of the probe that are subject to electron

bombardment.

E. YVoltage source for retarding potential measurements

A novel and convenient source of retarding potential was
designed and used. The principle of operation is illustrated in _
Fig. II-3. The desired retarding potential (with respect to the hori-
zontal anode) was selected by a Leeds and Northrup voltage divider
(accurate to 0.1 per cent) from a stabilized sét of batteries. This
selected retarding poténtial (plus a feedback voltage derived from
the probe potential) was fed into the grid circuit of a specially
designed high gain battery operated dc amplifier with a drift of less
than 0.1 millivolt per hour. The output of the amplifier drives a
cathode follower (composed of four 6AS7's in parallel) which supplies

the probe potential at a current of up to one ampere. As a result of

15.
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the negative feedback and the high gain, the retarding potential will

be within 0.0l per cent + 3 millivolts of the retarding potential
selected on the voltage divider, and the output im:ipedance of the cathode
follower will be less than approximately 5 milliohms. A small
correction, however, must be made for the voltage drop across the

probe current meter.

F. Measuring technique and electron bombardment of the probe

In order to avoid the contact potential changes associated with
a contaminated probe surface(13’ 14,15, 16-), ‘the probe was cleaned
before each current reading (or at least made reproducibly dirty)
by heating it by electron bombardment before each reading. An
electronic timebr was used to make the bombardment operation semi-
automatic and reproducible in time, and a series resistor and-a high
voltage source provided in effect a constant current source for the
bombardment current.

The time for each probe current measurement was about 15
seconds. This included bombarding the probe for 5 seconds (mean-
while changing the retarding potential to the next value), reading the
probe current meter two seconds, after the probe cu‘rrent was auto-
matically switched into the measuring circuit, recording the data
and comparing the probe current with check points to insure that the
arc had not drifted.

The bombardment current drawn- by the probe was abouf 10
per cent (or less) of the horizontal arc current . If in the future

it is desired to avoid the possible disturbance of the plasma by the
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bombardment current drain, the probe can be constructed in wire or
hairpin form to permit probe cleaning by the passage of external
heating current pulses. There is no douBt about the need for cleaning
the probe surface reproducibly before each current reading if accurate

results are desired.

]

G. Change of probe work-function

An interesting method was developed to permit the change of
probe Wbrk—function to be directly recorded to within a few millivolts.
A value of electron probe curxl-.ent was selected (usually slightly more
than the ion current at floating potential), and this current was supplied
by a coanstant current source (usually the ion curr_egt). A specially
designed low drift high impedance recording dc millivoltmeter was
connected between the probe and a very stable low impedarnce voltage
supply which was set to the probe potential. In this way, the recordiﬁg
millivoltmeter acted as an expanded scale voltmeter. Since the
dynamic impedance of the electron current source was quite low
( .(V/Ji- = I‘T-'/’.A’- o 10” oums ) compared to the input impedance of
the millivoltmeter, the change of work-function appeared across the
millivoltmeter to within a few millivolts.

The probe surface was cleaned by electr;)n bombardment and
the change of contact potential was recorded as a function of time.

A _typical plotis given in Fig. II-4 for both W and Ta probes. The
probes of the same material have the same behavior indicating that
the chang_e of contact potential is largely determined by the probe
material. The non-monotonic behavior of the change of work-

function can be ascribed to the presence of the residual gases in
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addition to the mercury on the probe surface.
Since mercury is electropositive, it should reduce the work-
function of a clean metal surface although it is questionable how it

would effect the work-function of a dirty surface. Various gases will

‘influence different surfaces in different ways. Typical values of

reported work-function changes are given below.

Surface ' Gas Change (volts) ‘Source

W ’ oxygen . +1.70 (17)

+1.20 (18)

nitrogen .- 0.35 (18)

hydrogen - 0.85 (18)

Ta oxygen increase (19)

nitrogen decrease (19)

hydrogen decrease (19)

Ag oxygen +1.0, +1.4 (18)
nitrogen -0.1, - 0.2 (18 - -

hydrogen -0.3 (18)

Pt oxygen ¥1.19 - (20)

hydrogen - -1.15 (20)

For the case of the tungsten probes in this experiment, the
initial increase is probably related to the absorption of oxygen (or
other electronegative gas), while the later increase can be explained
as the formation of mercury on the dirty tungsten surface. Apparently
it takes longer for the fnerc-ury to deposit in spite of the much larger
concentration because of the thermal time lag of the cooling probe
and the strong dependence of the mercury condensation upon the
probe temperature. Heating the same tungsten probe hotter or for
a longer time makes the decreasing part occur slightly later,

indicating that it is related to the cooling of the probe structure.



In addition, the decrease in the work-function can be drastically hastened
by operating the probe an additional 10 vélts negative with respect to the
plasma (for abéut 10 seconds), thus increasing the energy of the bom-
barding mercury ions and thereby increasing the number of mefcury
atoms sticking to the probe. In addition, if the probe was not heated very
hot, only the 1at_éf, decreasing part of the work-function change was
observed. These factors demonstrate that the decrease in work-function
is related to the presence of mercury on the probe. |

The tungsten probe temperature was over 2400°K, as calculated
from equilibrium between electron bombardment energy input, thermal
conduction loss, and radiated energy loss, and also as calculated from
the observed electron emission from the hot probe. As a result of this
high temperature, the W probe surface can be assumed to be quite clean
just after bombardment.

Since the probe current determines the probe temperature and
therefore the amount of mercury on the probe surface, it can be seen
that the dec:reasing part of the change of work-function will not be
observed at the higher probe currents. On the other hand, if the residual
gas pressure is high enough (in other experiments), the recontamination
by the resid.ual gases will not be observable particularly if it follows
closely the cooling of the probe. Fof this experiment, the W probes were
heated hot enough to insure clean surfaces. In addition, diréct measure-
ment showed that the residual gas pressure was about 1077 mm Hg, and
the time calculated for the formation of a monolayer of oxygen at this

pressure was about 40 seconds. As a result of the clean probe and low

residual gas pressure, it was possible to observe changes of work~function

19.
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that are nori-monotonic.

Two other experimenters wiho report the use of electron bom-

barded probes for plasma measurements were Howe(l5) (14),

and Easley
but unfortunately they do not agree on the sign of the change of work-
function (by mercury) and they do not specify the experimental conditions
well enough to resolve the difference without some assumptions about
their experiment. Howe used probes of unspecified material (either
W or Ta) in a mercury arc and observed a monotonic decrease in work-
function, while Easley used W vprobes in mercury-argon and mercury-
krypton mixtures and observed an increase in work-function (a decrease
in probe current) of several tenths of a volt. If it is assumed that the
data given by Howe for the change of work-function is for a W probe,
then it can be seen that Howe's data is just a limiting case of the results
of this experiment and corresponds to either high residual gas pressure,
or to a probe that was not heated enough. For the case of Easley, since
her value of the difference of work-function is taken from the shift of the
fetarding potential plots for measurements taken Wi.i;h clean and dirty
probes, and since the "body" of the "dirty probe' curve corresponds
physically to large electron currents and to a hot probe, there will be
little mercury on the surface and the uncompensated electronegative
gases on the probe surface will give a larger work-function for the
dirty probe than for the bombarded probe. It should be noted, however,
that the dirt on the probe is not mercury. With this interpretation,
Easley's results are in agreement with the present results and with
Howe's results.

The behavior of the Ta work-function is somewhat different but
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can be understood if it is realized that it is quite difficult to clean Ta
surfaces. It seems that hot Ta dissolves or absorbs the surface layer

(21)

which reappears upon cooling Apparently the electropositive com-
ponents appear on the surface first and reduce the work-function until
the oxygen overcomes this effect and produces a net increase in work-

function. When the dirty Ta probe is operated about 10 volts negative

with respect to the floating potential for about 10 seconds, it is observed

that the work-function decreases considerably. Apparently mercury
atoms on the surface of a dirty probe will not reduce the work-function
appreciably but when mercury ions are driven into the‘probe to penetrate
the surface layers they will reduce the work-function.

It is suggested that this combination of a high impedance,
expanded scale recording millivoltmeter and a constant current source
be used in future experiments to investigate changes of work-function.

In any event, the measurements of the change of work-function
of W and Ta that were made with the aid of the recording millivoltmeter,
and with a triggered sweep oscilloscope (Dumont 304-H) and a recording
camera (for time in the millisecond range), plus the direct knowledge of
the low residual pressure, make it evident that whatever the detailed'
mechanism of the change of work-function, -accurate measurements may
be made (under the conditions of this research) if the probe currents are.
read within a few seconds of the time that the probe is cleaned by electron
bombardment. Clean probes are not really necessary, but probes withl
reproducible work-functions are‘required. If the electrons have a |
characteristic temperature of about 1 electron volt, and if one per cent

accuracy in electron current is required, it can be seen that a change



of 10 millivolts in probe work-function can be tolerated. Rapid reading
of the probe current reduced the drift, and in addition, the readings were
always made after a constant short time interval so that the error due to
drift of probe potehtial is a second order effect. This technique was
developed because 'such exotic equipment as a high speed electronic

(16)

recorder was not available. Wehner and Medicus used an x-y plotter
to quickly take the retarding potential plot within 2 or 3 seconds after the
probe was cleaned by bombardment. This high speed technique also
improves the apparent stability of the arc because it has less chance to

change in such a short time interval.

H. Stability of the arc and the reproducibility of the measurements

The state of thé arc is primarily determined by two externally
controlled parameters. The water bath temperature determines the
vapor pressure of the mercury (with allowance for the small thermal
drop in the tube \&3.11), and the arc current determines the power input.
For a given tube of a given geometry and gas composition, the internal
quantities are uniquely determined by these two parameters. .Regulation
of the vapor pressure was satisfactory since the bath temperature was
stable to + 0. 1°C which corresponds to an uncertainty of 0.8 per cent
in the vapor pressure for bath temperatures above 20°C. The situation
was somewﬁat more difficult for the arc current since it required a -
constant current source of up to 10 amperes for both anodes, and this
made it necessary to use a 220 volt dc line which was not as stable as
desired because of the varying load placed upon it by other users.

Since the majority of the arc current fluctuations was about



1 per cent with occasional ones of up to 5 per cent, a special technique
was. developed to eliminate the effects of these large changes. Measure-
ments were made in the late evening and early morning (between 12 a.m.
and 6 a.m.) when the laboratory was deserted. Precautions were taken
so that if a large change of arc conditions occurred it would be detected
without the loss of more than 5 measurements. This was done by first
taking (for each probe characteristic) a sequence of probe measurements
at one volt intervals, progressing toward a more negative probe. This
sequence of measurements was then repeated with an interval of 0.2 volts
(less dense in the saturation region) and was compared with the previous
sequence to check the stébility at every fifth measurement. In this way,
a total of 5, 159 points were obtained of which 25 per cent were check
points with an average magnitude of deviation of 0.7 per cent for these
points.

| An additional factor which contributed to the arc instability was
the erratic motion of the cathbde spot which raced about the surface of
the mercury pool. This spot could have been made stationary by a
short section of tungsten rod extending above the surface of the cathode
pool. There was a deplorable tendency for the arc to go out probably
because of short transients in the dc line. Since the arc had to be
reignited with a high voltage sparker, it was necessary to drain the
water tank, start tk:.e arc, fill the water tank and re-establish the bath
temperature and the arc stability. This process involved about 4 hdurs
and was a great inconvenience. It is suggested that in future experiments

of this kind, an auxiliary filament be built into the discharge tube near the

23.



mercury cathode to provide a short burst of electron emission for the
re~-ignition of the arc without the need to drain the tank. In addition,

the use of electronic regulators for the dc line is indicated.

24.
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III. Rasic Experimental Data

A. Retarding potential plots

The fundamental data obtained from the experiments takes the
forrc of probe current ip, as a function of probe potential Vc' For
prope potentials above the plasma potential, an electron sheath forms
apout the probe, and the probe current saturates at a value egual to
the random: electron current. As the probe potential is reduced below
the plasma the electron sheath is replaced by an ion sheath, and the
electron current cecreases while the ion current increases. At the
floatiny potential (about 4.5 to 9.7 volts negative with respect to the
plasma potential) the electron and ion currents are equal and result
in a zero probe current. Below the floating potential the probe current
is predominantly ion current ard is almost indepenzent of ths probe
potential.

In order to determine the electron current component of the
proce current, it is necessary to determine the ion current component
anc use it to correct the total probe current. In the ion current saturation
range the probe current does not vary strongly with probe voltage, (about
1 per cent per volt) ana when plotted on a semi-logarithmic scale

(loglo ip vs V bé) can be linearly extrapolated to give the ion current

pro
correction. Since the saturation ion current is about 0.2 to 0.3 per cent
of the saturation electron current, this correction is not large relatively
except near the floating potential where the extrapolation itself is more

valid.

A more satisfactory way of determining the electron current
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component is to use special probes designed to separate directly the
electron and ion components. This has been done by others(zz’ 23) for
other gases and would have been possible in this experiment except for
the shorting of the internal cylinders of the multiple center probe.. In
any event, the determination of the electron temperature, electron density,
and plasma potential is dependent upon the body of the electron energy

distribution and is relatively independent of the details of the high energy

tail.

B. Determination of the electron temperature, electron density and

plasma potential

After the electron current is plotted in the form log; g i_wvs
the prébe potential Vc’ the resulting retarding potential characteristic
is used to determine the electron temperature, the electron density,
and the plasma potential. Typical plots are given in Figs. III-1 through
Imm-21. T,hé relation between the electron current density J_ and the

probe potential V  for a M-B distribution is given by:

/

T o L= .L_&ff‘-/"ex f/V""”f)) (ITI-1)
- T = f FT-

For Vp "> V, the electron temperature,kT__/q, in electron volis is obtained

from the slope of the semi-logarithmic plot and from the relation:

7/ = 2.703 —F— -
:(7;/’710 J- 2703 K7~ (I-2)

This value of kT_/q for each probe characteristic was obtained from an
average of several determinations on a 5 cycle semi-logarithmic plot
and from several determinations on a 2 cycle semi-log plot, in order to

reduce the error introduced by plotting and slope measurements. In this

26.
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way, the agreement between successive determinations of electron tem-
perature from the same data was about 1 per cent. In the calculation of
the electron density, any uncertainty in the electron temperature is
reduced by a factor of two since only the square root of the electron tem-
perature is involved. To reduce the accumulated error due to rounding
off figures, four significant figures were retained through all calculations.

(24)

The Iateét values of the basic physical constants were used in the
calculations. |

The value of the saturation electron current I_, corresponding
to the random electron current is obtained from the intersection of the
extrapolated straight line characteristics of the retarded electron current
and the saturated electron current. This intersection point is also used
to determine the plasma potential. Again, repeated graphical determinations

are used to reduce plotting error. The electron densgity is calculated .. ...

from:

PR S T : (II1-3)
>  F

where the average electron velocity { v_) for a M-B distribution is given
bys (v_) - 6.693 x 105 (kT_/q)I/2 meters/second. The depletion. of
the high energy electron is not significant in the determination of the
electron density since the various retarding potential plots have a
depletion potential + (Vp -V d) (with respect to the plasma potential) that
is approximately related to the electron temperature by: + (Vp— Vd) = 3.39kT_/q
which corresponds to an electron current of 3.4 per cent of the saturation
current at the depletion potential thus indicating that the correction can

be at the most this value of 3.4 per cent since this corresponds to a
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depletion of high energy electrons and not a complete absence of them.
The values of the electron temperature thus obtained are listed
in Table I along with the electron density and plasma potentials. There
are no significant systematic variations of the electron temperature
with probe position, probe geometry or probe material, and therefore
the average of the various electron temperatures for a given set (constant
bath temperature and arc current) is used to give a characteristic electron
temperature for the plasma. (See.Tﬁble II.) The) uncertainty of the
mean electron temperature averaged over the 9 sets is 1.8 per cent and
probably correspdnds to the instability of the arc, bath temperature, and
arc currents. The uniformity of the electron temperature for the low

(5)

pressure arc is in agreement with the findings of Killian The average
electron density at the axié of the plasma cylindér n_gs is obtained from
the average of the density measurements by the wire probes and the
center plane probe. The small average uncertainty in n_g (1.5 per cent
on the average for the 9 sets) demonstrates the small axial charge density
gradient and indicates that the charge density measurements are quite
re}iable.

Plasma potentials are not necessé.rily as accurate because of
the uncertainty of the probe work-function due to the presence of surface
gases. The tungéten probe measurements are more reliable, howex}er,
since the W probes were heated quite hot and made relatively clean.
In addition, the axial potential gradient is obtained from differences of |
plasma potentials for the similar tungsten probes and therefore any

systematic error in the tungsten work-function tends to cancel leaving

26.
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only second order errors. In several cases where wire probe measure-
ments were repeated, the calculated values of the axial gradient are in

agreement to an average of 1 per cent. The values of E, are given in

Table II. The potentials listed in Table I show that if the floating potentials

V; are used to calculate E, rather than the plasma potentials Vp, there
may be an error of up to a factor of 2 at the lower pressures. This
difference occurs because the slight differences in the retarding potential
plots for the wire probes become more important at the lower pressures

where kT_/q is larger.

C. Mercury vapor pressure and density

The density of mercury atoms in the plasma is an important
parameter in the determination of the plasma processes. Mercury vapor
pressure may be calculated as a function of the temperature of the inner
glass wall provided that the discharge tubé is submerged so that some
mercury condenses on the wall to provide local equilibrium between the
mercury and the mercury vapor. The need to submerge the whole dis-
charge tube and not only the cathode pool area may be demonstrated by
slowly raising the water level in the bath. When the water level reaches
the horizontal arm, a drastic change in probe characteristic indicates
a strong dependence of pressure upon the submersion of the tube.

The mercury vapor pressure is predominantly controlled by
the water bath temperature Tb’ but there is a correction of about 10 to
20 per cent in pressure corresponding to the temperature drop AT, in
the pyrex wall, due to the conduction of heat outward to the water bath.
The electrical energy input to the plasma can be calculated from the

[

arc currentI, and the axial potential gradient E_ . It is assumed that
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with the exception of a small fraction of this input which passes through
the pyrex wall as electromagnetic radiation, this input energy must be
removed by thermal conduction. From the tube geometry, the tem-

perature drop- AT, in the wall is given by

AT = _fz;{z_ 4 (r/n) (ILI-4)
2T

where IZEZ is the electrical power input per unit length, rz/rl is fhe

ratio of outer tube radius to inner radius, and the thermal conductivity
for Pyrex (chemical glass No. 7740) is given by: K = 0.0027 calories/
sec x cm x °C. For the experimental tube used where the inner radius

is 2.75 cm and the wall thickness is 0.24 cm, the temperature correction

is:

OT = [ 292 E7r)/ (111”5)

where AT is in degrees C,‘ EZ is in volts/cm, and IZ is in amperes.
The significant values are given in Table II.

Very accurate data for the vapor pressure of mercury as a
function of temperature are available in the International Critical
Tables(zs), and in slightly abbreviated form in recent editions of the
Handbook of Chemistry and Physics(26). The following empifical
expression was calculated (using least squares) to describe the dependence
of the vapor pressure p, on the temperature T°K for the range between
0°C and 100°C;

g [ (mmHy)z FoTo ‘27?‘{’7’ e
This simple expression has an average magnitude of error of only 0.4

per cent with a maximum error of 1.2 per cent occurring at OOC, but in

order not to introduce an avoidable error, this expression was used to
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interpolate bpetween the tabulated values rather than for direct calcuation.
From this expression it can be seen that an uncertainty of C. 1°C in the
temperature corresponds to an error of less than 1 per cent in pressure
for teraperatures above ic°c.

What is really significant in the plasma is the mercury density
rather than the vapor pressure. The perfect gas law (P = nkT), can be
used to calculate the gas density ng’ from the vapor temperature Tg’
and the vapor pressure p. In particular, one can calculate the reduced
pressure p, which corresponds to the pi-essure for this same Jdensity

at GOC:
2732
Ty K

The reduced pressure is really only a unit of density with 3.536 x 10

(II-7)

po= F
16

molecules/cm3 equal to 1 mm Hg of reduced pressure. Calculated values
- of pressure, reduced pressure, and gas density are listed in Table II.

The mercury vapor temperature -- Tg’ is assumed to be the
same as the temperature (Tb + AT), of the inside of the pyrex envelope
but actually the vapor temperature is slightly higher because of the

(27)

"temperature jump" associated with the conduction of heat from

the gas to the wall. It will be shown that this temperature jump § T,
(28)

is small. Chapman and Cowling give the following expression for

the temperature difference § T between a gas and a wall;

N -4 ‘ AT (T111-8)
§T = o=~ NI
where the accommodation coefficient 6, is a function of the gas and

the wall material. The factor ;1' is a constant of order unity, A, is the

V4
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mean free path of the gas atoms and dT/dr is the temperature gradient
in the gas. The accommodation coefficient can be interpreted(zv) as the
ratio of the actual energy transfer from gas to wall compared to the
energy transfer that would occur if the gas atoms were emitted from the
wall with the characteristic temperature of the wall. The International

Critical Tables (29)

give the accommodation coefficient for mercury
atoms and liquid mercury as 1.00 + 0.01. 'The mean free path for
mercury atoms in mercury vapor can be calculated from data given in

the Smnithsonian Tables (30)

, and the value of Py 77,0btained is

2.4 x 10_3 cm x mm Hg. For a mercury pressure of about 10 microns,
the mean free path is about 0.24 cm which is small compared to the tube
radius. It is somewhat difficult to determine the tem;;erature gracient
dT/dr in the gas but an estimate can be macie of its value. The tem-
perature drop in the pyrex wall has been calculated to be about | degree C
for a thickness of 0.24 cm thus giving a temperature gradient of about
4 degrees C per cm for the pyrex wall. The thermal conductivity of
pyrex is 2.7 x 1073 calories/cm x sec X OC, while the thermal con-
ducitivity of mercury vapor as calculated from data given by Elenbaas(3l)
is about 6 x 10-5 calories/cm x sec x OC for mercury vapor at 3OOOK.

The results given by Klarfeld(32)

for a mercury arg¢ indicate that for
pressures below 100 microns, less than 1 per cent of the input power

is converted into gas heat loss. With these figures it is calculated that
the temperature gradient in the gas near the pyrex wall is about 2 degrees
C per cm. When the value of the accommodation coefficient and the mean

free path are introduced, the temperature jump § T, is found to be about

0.5 °C. Since this approximate correction is only 0.2 per cent of the
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approximate vapor temperature of 3000K, the temperature jump will

be neglected.

. Wall sheath thickness

The diameter of the plasina does not correspond exactly to
the inner diameter of the discharge tube because of the formation of
an ion sheath on the insulating walls. In order to calculate the processes
in the plasma, the plasma radius must be known and therefore the sheath
thickness must be calculated. This sheath thickness Ar is calculated
for the wall probe at floating potential and it is assumed that the floating
potential of the tantalum probe is the same as the floating potential of
the pyre\x wall. The difference between the probe floating potential and
the wall floating potential cannot be large because the electron current
is a strong function of the collector potential.

Since theélectron density in the ion sheath is small, the ion
current flow to the wall is governed (in this region) by the Langmuir-
Childs space charge law:

o e
Y 2 (IT1-9)
AR (%ZE) —ed—

(o7)

where J+ is the ion current density, AV is the potential difference between
the plasma and the floating probe, Ar is the sheath thickness, and € in
rationalized MKS units is equal to 8.854 x 10-12 farad/m. This equation
assumes that the plasma-sheath interface has a definite location, that

the ions enter the sheath with zero velocity, and that the potential

gradient is zero at the interface. Actually the ions enter with a directed

energy of about kT /2q, and the potential gradient is approximately 1 volt/cm.

33.
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A first order correction has been calculated for the Langmuir-

Childs space-charge equation, and results in a change in the calculated

sheath thickness by the factor:

, 2
or (€40 5 N 3 B 27 é",_)2 5’;—) (II1-10)
or A Y Y v 3z 1oV

where Eé is the initial directed energy of the ions in electron volts as

they enter the sheath (assumed monoenergetic), AV.is the poteatial dif-

ference between the plasma and the probe, dV/dx is the potential gradient

at the interface, and Ar is the sheath thickness as calculated from the
zeroth order Langmuir-Childs equation. When typical values are sub-
stituted in this expression, it is seen that the change in Ar caused by
the interface potential gradient is quite small while the predominant
correctiou is the 1.5 (EO/AV)I’(2 term which is about 3% per cesat.
Since the ion sheath results in a correction of less than C.4 per cext of
the radius which is comparable to the 0.4 per cent uncertainty in the
measured tube diameter, any detailed correction is of small value.

The calculated values of the ratio of plasma radius to inner wall radius

r /r_ are listed in Table II.
pw
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IV. Ionization Processes in the Plasma

A. Production of ions in the plasma

One of the importént processes in the mercury arc plasma is
the production of ions through the inelastic collisions of high energy
electrons with- mercury atoms. It is sometimes assumed that ions are
generated predominantly by diret‘:t ionization of atoms in the ground
state (6150). An alternative method of ionization involves the pro-
dunction of excited atoms (63P0, 1, 2) and then the subsequent ionization
of these excited atoms to form ions. Meissner and Miller(33) find that
external irradiation of a positive column (He, Ne, A, Kr, Xe) results
in a potential increase for a constant current. They show that practically
the entire irradiation effect for the He plasma is due to the absorption of
the 20, 581 A line which raises the metastable 2'S, state to the 2'P,

(34)

radiating state. Kenty reports that for a discharge in a Hg and rare

gas mixture, strong illumination by Hg radiation nearly doubles V and
T_ (arc voltage and electron temperature). He concludes that the 3P2
metastable state furnishes most of the ions. These experiménts indicate
that the ionization in a plasma is determined largely by the metastable
density. In his microwave afterglow studies, Biondi(35) finds that
collisions between pairs of metastable atoms also produce signi.ficant
ionization in the decaying plasma. These ionization processes that

take more than one step are calle;d cumulative ienization.

It will be shown in this chapter that the ionization in the plasma

under investigation proceeds predominantly by cumulative processes.




B. Measurement of the total ionization and the determination of the

electron density distribution from ambipolar diffusion theory

It is necessary to measure the total ionization G, (ions generated
per second per unit volume) as a function of the electron density n_, the

gas density n_, and the electron temperature kT_/q, in order to obtain

g
the desired information about the fundamental processes involized in the
production of ions. From consideration of charge conservation, when"
there is no significant volume recombination of ions and electrons, the
ions and electrons produced in the steady state plasma will all travel to
the wall where they will recombine. The ion current density to the
wall probé when it is at floating potential Ji‘ (Vf), is therefore a
measure of the total ionization averaged over a cross-section of the
plasma G. This assumes that the effects of the secondary electron
emission from the pyrex wall and from the tantalum wall probe ;a.re small.
There is very- little informa"cion available for the secondary
emission coefficients for Hg metastables, but a value for the secondary
emission coefficient for Hg metastables on mercury has been reported
by von Engle(36) to be about 0.01. This implieé that the metastable
induced electron emission from the pyrex wall (with condensed mercury
on the surface) can be considered small. In addition, measufements on
the ion current to a negatix)e probe show that the difference betwéen the
ion current for a clean and dirty probe (Ta and W) is less than 2 per cent,

(

for this mercury arc. Since Hagstrum 37) has shown that the secondary

emission coefficients are very dependent upon the surface contamination, .

it is expected that if the secondary electron emission were contributing

appreciably to the ion current measured by the wall probe, it should

36.



be possible to influence this ion current by cleaning the probe by electron
bombardment. The absence of such an effect implies that the secondary
emission due to metastables is not significant. In addition, since the
electrons ejected by metastable bombardment must again be collected by
the wall, a net error is introduced only if the secondary emission
coefficient for the pyrex-mercury wall is different from the secondary
emission coefficient for the Ta wall probe. It can thus be seen that the
secondary emission due to metastable atoms is only a second order effect
in the measurement of the ambipolar ion current. Since the secondary

emission coefficients appear to be only about 1 per cent for Hg’ the second

order effect due to metastable induced secondary emission will be neglected.

From the continuity equation div (J +/ q) = G, it can be shown
that the average total ionization G (averaged over the cross-section of
the long cylindrical plasma), is related to the wall ion particle current
density F+w; the plasma radius rp, and the wall radius o by the

following expression:

Fp k| = o ,
[t = ™2 (,—,, & : (Iv-1)

The values of G calculated from the experimental data are listed in

Table III.

In order to investigate the dependence of G [p B upon kT_/q,
it is necessary to determine the value of n_ (averaged over a cross-

section of the plasma) in terms of the central density n__, and the

o
wall density n_ o This makes it necessary to calculate the electron
density distribution and requires a discussion of ambipolar diffusion

theory.

37.
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If only electrons and singly charged ions are produced, the con-

the
servation of charge and|continuity equation for the steady state require

that:
— - ‘ .
| Alv [+ = ‘ (IV-2)
— .
Atv [ =& _ . (IV-3)

In the range where mobility and diffusion processes determine the electron
and ion fldw,

—r

= D gread " yad ¥
My = 4 pred™, e M 7 (IV-4)
=2 7r-//"_" A~ M 7"/"/ | (IV-5)

where D+" }1;+, D_ and B respectively are the ion diffusion coefficient, ’
the ion mobility coefficient, the electron diffusion coefficient, and the
electron mobility coefficient. The potential V, is related to the ion and

electron density by Poisson's equation:
AV 7r-yu/ Vv = - ‘-2:'6.‘ (/"f ‘/"--) _ (IV-6)

where e o is the permittivity in rationalized MKS units.

The diffusion coefficients D+

due to a density gradient. There is also a "temperature diffusion coef-

, and D_, correspond to a net flow

ficient" which corresponds to a net flow resulting from a "temperature"
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gradient, but it is assumed that the "temperature gradient" is small com-

pared to the density gradient so that the thermal diffusion can be neglected.
There are now 5 independent equations relating the 5 variables

7-;'+, ., n_, n., and V (two Véctor and 3 scalar). Since the differential

equations contain nonlinear terms it is necessary to resort to some

simplification following Schottky's ambipolar diffusion theory(ss) (but

with a little more rigor in the derivation). The ﬁotential gradients in the
plasmg are quire small (about 1 volt per cm) and therefore according to
Poisson's equation the ion dens ity is very closely equalito the electron
density and permits the elimination of one of the equations and one of the

variables by allowing the approximation n_=n The ion and electron

+°
density gradients are also approximately equal although probably to a
lesser extent. When the divergence of T"+ and 'F: are taken and the
term div (n_ grad V) is eliminated, it is possible, without requiring

any assumption about the equality of T'; and T’i, to obtain the following

expression which is valid for any geometry:
SV (p“ 7""/ /H-) FF= av-1) .
where the ambipolar diffusion coefficient Da’ is defined by:

Do = D_f"/"“ + D;/“'f
e - - r/“'f

When Da is assumed to be independent of posi‘tion, the following results:

(xv-8)

Da. .J,, 7,_,,/ M- + o | (frv-9)

This differential equation when solved with the appropriate bo‘undary

conditions will specify the density distribution of the electrons and ions



and will permit the average electron density n _, to be calculated.
Considera.ble information about the properties of the plasma can
be obtained from the relatlonship between the currents and the potential
and density gradients. Because div T"_;_ = div T’t, the vector currents
‘F_*_ and 7_, differ only by a constant vector term B and by a curl K
term since in general div curl A = 0. For a long cylindrical plasma the
radial component of the curl A term  cvr/ A),, s ‘;"";?—:L “:;
is zero because of the angular and axial symmetry. Since the radial
components of the vectors -Ii_ and F_s are equal at the wall (which is at
floating potential), the radial component of the constant vector B, is
zero at the wall and is therefore zero throughout the plasma. This

demonstrates that the radial components I'_H" and f'_r are equal for all

values of r in the plasma so that:
lor = Pv = 1% (IV-10)

It should be noted that this is not necessarily true for all components of

"F+ and T’t, aé is sometimes étated or implicitly assumed. Elimination
of My between the radial components of the vector ‘equations results in

.the relationship between the radial density gradient and the radial potential

gradients

AV . b =k L g (1v-11)

s . F .
 %= (xp[ (V:-"’; f—ff*] | (Iv-12)
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It will be shown that:this leads to the Einstein relation between the diffusion
coefficient and the mobility coefficient.

. An insulating‘surface placed in contact with fhe plasma will
assume a potential with respect to the plasma such that the total current
to the surface is zero. Since the electron and ion densities are equal,
and the ele-c'tror;. mass is much less ihan the ion mass, the random current
to the pfobé will be predominantly electron current unless the ions are
much more energetic than the electrons which is very unlikely. Thus
the potential of the insulating surface will go negative with respect to the
plasma until it repels all but a small fraction of the incident electrons.
At the same time, this negative probe influences the l.alasma (in spite of
the fact that the bulk of this potential difference appears across the sma1‘1'
ion sheath) and draws additional ions to the surface in excess of the
random flov;r.,' As a result of the r;egaj:ive wall, the radial flow of ele_ctrons
dﬁ.e to the density grédient is very nearly compensated by the opposite flow
due to the potential gradient. Since the negative wall considerably reduces
the electron drain, the electrons are in approximate equilibrium and there-

fore their density may be described by the Boltzmann density distribution:

my - z‘l/‘—";z
My ”’[ 7= ] (IV-13)

Since the mobility and diffusion coefficients for electrons are much larger

than for ions, these equations lead to the Einstein relations

p- kT

- 7 (IV-14).

For the case where the distribution functions are not isotropic, the

Einstein relation may be expressed in tensor form(39’ 40).
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Slnce the radial components of the flow vectors are equal, it is
possible to eliminate dV/dr from the vector equations to obtain the
following relation between the radial current flow and the radial density

gradient without requiring any assumptions about the constancy of Da:

\ ol
Prv (V) = = Do 7 1v-15)

This equation will be used in the next chapter to calculate the ambipolar _
diffusion coefficient from the measured value of K-;-(Vf) and from the
value of dn_/dr calculated from the assumed density distribution. In
addition, the avérage electron density H__ , Will be used in the calculation
of the electi'on mobility.

Thus it can be seen that many interesting quantities can be
calculated provided that the electron density distribution can be specified
with reasonable accuracy. The partial differential equation for the electron
density can be reducéd to a differential equation in r if the plasma is long
enough so that end effects are negligible and if advantage is taken of the
cylindrical symmetry of the plasma to eliminate the angular dependence
so that:

L o
Da ‘#".‘39'(" —"".f:) fese (IV-16)

For the case where the ion generation is assumed constant throughout
the plasma volume (only for the purpose of simplicity of solution), the

electron density can be expressed in the following simple form:

P rt
N F.

¥V -17)

42.
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where the part of the solution that is singular at r = 0, ris eliminated by
the physical requirement that the electron density is finite and ﬁon—zero
at all points in the plasma. This solution, although easily obtained is not
an accurate description of the density distribution.'

A much thore accurate solution corresponds to the assumption
that the ion generation is proportional to.the electron density and can be

written as

&= Vi - (IV-18)

The ionization frequency ¥y (ions pei' second per electron) is é function of
the electron energy distribution function and it is necessary to assume
that v, contains no radial depemience in order to solve the differential
equation. The resulting linear differential equation has solutions in the
form of Bessel functions with the singular solutions excluded because

of the finiteness requirement so that

"o r
— = J'a (z,'/'f'r")

Mo (Iv-19)
where as a result of the change of variable

V»' _ 2.425 > ' . ‘ '

- Da. - Re - : . (IV—ZO)

Because negative values of n_ are not possible, the first zero of the
Bessel function cannot be within the plasma. It is possible to determine
R, by measuring the electron density at the center and at a particular

radius. (for convenience at the plasma edge). In this way, the quantity v .1/ D,
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can be calculated from the meésured quantities.

The case where the ionization is assumed to be completely
quadratic ionization (Gn_) = b(n_)z), has been considered by Spenke(41)
who solved the resulting nonlinear equation to give the density as a

function of the radius:

m- r
= f{""" Ro @v-21)

M- o

where 2.92 is the fi_rst zero of the Spenke function, and the values of S
are tabulated by Spenke for the variable 2.92 r/.RO in steps of 0.2 up to
the first zero.

The difference between the density distribution given by.t_he
Bessel function and by the Spenke function is quite small (see Howe(ls))
in view of the uncertainties of electron density measurements so that it
is not easy to determine experimentally if the density distribution fits
the Bessel function or the Spenke function better. H,owe(ls) has made
measurements of the electron density distrib.ution. in the plasma of a
low pressure mercury arc, and he obtained values of electron density
(for 5 different radial positions) that could be fit somewhat better by
the Spenke function than the Bessel function at the 3 highest pressures.
On the basis of this and also in view of the fact that the direct ionization
cannot account for the observed ionization, Howe concluded that the
ionization in the plasma is quadratic cumulative ionization. Unfortunately
the accuracy of Howe's experimental results are somewhat subject to
question. Analysis of the experimental data given by Howe in his article
shows that the electron density as measured by his wall probe is about

48 per cent (on the average) larger than the electron'density as measured
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by the element of his multiple probe nearest the wall. Since this is
obviously impossible, the value of Howe's density measurements is
reduced. |

In any event, since the average of the electron density distri-
bution is needed for the determination is the total ionization frequency,
and for the electron mobility, the process of integration itself reduces
any small difference between the assumed distribution and the actual
distribution. To estimate the small differences resulting from the
various assumed distributions, the aireragé density (normalized to
unity at the ceﬁter) has been calculated for the parabolic distribution,
the Bessel distribution, and the Spenke distribut'ion, with the integration
for each taken out to the zero since the averages differ the most at this
value. The calculated values of H/no are: 'ﬁ/no(parabolic) = 0.500,
'r'i/no (Bessel) = 0.432, and H./nO (Spenke) = 0.374. The average value
of thé Spenke distribution was calculated by integration of the series
solution given by Spenke. From the above results, it can be seen that
the Bessel function can be used to evaluate the average electron density
quite accurately with the uncertainty not more than 13.5 per cent if the
actual density distribution falls between the Bessel distribution and the
Spenke distribution. The properties of the Bessel function permit the

average electron density n_, to be given by:

7" 27 (x)
Mao X

(Iv-22)

where the value of x is determined from the density at the center n_

and at the wall n_ by




Ve XK o d
o~ T (x) (IV-23)

The values of H_/n_o calculated from n_W/n__0 have been listed in Table II.

It is now possible to calculate the total effective ionization frequency
reduced to 1 mm Hg and 0°C; G/po'ﬁ_ .

In order to analyze the dependence of the total ionization G, upon'
the electron density and the electron temperature, it is necessary to
considei‘ in some detail the general problem of the production of particles
of type "B" as a result of collisions of electrons with pafticles of type
"A". In genefal, the generation rate G (ﬁumber pér second per unit
volume) is given by: |

o2 o0

(48 = ‘ m(p) o= &(A »g,f/,@,//f,(,?,% (IV-24) |

—of o0 —oP
where the velocity of the electron is assumed to be much larger than the

~ velocity of particles "A'" so that the relative velocity of the electrons and

particles"A'" can be assumed to be equal to that of the electrons v_.
When the differential cross-section Q(A —B), which is a function of the
electron energy V, has a threshold energy Vs and when the velocity
distribution function of the electrons is M-B with a characteristic
temperature VT = kT _/q, the generation raté G, can be expressed in
the form

vl
¢(h28) =m(A) m (> @ (A8 ¢ (V) VetV

Vs

(IV-25)
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The effective cross-section Qé(A—?B), can be defined as that
value of . . constant cross-section which when used to replace the
differential cross-section in the integral will give the same value for
G(A->B). Thus |

- Vo /vy
c(A>8 —m/A)/n =D Rl /HB)[‘ "““ € (IV-26)

and it is seen that the major dependence of G upon VT is in the exp(- VQ/VT)
term since the effective cross-section Qo is not a strong function of VT.
This expression for the ion generation suggests that the quantity
—G'T/poﬁ'_ when plottei (on a semi-log plot) as a function of g/kT_ will have
a slope characteristic of the effective threshold energy Vg, for the
production of ions. It is assumed that the number of atoms of type "A"
supplying the ions (atoms in the ground and excited statgs) is proportional
to the reduced pressure Poe The quantity log ﬁ/po'ﬁ_ is plotted in
Fig. IV~1 as a function of q/kT_ and it is seen that the points fall on a
straight line as is implied by the previous equation.
The effective threshold voltage Vg, is found to be 6.26 volts,
and the average effective cross-section Q, for ionization in the mercury
plasma is calculated to be 0.41 x 10_16 crn2 witﬁ a rms deviation of

10 per cent. Thus the actual ionization in the plasma can be described

quite accurately by

- &zc/u,Q
. "] e IvV-27)

E (ron5) = m7 e (/r>at{/x/o (Cn)[
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If it can be assumed that the ions are produced through the ioni-
zation of the 6313.0’ 1, 2 states, and if an estimate can be made of the
den‘sity of these states, an estimate can then be made of the cross-
section for ionization of these states. This problem will be discussed
in section D of chapter IV. First, however, it is neéessary to demonstrate
that.the actual ionization is much larger than can be accounted for by direct
ionization of atoms in the ground state. This will be done in the next

section.

C. Calculation of the direct ionization component including the effect of

the electron drift velocity

In order to ,compare”i':he direct ionization with the total ionization,

the value of V%/po was calculated from Nottingham's(‘lz) data for the
probability of direct ionization of mercury atoms by fast electrons. A
M-B energy distribution for the electrons was assumed. The ionization
frequency Vi, (neglecting the atom velocity compared to the electron

velocity) is given by

. : '-1 - _v/u
Vi = (e y (V) p li(v) e Vol v

Vs (IV-28)

The term VT is the voltage equivalent of the electron temperature, V
is the energy of the electrron in electron volts, V. is the ionization
potential of 10.43 volts for mercury, and {v_) is the magnitude of
electron velocity averaged over the distribution function and is given

by ¢(v._5 = (Bq/mm )% kT _/q)t/?

= 6.693 x 10° (kT_/q)l/2 meters/
second. The term Pi(V) is Nottingham's probability of ionization (for

electrons of energy V) measured in ions per electron per meter path
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at 0°C and 1 mm Hg pressure (for P, equal to 1 mm Hg). The probability
of ionization is related to the cross-section for ionization Q;, by:

P.P; (V) = ngQi(V)’ where the ratio ng/pO corresponds to a density of
3.536 x 1016 molecules per cm3 for a reduced pressure o of 1 mm Hg.
Numerical integration yields values of the integral Vi/po, which are
tabulated in Table IIT and are plotted in Fig. IV-1 as a function of q/kT_
for comparison with the actual ionization frequency C'/poﬁ_. Comparison
of the experimental ionization frequency and the calculated ionization
frequency for direct ionization shows that the actual ionization frequency
is much larger than the direct ionization component.

It is logically necessary to demonstrate that the electron drift
velocity superimposed upon the M-B velocity distribution does not signi-
ficantly increase the direct ionization component. The distribution
function for the electrons is taken to be a displaced M-B distribution of

the form:

m_
F ()P = - (WT:") ST (Iv-29)

[ LTt

(where Vé is the drift velocity). The direct ionization can be calculated

by partial integration to be

4 v
VA v 5 }, / V vr
f T ‘n [ Vr r ] /,A_ (V)e Va/V (IV-30)

_LV)/‘L
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The drift energy _ V¢ of the electrons is defined by: quS = m_vé/z.
This integral was evaiuated by numerical integration (again using
Nottingham's data) for the lowest pressure data where the drift energy
VQ’ is the largest fraction (4 per cent) of kT_/q and where the effect
of the drift energy on the direct ionization is the most important. It
was found that even in this case the drift velocity has a small effect
since it increases the direct ionization by only 16 per cent. The value
of the drift velocity used in this calculation was obtained from the results
of chapter V.

It is also necessary to point out that the actual probe curves
indicate a depletion of high ene‘rgy electrons above about 3.39 kT _/q
and therefore the assumption of a M-B distribution in the calculation
of the direct ionization component is not. quite accurate. This depletion
strengthens the argument that the direct ionization is much smaller than
the observed ionization since the calculated ionization for the M-B dis-

tribution case is an upper bound for the depleted distribution.

D. Determination of the important ionization processes in the plasma

It can be seen from Fig IV-1 that the actual ion generation in
this experiment is much larger (up to a factor of 45.6 at the highest
pressure) than the component that can be ascribed to direct ionization.
This leads to the conclusion that the ions are produced predominantly‘
through the ionization of excited and metastable atoms. It is first
necessary to demonstrate that the rate of production of 63P0, 1,2 states
is large enough to supply the amount required by the observed.ionization.

With the aid of the cross-sections for the production of 63P0 1.2

3 2

3l



states in mercury as given by Kenty(43), it is possible to calculate the

generation pf such states by electrons with a M-B distribution:

- ©

E(6%>¢%) = m_ " (>4 @(65—>e%) e Tvav (Iv-31)
Ve

where the thrés.hold energies Ve, for the 63'P0, 1,2 states arg 4.67, 4.89,
and 5.47 volts respectively. The results of these numerical integrations
are given in Flg IV-1 which shows that the production of these states is
larger than the; production of ions by about a factor of 10 and therefore can
supialy enough excifed atoms to be ionized. The crq_ss-section for-ionization
of these states has been given by Klarfeld(44) as about an ordef of magni-
tuce (éctually a factor of 30 was given by Klarfeld(44) in his original
article) larger than the cross-section for ionization of the ground state.

Waymouth and Bitter(45)

report a factor of 3.3 for the ratio of the ionization
cross-section for excited states to the cross-section for ionization of
the grouhd state of mercury. It is possible to calculate from the data

obtained in this experi.mént (with the aid of a few reasonable assumptions),

a lower bound for the effective cross-section for ionization of the 63P states.

This will be done later in this section.

It will be demonstrated that although the predominant ionization in
the plasma is through the ionization of excited states (cumulative ionization),
this cumulative ionization is a linear func_t'ion of the electron density and
not a quadratic function.

The loss of metastable states by diffusion is not the important

factor in the determination of the density of these states. This can be



shown with the aid of the diffusion coefficient for 63P2 metastable states
in mercury which is given by Biondi(46‘) as: Dmng = 1.5 x 1018 (+ 10 per

cent) cmZ/ sec x cm”. The maximum density of 63P2 states is given by

~Boltzmann's theorerf;:

0 g e

= %

T~ [6'5.) ;(4’;.,) (IV-32)
where the statistical weight ratio g(63P2)/g(6ISO), is equal to 5. This
maximum value for the 63P2 metastable density corresponds to the

situation where the electrons and excited states are in equilibrium.

(43)

According to some measurements made by Kenty on a lower current
mercury arc, the actual population of 63P2 in his experiment is about

21 per cent of the maximum density given by the Boltzmann theorem.

"~ If the maximum value of the 63P2 density is used together with the

metastable diffusion coefficient given by Biondi, the resulting maximum
loss by diffusion (assuming a Bessel function for the metastable radial

density distribution) is given By

wemBER M 2. qoi)"
— ] o - -
MAximyvm  DIFPvIIoN Loss (Slc _ "l, ) = D... 7 (_‘_’.::—— (I"r 33)

If the actual metastable density distribution is more uniform than the

Bessel function diétribution, the diffusion loss will be even smaller.

- When the maximum diffusion loss of 63P2 is compared to the generation

of 63P2 for set "D" of the data (corresponding to kT_/q = 0.920 volts),

it is found that the diffusion rate is less than the generation rate by a

52.



factor of 3.4. Sinqe the actual metastable density is lower than the maximum
density calculated from Boltzmann's theorem, the loss of metastables by
diffusion becomes even less significénf.

The loss of metastables (at the higﬁer pressures at least) is thus deter-
mined by collisions with electroné. Since the generatidn of excited states is
proportional to the electron density, and the électron queﬁching rate is also

proportional to n_, the metastable density (for low Dm) should be independent

of the electron density. An experiment by Kenty(43) has verified this statement.

| He measured the population of 63P2 and 63P0 metastable states by the
absorption of 4047A and 5461A radiation as a function of arc current (and
therefore as a function of n_) and found that the absbrption was essentially
constant for arc currents ranging frofn about 0.1 to 0.45 amps. Thus for
large electron densities and small Dm’ the populations of metas_tableé will
be independent of n_. If thé ionization is predominantly produced through
the ionization of metastables, the ion generation G should be a linear
function of the electron density n_, provided that the electron energy dis-
tribution function is relatively independent of n_. As the pressure decreases
the diffusion coefficient Dm for metastables (which is inversely proportional
to po) increases and the diffusion loss of metastables becomes more important.
The results of this experiment show that G/p 0?1'_ is independent of the
electron density. For three of the nine sets of data, the arc current was
changed by about 20 per cent with respect to the remaining 6 sets. If the
cumulative ionization were quadratic as it is sometimes as'sumed, the
value of.E/poE_ would be a linear function of 7. and would vary by 20 per
cent for these three points. Such a variation is not observed and confirms

the expectations.

53.
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As a result of the previous considerations, it is concluded that
the ioniz‘ation is proportional to thfa electron density, and therefore the
cumulative ionization is linear ionization and not quadratic ionization.
Any further investigation of the dependence of the ion generation upon
electron density should also consider in some detail the electron energy
distribution function, particularly for the high energy electrons. Unfortunately,
at the present time, there is very little information available for the dis-
tribution functions.

. It is possible to obtain limits for the effective cross-section for
ionization of the 63P states if it is assumed that most of the ions are
produced through ionization o1 the 63P states, and if it is assumed that

the 63P states have the same effective cross-section Qo(63P~> ion).

0,1,2
The method of calculation will be outlined below. Let 63PJ. (where j=0,1,2)
represent any one of the 63P0 1, 2 States. The density of the 63Pj state

is given by:

() o s(F) Vo, |
~(6'%) ’ 7 (') xf/v "r)

(IV-34)

where the "saturation factor" S5 is the ratio of the 63Pj density to the

maximum density given by the Boltzmann theorem. The term ng is the
threshold energy for the j state. The multiplicity term g(élS(')) is equal
to 1, while the g(63Pj) term is given by (2j + 1). The generation of ions

3
from the 6 P state is now given by

1043 -Us;

: o.43< Vo, -
6(€3fj~>n~)=”‘/"fd)”‘-(/"> 4 /‘3,59'") I vr ’J‘] € ” (Iv-35)
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/
The threshold energy for ionization of the 63Pj state is (10.43 - ng) volts.

For the higher pressures where \E\ is low, n‘élso) = ng, so that

—t%Z p
. U ) . y3-Ug:
E(63R>i0w) zng . (4= q., {6’}’—;”#( 50(~5%9) -,-_/_’__‘_/___'!_./ (IV-36)
) r

]

At the higher pressures where the direct ionization is a small part of the

total ionization, it may be assumed that

£ = z & (67 >re%) (IV+37)

J=%

This observed ionization G, is thus related to the effective cross-section

by
.__L;-F‘{Z. ' g )
L. o3 . U
= s >y € S, (»J *J | ¥ *—ﬁ-\—-, %)
Frgm lrD & [{3,; ,;;/,»- P (IV-38)

If the values of S; were known, then the value of Q, (63P->ion) could be

calculated from the known values of ng, and from the experimental values

of G, ng, n_,{v_), and VT. Kenty's investigation (43)

his arc, Sgr Sy S,, are equal to 0.21, 0.047, 0.21 respectively. Since the

indicates that for @



currents and\electron densities in the present arc are much larger than
in Kenty's arc, it is expected that the values of Sj in this experiment
are closer to unity and that Kenty's values are a lower limit. When the
maximum values of Sj (unity) are assumed, and the experimental

values of G, ng, n_,{v_ >, and V., are introduced, a lower bound

T
(reinimum effective cross-section) is calculated for Qo (63P-—>ion).

The experimental values for the highest pressure (set E) give the greatest
lower bound, and the corresponding minimum effective cross-section for
ionization of the 63P states is found to be 8.1 x 10-16 cmz. For the

same electron temperature, the effective cross-section for ionization

of the ground state is calculated from Nottingham's (42) data to be

0.90 x 10—16 cmz.s Thus the effective cross-section for ionization

of a 63Pj state is a minimum of 9.0 times larger than the effective cross-
section for ionization of the ground state. In addition, if the values of

Sj given by Kenty for his arc are assumed to be approximately valid

for this arc, the value of QO (63P-—>ion) calculated for the same set of

date (highest pressure) is 53 x 10"16 cm2 or about 58 times as large as
the effective ionization cross-section for the ground state.

Since the values of Sj will probably be between unity and the
values given by Kenty, the effective ionization cross-section for the .63P
state will be between 9.0 and 58 times larger than the effective cross-
section for ionization of the ground state, provided that the assumptions
made in calculating these values are valid. When more definite values
for sj (or for the densities of the 63Pj states) are made available for

a similar Hg arc, it will be possible to specify the cross-section

N (63P-;ion) more closely.



V. Electron Mobility, Ambipolar Diffusion Coefficient, Ion
‘Mobility Coefficient, Ion Diffusion Coefficient, and Cross-

Section for Hg Ions in Their Parent Gas

A. Electron mobility

The mobility of electrons in the plasma cén be obtained (from
the resulté of the previous chapters) in terms of the axial current IZ,
the plasma radius rp, the axial potential gradient Ez’ and the electron
density averaged over a cross-section of the plasma n_. The axial
drift current density '.E, is given by

3’—7’- = ¢ /v—;, me (v-1)

where it is assumed that the axial potential gradient and the axial drift
velocity (predominantly that of the electrons) are independent of the
radial position in the plasma. Table I¥ contains values of 'J; calculated
from the axial current and the plasma radius. The average electron
density ﬁf, was calculated in chapter I¥ in conjunction with the deter-
mination of the ionization frequency, and is available from Table III.
The resulting values of the axial drift velociﬁy v, are listed in Table IV
and are plotted in Fig. V-1 as a functién of Ez/po. This axial velocity
is the sum of the drift velocity of the elecfrons and of the ions and is
almost equal to the electron drift velocity. The ion mobility is very
small compared to the electron mobility. This results in a correction

of only about 0.2 per cent. The values of Py p_, defined by

P‘/a,_ = _f'_’fz_:. » . ‘ . (V-Z)

ord
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are calculated from v, and EZ and are listed in Table IV.

At the same time it is possible to obtain the ratio of the electron
drift velocity to the average random velocity VZ_/(V_> , along with the
ratio qu/kT_, where kT _/q is a measure of the random energy, and
v, is the axial drift energy defined by: ZqVZ = m_ VZZ_ . In this experi-
ment, the drift energy is at most 4 per cent of kT /g, and can be used
to show that the effect of the drift energy on the direct ionization is not
significant.

It is possible to calculate the effective mean free path for slow
electrons in the mercury plasma from the relation between the electron

(47)

mobility and the mean free path. Allis and Brown give an accurate
expression for the electron mobility in terms of a mean free path for
electrons vs}hich is a general function of the electron velocity. Their
expression was obtained by expanding the electron velocity distribution
function into spherical harmonics in velocity space and then substituting
it in the Boltzmann transport equation. If the effect of the drift velocity .
on the distribution function is small enough so that only the first two

terms in the expansion need be retained, the electron mobility can be

expressed as
e (5w E A () (v-3)

where )m is the momentum transfer mean free path for electrons.
When it is assumed that the electrons have a M-B velocity distribution,

this equation can be reduced by partial integration to give

/u;_. = ";:" ;’%’ <\Au~ /‘"> (V-4)
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The momentum transfer mean free path )\, is related to the

momentum transfer cross-section Qm’ by: )mnng = 1, where ng is

the gas density. The momentum transfer cross-section Q,» is related

to the differential scéttering cross-section q(6), by:

7~

Qw = 27 T/a)(( — cos ) smoAo

Electron scatteﬁng data is sometimes given in terms of the collision

cross-section Qc, which is related to the differential scattering cross-

section by:

v—

&, = :ﬂ“/ F(8 sine ol &

(V-6)

The probability of collision Pc is measured in collisions per centimeter

at 1 mm Hg pressure and OOC, and is related to the collision cross-

section and the collision mean free path Ne? by: poPc = ng'Qc = Olc)-l.

In order to permit the conversion of Qc to Qm, the values of Qm/Qc

have been obtained by numerical integration of the angular scattering data

given by Arnot(48) for electrons in mercury, and are tabulated for the

following values of electron energy:

Electron energy

2 volts
4

6
7
8

average

Q/Qc

0.783
0.817
0.823
0.802
0.834
0

0.812 + 1.6 per cent rms

(V-5)
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Unfortunately there is no angular scattering data for electrons below

(49), however, the angular

2 volts. According to Massey and Burhop
distribution for elastically scattered slow electrons is uniform thus
implying that Qm/Qc approaches unity as the electron energy is reduced.
The effective mean free path can be defined as that constant
mean free path which when used to replace the velocity dependent mean
free path will give the same mobility. The effective cross-section can
be defined in the same way. In this experiment, it was found that the
effective mean free path )‘m (eff.), is relatively indepgndent of KT /qg.

For the case of a constant™__, (where )m now corresponds to the

effective mean free path for momentum transfer) Eq. V-3 reduces to

P . R (=> | (V-7)

It can be shown that for a Maxwell-Boltzmann velocity distribution:

| k F(f'iti) z.F/"
(A/"/‘> = (/'/Fms) )’(%ﬂ [—3—') (V-8)

where /"(k) is the complete gamma function. Thus:

(N> =5 (V-9)
so that
- e Am (V-10)
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for the constant mean free path case. The Langevin(so) expression for

the electron mobility

.3 = Rm
A T R ey (v-11)

is lower by a factor of 1.132.

Eguation V-10 implies that if the effective mean free path is
independent of kT_/q, the quantity P, Po (kT_/q)l/Z should be constant.
This was found to be true since the average value of Py P (kT_/q)l/Z is
1.49 x 10° (c_mzlvolt x sec) (mm Hg) (volt)ll?‘ with a small rms deviation
from the mean of 5.6 per cent.

The effective momentum transfer cross-section for slow electrons
in the mercury plasma (about 0.1 per cent ionized) was calculated and is
plotted in Fig. V-2 as a function of kT_/q, where it is seen that the cross-
gsection is approximately constant. The average value of Qm (eff.) is

-16

42 x 10 cm2 for electron temperatures ranging from 0.829 to 1.90

electron volts. The values of Pc given by Brode(5l) for slow electrons
in mercury indicate that Qc decreases as the electron energy increases,

and thus one would expect that Qm (eff.) should decrease as kT_/q increases.

(51, 52)

From Brode's values of P,, as a function of electron energy, it

was calculated by numerical integration that the effective momentum

-16

transfer cross-section Qm (eff.) is 58 x 10 cmz for electrons having

a M-B distribution with a characteristic temperature of 1.00 electron
volts in mercury. Elenbaas(53) has obtained cross-sections of 43 and

-16

41 x 10 cmZ for a high pressure mercury arc by using the Langevin

equation and the energy transfer from electrons to atoms required to
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supply the heat and conduction loss. The electron temperature for his

(

arc was about 0.43 electron volts. Adler and Margenau 54) have found
(from microwave Measurements), that A (effective) is constant and is
equal to 9.5 x 10"3 cm at 1 mm Hg pressure. This corresponds to a

16 2 .
cm~ for electron temperatures in the range

cross-section of 30 x 10
from 0.69 ev to 1.2 ev. The agreement of these cross-sections is good,
particularly in view of the different values of kT_/q and the different
methods.

A survey of the literature was made for information about the
cross-section for monoenergetic slow electrons in merucry. It was
found that Brode(sz) published results (prior to his review article) that
indicated an increase in Qc of only about 4 per cent as the electron energy
was reduced from 1 volt to about 0.5 volts, thus indicating that the cross-

section for very slow electrons in mercury is approximately constant

and may even decrease for very slow electrons.

B. Ambipolar diffusion coefficient and ambipolar mobility coefficient

The ambipolar :diffusion coefficient D, can be calculated from
the available experimental data subject, of course, to the assumption
that the situation is describable in ambipolar diffusion terms. It was

shown in chapter IV that the ambipolar diffusion coefficient is given by

Py = — D \7_{_1"'__'_. (V-12)

where F+r is the ion particle current density to the wall probe when
it is at floating potential. The radial electron (and ion) density gradient

dn_/dr can be calculated from the assumed electron density distribution;
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but, since a derivative is invol_ved, any uncertainty in the form of the
density distribution function results in a larger uncertainty in the gradient.
A good representation for the density distribution (n_/n_o) is th.e Bessel
function JO (2.405 r/RO) which was derived and discussed in chapter IV.

With this representation, the density gradient

_ Am- 2. Y06 T /z.‘-/’o‘*r‘.e') |
oAr )r, =M (TR ) ’ ke (V-13)

was calculated at the plasma edge (r = rp) in terms of the central electron
density n_,, and the wall density n_.- The identical values for D, may

be obtained from the relation
L
(_Re
Da = Vo (3Tver (V-14)

which was derived in the section on ambipolar diffusion. It is not surprising
that these two expressions give the same result since they were both obtained
from the same ambipolar diffusion assufnptions, involve the same Bessel
function solution and the same experimental data. |

Since the electron mobility is much larger than the ion mobility,

the ambipolar diffusion coefficient may be written as

De .
D - ;;/7'—./‘,; (/ f-;f{’“”,,.,, (V-15)

where the Einstein relation connecting the electron diffusion coefficient
and the electron mobility coefficient has been used. An amb ipolar mobility

coefficient Pa will be defined here by:
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Da = ‘Eyf-/““' (V-'16)

Only for the case where the mobility flow of ions to the wall is much larger
than the diffusion flow of ions to the wall (so that D+/ Py kT /q) will
the expression for the ambipolar diffusion coefficient reduce to the

approximation

Do & L= ter (V-17)

The values of Pa have been calculatéd and are shown in Fig. V-3 as a
function éf Er/po, where Er is the radial potential gradient ai the plasma
edge. The method for the determination of E. will be described in the
next section. With the help of the definition in Eq. V-16, values of D,
can be obtained from kT_/q and p_ -

There are very little data available for the purpose of comparison
with the results of this experiment; this makes the present results even

(55)

more important. Biondi gives a value of Dang = 3.6x 1017 (cmZ/sec)
(atomS/cm3) for Hg ions and thermal electrons in mercury vapor at 350°K,

which was obtained through atterglow measurements on a decaying plasma,

This value is equivalent to qDapO/kT_ = 3.4 % 10° (cmzlvo]t x sec)(mm Hg).

In the present experiment, the corresponding value of qDapo/kT_ varied

from 1.58 x 10%

to 7.52 x 10° for an active plasma. The variation can
be ascribed to the change of ion mobility and diffusion as a result of
different arc conditions.

In the low pressure arc under consideration, the mobility and

diffusion coefficients are functions of the electric field because the energy
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gained by an ion in a mean free path is large compared to the random
energy thus making the mean free time of flight of the ion dependent
“upon the field. At the edge of the plasma, the radial electric field is
much larger than the axial electric field so that the resultant electric
field may be taken in the radial direction. At the low pressures in this
arc, the diffusion flow of ions isnot small enough to be neglected. Later
in this chapter, the radial flow of ions will be decomposed into the
mobility and diffusion components with the help of a special theory for

ion mobility and diffusion in a strong electric field.

C. Ion velocity as a function of E_/p_

It is possible to calculate the radial potential gradient Er from
the radial density distribution of electrons and from the Boltzmann

relation between the electron density and the plasma potential as follows;

Z . or (V-18)

The directed ion velocity in the radial direction v + (at the plasma edge)
can be obtained from the ion density (n_W = n+W) at the plasma-sheath
interface and from the ion particle current density to the wall probe when
it is at floating potential. Figure V-4 shows the ion velocity vy, a8 a
function of E'r/po’ evaluated at the plasma edge.

There is very little other data available for the velocity of
mercury ions in mercury. Kingdon and Lawton(56) in an abstract give
the results of oscilloscopic transit time measurements for E/p ranging

from 20 to 6000 (volts/cm x mm Hg), They state that the ion velocity
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was proportional to (Elp)1 /2 and they report an ion velocity of 105 cm/sec

at an E/p of 1000 volts/cm x mm Hg. This corresponds to V*/(E/p)]'/z =

3.2 x 10° (cm/sec)/(volt/cm x mm Hg)llz.

The accuracy involved was
not specified nor was it demonstrated that the diffusion flow of ions across
the drift space was negligible co_mpared' to the mobility flow. What is
surprj.sing about this result is the implication that the cross;section of
mercury. ions in mercury is independent of the ion energy, thus resulting
in a constant mean free path. .

For this experiment the relation between the ion Velocity v,, and

+

Er/po can be given by several representations of varying accuracy:

= 9.71 x 103 (cm/sec)(volt/cm x mm I-Ig)]'/3
1/2

v,/ (1531,/100)1/3

v,/ (E_/p,)

+ 2.7 per cent rms

1/2

= 4.17 x 103' {(cm/sec)(volt/cm x mm Hg) + 11 per cent rms

/2 /3

The di.fferenc;e between a variation of (EI_/pQ)l and one of (Er/po)l

)1/6 which is difficult to detect.

is a factor of (Er/po
In order to separate the mobility and diffusion components of the

ion flow so as to experimentally determine these coefficients, it is necessary

to know the theoreti.cal dependence of the ion mobility and .diffusion coef-

ficients updn the various arc parameters. Since in this experiment the

energy gained by the ions in a mean free pafh is large compared to the

random energy of the gas atoms, the mobility and diffusion coefficients

will be a functio‘n of the eiectric field. There are no simple and satis-

factory relations available for the diffusion and mobility of ions in a

-sti‘ong electric field. In the next section a simple theory will be

developed for the ion mobility coefficient and the longitudinal diffusion

coefficient for the case of a strong electric field.
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D. Simple theory of ion mobility and diffusion coefficient for ions in a

strong uniform electric field

In order to calculate the diffusion and mobility coefficients from
the experimental data, it is necessary to make several assumptions to
obtain a mathematically tractable model. It is assur_ned that the energy
obtained b‘y an ion in a free pathis large, compared to the random energy
of the ions, so that the motion of the ions between collisions is essentially
determined by the field. If the scattering of the ions is by charge trans-
fer processes, the new ion will have the kinetic energy of the gas atoms
and therefore may be considered as starting at rest. The cross-section
of the ion-gas interaction is assumed to be independent of thé ion velocity.
Near the plasma edge the radial electric field E_ is much larger than
the axial electric field E, and, therefore, the resulting electric field
is taken as equal to the radial electric field. Since only tl';e radial
diffusion flow contributes to the radial ion current, it is only necessary
| to calculate the longitudinal diffusion coefficient for diffusion flow
parallel. to the strong electric field.

With the help of Professor W. P. Allis, it was possible to
derive a simple yet reasonably accurate representation for the mobility
and diffusion coefficients in a strong electric field. |

Consider first the case of ions moving in é strong uniform
electrip field, and assume for the present that there is no density
gradl;.ent of ions so that the diffusion flow may be neglected. It is
desired to find the time average of the ion velocity for a single repre-

sentative free flight. The time average velocity v, is given by



1'4
= =] et | (V-19)

7" 4

" where 7" is the time of flight. Assume the E field is very large so that
the motion of the ion can be assumed to be parallel to the E field, and
let "s" be the distance in the x direction (paralled to E) traversed in the

time of flight. Then:

o ~ Y
— 2 of X __l_-—- _f -
/,,_,r/d_-;.rf_r/.fx--; (V-20)
-4

It is desired to obtain ¥ as a function of s and E. Assume that the ion
has a terminal velocity (in the x direction) of v; at the end of time 77,
and that after the collision there is av‘persistence of velocity a, so that
it starts the next free flight with velocity a Ve. Assume also that it
started the free flight under consideration with the same velocity a Vg

It is seen that the final velocity is related to the time of flight by:

(1 =% v =T (V-21)
The acceleration "a" of the ion is given by
2 £ -
a = (v-22)

fraes

where gq and m, are respectively the charge and mass of the ion. The

time of flight 7~ is related to the distance of flight s by

5

’ -
s X ApT F 32T (V-23
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Substitute Ve from Eq. V-21 in Eq. V-23 and solve for ™ to get

, ol 2 5)

u

When 7"is substituted in V-20, the time éverage velocity is found to be

ey (V-25)

It is necessary to average over the mean free path distribution. In

general,

-5/2 E -
(s >) _ __,’ e o5 = R /-,/,4,_) (V-26)
4

so that
' [/ 'A— :
({AZ - Iﬁﬂ——— : (v-27)
2

As a result, the average velocity is given by

o (o (2 ()" v

for ion motion in a strong uniform electric field.
It is assumed that the motion of the Hg ions in the plasma is
limited by charge transfer collisions where a fast ion exchanges. identity

with a gas atom. Since the velocity of the gas atom is very small compared



to that of the ion (and is also randomly directed), there is no persistence

of velocity so that a = 0, and
'/Q.‘ '/]_' ' '/Z '
~—_ [ s 0 6267(an _
/’“=(7) /“7) ( ) , (V-29)

assumed charge transferlimited mobility and constant 2, and

Seha(57)
obtained the same result as Eq. V-29.

There are several other theories for the motion of ions in a _
strong electric field and they will be given for the purpose of comparison

with the result (Eq. V-28) derived here. An early expression calculated

by Tonks and Langmuir was

[ )
==z (2% (V-30)

-

They assumed a constant anci a persistence of velocity of a = 1/2 for
the fast ioné. Wannier(ss,) in a more recent and much more detailed cal-
culation which includes a constant A (hard sphere),nearly isotropic
scattering and persistence of velocity, obtains

= /.w-r(aa)/‘ | | (V-31)

It will. be shown that the simple theory developed here gives a value for
v which is in good agreement with that of Wannier. According to Jeans(sg),
for the case of elastic scattering of a fast particle by a stationary hard

sphere of equal mass, the persistence of velocity is 1/2, Whena =1/2

is substituted into Eq. V-28, there results

, O 78 :
e (M) () e (7 =52
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which is very close to the value obtained by Wannier through a much more
detailed calculation.

It is assumed that the Hg ions are scattered by charge transfer
collisions so that in this case there is no persistence of velocity. Equation
V-29 will therefore be used for the average ion velocity in a uniform
electric field. In the plasma, ions will also flow to the wall because of
the radial ion density gradient so that it is necessary to find a simple
expression for the diffusion coefficient in a strong uniform field..
Consider the particle current density for ions passing through a mathe-
matical plane normal to the potential gradie;lt E. The ion particle current
density (ions per unit second per unit area) passing throu}gh the plane. can

be given by -

(V-33)

The term n is the density of ions at the plane, dn/dx is the density
gradient of ions and exp (-x/ ) is the fraction of ions that will travel the
distance "x" to the plane without a collision. This results in the following
expression for ry

Mo v mo 7 -Fk.g,’g—“— o)

+

Ay =——~" /‘tj// = /L_'Lﬁ_ o ve3s)

The ion mobility coefficient P+
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while the longitudinal diffusion coefficient (for diffusion of ions in a

direction parallel to the E field) is given by

D// = /?7’:)%/_;—;}—%

(V-36)
From these two expressions, one can obtain a form similar to the
Einstein relation
Du-
—— = ER (V-37)
D sats _ .

With the aid of the expressions for the ion mobility and diffusion
coéfficients, it is possible to obtain values of the effective  for the ions

inn the plasma. Equations V-34 and V-29 yield
ALz ’/“/ )%/, ze2
Frw=miw (-’;-}: P2 Tugf) %" I+ X (V-38)

where dn_/dr = dn+/dr in the plasma was replaced by -n_qE/kT_, and
the equation is evaluated at the wall. The only unknoWn, qEA/KT_, can
be solved for by convergent lapproximation. This quantity, qEA/KT_,
represents the relative importance of the diffusion flow of iohs com-
pared to the mobility flow. It ranged from 0.42 at the highest pressure
to 0.65 at the lowest pressure. If the pressure were higher, the
diffusion flow would be smaller.

The values of E r (calculated in the previous se'cfion)plus the
values of kT /q can be used to determine the values of A from the

calculated values of gEA/kT_. The ion mobility coefficient was



calculated and is plotted in Fig. V-5 as a function of EI,/p0 without a
correction (at the present time) fop the non-uniformity of the electric
field. 'This correction will be calculated in the next section. The 1ongi—
tudinal diffus_ion coefficient is plotted in Fig. V-6-. From the values of A
and the gas density, the cross-sections Q are calculated (frommgQ = 1)
.and are shown in Fig. V-7 as a function of Er/po and in Fig. V-8 as a
function of E .

Although the values of \ for the ions ranged from 0.26 cm to
1.3 cm and were not very small compared to the radius (2.75 cm) of
the plasma, the concept of ion mobilitj} can still be applied. This is so
because the charée transfer limited mobility requires only one collision
rather than the many collisions needed for regular mobility flow.

In the range of ion energy about 1 electron volt, the cross-.
section increases with ion enérgy and is many times the cross-section

-16 cm2 for Hg-Hg interactions which was obtained from

(61)

of 8.2‘5’ x 10
(60)

viscosity and x-ray measurements. Very little data are
available for scattering of low energy Hg ions in the parent gas. However,
data available for other ions in the parent gas indicate that as the ion

energy decreases, the cross-section increases up to a point and then
(62)
16

decreases as the ion energy continues to decrease In this experi-

ment the cross-section varied from 39 to 116 x 10~ cm2 for the case

where the correction for the nonuniform electric field was not yet made.

(63)

give an approximate theoretical maximum value

Massey and Burhop
' (64, 57)

14 cm2 for the charge transfer cross-section. Sena

15

of 5x 16
calculated a value of Q = 5.3 x 10 c"m2 for Hg ions of 1.6 ev energy

5
in mercury vapor from the data given by Kingdon and Lawton( 6). Palyukh
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(65)

and Sena report values of the charge transfer cross-section for high

energy Hg ions in mercury vapor. Their results give a charge transfer

14 e for 37 volt ions and 0.71 x 10~ 1% cm?

(66)

(at the extremes)of 1.1 x 10~
for ions with an energy of about 1, 000 volts. Varney gives values of
Q from drift velocity measurements of ions in the parent gas and reports

-16 cm? for He, Ne, A, Kr and

values of 54, 65, 134, 157 and 192 x 10
Xe respectively.

In view of the agreement of the present results with the limited
data given by others for the crosé—section of mercury ions in mercury,
it can be seen that the resulis of this experiment are of value, parti-
cularly Since they are more detailed. In addition, the information was
easily obtained from probe measurements in a dc discharge. This
method may be applied to other gases to obtain information about the ion
mobility and diffusion coefficients and the cross-section for low energy
ions.

The ions are moving in a slightly nonuniform electric field so

that it is necessary to refine the theory of ion mobility and diffusion to

include this case. The next section will consider this correction.

E. First order theory for ion mobility and diffusion in a nonuniform

strong electric field

If the ions are moving in a strong nonuniform electric field
which has an appreciable change in a mean free path, it is n’ecesséry
to take this into account in the calculation of the cross-section and the
mobility and diffusion coefficients. The electric field will be expressed

in the first order form as
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where Eg is the value of E at the end of the free path. The time average
ion velocity V is equal to s/7~. It is desired to express 7 as a function
of s, Ee and dE/dx. Since the ions are assumed to start from rest, the

timer of flight 7 is equal to

5

L BT

where the ion has passed through the potential difference (V0 - Vx).

(V-40)

From the first order expansion for the E field, 7-is given by

s

= (EFSI ()ﬁ/E,fJE,._L?,_ | (V-41)

When this intégral is evaluated in series form including terms up to

the second order, it is found that the time average velocity is given by

2
s = a/f 203 5% ( £
/”/ (}) [_f:) (éj) /'2. 5 G/X //‘f" % Z— (V"42)
After the terms containing "s" are averaged over the distribution in "s"
(according to Eq. V-26) the following expression results for the average

ion velocity in a nonuniform strong electric field:
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This is seen to reduce to the results of the previous section when dE/dx

5]

(V-43)

= 0.

The values of (dE/dr)/Ee can be calculated from the assumed

Bessel function electron density distribution

relating the potential and density distribution.

is obtained:

and the Boltzmann theorem

The following expression

_/..__,_- - _7'_/@_
fg Ar ~ J-I(Xf) .To//f)

the quantity Xp- is defined by

= Jo (Xf)

Moo

Equation V-38 in conjunction with Eq. V~-43 gives

' %
%, t@)

5’_}‘_4(5 27 €°7 )

-0” 1162 .:-'9

5))

(V-44)

(V-45)

(V-46)

which can be solved for A through self-consistant convergent approxi-

mations.

From these new values of A (which have been corrected for

the nonuniform field), the cross-sections are calculated and are plotted
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in Fig. V-7 as a function of Er/po-, and in Fig. V-8 as a function of E &.
The effective corrected cross-section increased from 31 to 104 x 10_16 cm2
as the ion energy increased from 0.44 to 1.37 electron volts. The ion
mobility and diffusion coefficients are calculated from the corrected

and are plotted in Fig. V-5 and Fig. V-6 as a function of Er/po’ It was
found that when the corrections for the diffusion flow and the nonuniform
electric field were made, the ion velocity due to the field only can be

described by

78 3 | '/7.
oy =V (Er/,.)/ = 3.e8 a0 (Er//) cw/fsEc E/9T5 Fhs (V-47)

which is in good agreement with the value of Yl/Z =3.2x 103 implied by
the reported results of Kingdon and Lawton(56).

‘The accuracy of the results of this chapter is contingent on the
validity of the assumed Bessel density distribution for the electrons and
ions. Since the mobility and diffusion coefficients are dependent on the
field, the next order of I;efihement involves the determination of the
density distribution for the case of a variable ambipolar diffusion’
coefficient. This involves the numerical solution of a set of second
order nonlinear differential equations, which cannot be made dimensionless

because of the axial field parameter E, . This problem will be left for

a future paper.
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VI. Electron Energy Distribution Function and Probe Measurements

A. Depletion of the high energy electrons and comparison with the

Druyvesteyn distribution

It has been established in this experiment and in others“s’ 32),

that there is a definite depletion from a M-B distribution for the high
energy electrbns in the low pressure mercury arc. This depletion can
be seen in the typical experimental retarding potential plots given in
chapter III. The depletion cannot be completely ascribed to incorrect
extrapolation of the ion current component. The discrepancy between
the probe current expected for a M-B distribution and the measured
electron current is about equal to the ion current itself and would
require that the actual ion current be larger than the measured ion
current by about a factor of 2 to remove the depletion. On the other
hand a depletion of high energy electrons is expected because of the
various electron eneréy loss mechanisms.

Loss of electron energy through elastic collisions will lead
the electron energy distribution towards a Druyvesteyn type distri-
bution and will thus result in a depletion of high enérgy electrons.

In addition, the inelastic collsions (which have an energy threshold)
will result in a loss of high energy electrons alone. There is also a
preferential loss of high energy electrons which havé enough velocity
to overcome the retarding potential of the negative wall.

The Druyvesteyn distribution gives a reasonable description
of the probe curve expected for the elastic collisions although inclusionr'

of the variation of the electron-atom cross-section with electron energy



would give a better description. In accordance with the expression for
the retarding potential function obtained in chapter I, the normalized probe
curve for the D-D has been plotted in dimensionless form in Fig. VI-1
along with a dimensionless curve for a M-B distribution of the same average
energy and the same saturation current. These curves are plotted to
show a variation of over 4 orders of magnitude and therefore do not
show details for very low values of V/V. For small values of V/V,
the quantity J—/J—sat. is slightly above that for the M-B distribution.
This difference has a maximum value of about 0. 02 which occurs at
V/V approximately equal to 0.2, and is so small that it is about equal
to the plotting accuracy and is not apparent in the figure. As V/V
increases, the probe current for the IJ-D falls below that of the M-B
distribution. When V/V is about 4 the probe curve for the D-D is
about 2 orders of magnitude below that for the M-B distribution.
A typical experimental curve for the central plane probe
(T,

path

form in the same figure for comparison, and it is seen that the low

= 54.60C, Iz = 5.0 amp) has been plotted in dimensionless

energy electrons have a distribution which is M-B while the higher
energy electrons deviate towards the D-D in agreement with expectations.
It can be seen, from the values of the plasma potential Vp and
the floating potential Vf listed in Table I for each probe, that the floating
potential measured with respect to the plasma potential is proportional
to kT_/q. The quantity V, - Vp is equal to 5.32 kT_/q with a rms
deviation of 3 per cent. The depletion potential Vd measured with
respect to the plasma potential is also found to be proportional to

kT_/q although not as closely. The quantity V4 - Vp is equal to 3.39
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kT _/q with an average deviation of 18 per ceﬁt. This depletion potential
Vyis defined here as the probe 'potential at which the retarding potential
plot for the high energy electrons begins to be depleted below the linear
part characterized by the M-B distribution. These last observations

may or may no\’_c be significant but they are included here for completeness.

It can be calculated, from the experimental values of ion |
generation, that at the lower pressure about 9 per cent of the input energy
goes. into the production of ions through inelastic collisions, while at the |
highest pressure about 18 per cent of the input energy goes into the
production of ions. Thus a considerable fraction of the electron energy
is lost through inelastic collisions. On the other hand, according to
Klarfeld(32), the elastic losses in a low pressure mercury arc are
less than 1 pér cent of the input energy. This implies that the inelastic
processes are more important than the elastic processes in the depletion
of the high energy electrons.

It would be of cénsiderable interest if the distribution\function
for the electrons were calculated taking into account the inelastic
collisions and the electron-electron interactions. Since the degree of
ionization is about 0.1 per cent, the electron-electron interactions should
be considered in the calculation of the distribution function. Professor
Allis has made available(67) most of the analysis necessary for this
solution. The distribution function will not be determined in this

research.




B. Theory of harmonic analysis of retarding potential plots and the

effect of superimposed ac

It was shown in Chapter I that the velocity distribution for
the electrdn.s is relatJeci to the second derivative, (with respect to the
probe potential), of the electron current to a plane probe. Numerical
or gréphical differentiation is inaccurate and tedious, 8o that various
methods have been developed by others to increase the accuracy and
convenience of the measurements. If a small monofrequency ac signal
"A sin wt" is added to the retarding potential V, the resulting probe
current density, J, may be written as a Fourier series and may also
be expénded as a power series in "A sin wt". When the Fourier series
is equated to the power series and multiplied by sin nwt (or cos nwt),
integration plus the orthogonality properties: of the sine and cosine
functions will yield the Fourier coefficients. The complete result is

given here for the dc term, the first harmonic, and the second harmonic:

o®

“ (vy P/H%z
T(vaut) = g (ﬂ? (2£)! )[’[#-1'9

(ax )l, | r(kr) (VI-1)

” > w), . rlEr3
F 51 LE 2 NE, S ()—-————-/f/s)'
F=e

» A (. ! /uﬂ) P(E+34)(e%)
—¢os 3t Z 2(7) (227! ' p(g #) (k+3)
Fs o
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where J(k) (V) is the k' th derivative of J(V). Note that the cos wt and
the sin 2wt terms do not appear.

Inspection of this expression indicates the various methods that
may be used to determine the second derivative. In the increase in the
dc current due to the ac signal is measured and if the amplitude "A"
is small enough to permit the higher order terms to be neglected, this
increase is prop’orﬁional to the second derivative. In the experiments of

(68) (

Sloane and MacGregor and of Pringle and Farvis 23) , this increase
is measured by balancing out the basic probe current with a constant
current source and then measuring directly the change in the dc current
when the ac signal is introduced. The disadvantage of this method is
that the drift of the arc itself results in small fluctuations in the probe
current that may be comparable to the measured increase.

The method of van Gorcum(64) eliminates the effect of the drift
by méasurin-g only the ac component corresponding to the sinut term to
obtain the first derivative. Subsequent differentiation of this result
numerically or graphically gives the second derivative. The disadvantage
of this method is, of course, the need for additionall differentiation.

Another intere.sting method involves the measurement of the
amplitude of the cos 2wt component since the leading term contains the
second derivative directly. It should be noted that this term is incorrectly

(

68) instead of the correct

form cos 2wt given here and originally by Landale(70). This error is

(71)

written as cos wt by Sloane and MacGregor

propagated in Loeb . The advantage of the second harmonic method
is that the second derivative may be measured directly with a tuned

amplifier without the extreme sensitivity to drift that is implicit in the




incremental dc method. In addition, stray linear effects 'such as
capacitance do not affect the measurement. On the other hand, the
disadvantage of this method is that the source of the original ac voltage
"A sin wt" must have very small harmonic components.

In view of the disadvantages and limitations of these methods,

a new method is proposed for future research. A small ac signal of
frequency w, is added to the probe voltage and the amplitude "A" of

this signal is amplitude modulated at a much lower frequency w; by a
mechanical chopper switch. The resg'lting ac probe current is passed
through a low pass filter to remove the high frequency components.

It is then measured to give the amplitude of the increment in the dc
current resulting from the small ac signal without the difficulties
introduced by the drift of the arc. A synchronous mechanical or electronic
rectifier operating at a frequency w; plus an integrating circuit may be
used to reducé the effect of stray signalsv. The above statements may be
applied to the measurement of other nonlinear elements.

In conjunction with the discussion of the determination of the
distribution function from the probe characteristics, there are several
points worth mentioning.

The determination of the second derivative of the electron
current from the second derivative of the probe current is valid for the
range where the contribution to the second derivative by the ion current is
negligible. If the distribution function is required for the high energy
electrons, it is then necessary to use a special screened probe to separate
(23)

the electron and ion components Harmonic analysis can then be

used upon the electron component to determine the distribution function.
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If the ac frequency is high enough so that the ions do not respond, then
an ordinary probe may be used without the need for separating the ion
current.

It can be shown that an upward "kink" in the retarding potential
plot does not necessarily indicate that there are more high energy
electrons than would be eipected from the M-B body of the distribution
function. For the range where the electron energy distribution is M-B,
the electron current to the probe is an exponential function of qV/kT_.
The dc term in the Fourier series expansion of the probe current
(Eq. VI-1) shows that when the electron current is an exponential
function of the probe potential, the dc term separates into the same-
exponential term multiplied by a function of gA/kT_. Thus, the slope
as determined from a retarding potential plot is not changed as a result
of a small monofrequency ac voltage, but the probe current is increased
except above the plasma potential.

It is possible, however, for oscillations in the plasma to pro-
duce an upward "kink" in the retarding potential plot which may increase
the apparent electron temperature and may increase the apparent
number of high energy electrons. When the probe is slightly below
plasma potential the dynamic impedance across the plasma-probe region
is quite small (about 1 ohm) and only a small fraction of the ac voltage
is superimposed upon the retarding potential. As the retarding potential
is increased, the probe-plasma impedance becomes larger and comparable
with the plasma impedance and the impedance of the external circuit.

A larger fraction of the ac voltage is thus added to the regarding potential

. - N . " . 't
and results in an increase in the probe current and an upward "kink.
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This upward "kink" was observed by Bailey(72) in a low pressure mercury
arc where the oscillations were introduced inadvertently by the sheath

around a "filtering' grid placed in the positive column.

C. Experimental ratio of saturation electron and saturation ion current

and comparison with random current theory

There is a scarcity of published data for the ratio of saturation
electron current J__ to saturation ion current J+s' The purpose of this
and the following sections is to give accurate experimental values for
this ratio and to compare them with the various theoretical values. A
new theory will be advanced later to explain the results.

In this research the saturation ion current J-l-s is defined in the
following way. As the probe is made more negative with respect to the
plasma potential, the electron current becomes smaller until the probe
current is equal to the ion current. The value of probe current where
the electron current first becomes small compared to the probe current
(about 1 per cent or less) is defined as the saturation ion current. The
probe current to a very negative probe is not a strong function of the
probe potential (about 1 per cent per volt) while the electron current is
a strong function (about 10 per cent per 0.1 volt for a kT_/q of 1 electron
volt).

The ratio J—s/J+s for each pfobe, calculated from the basic
probe data of Table I, was broken into two groups: the planar probes
and the wire probes. For a given set of arc parameters (Tbath and IZ),
the ratios for the plane probes are in good agreement in spite of the

different locations and orientations. When averaged, there is an average
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uncertainty of 1.7 per cent in the ratios for the plane probes. Since the
three plane probes have quite different edge surroundings and yet give
almost the same saturation current ratios, it is concluded that the edge
effects are probably not very significant for the plane probes used in this
experiment. In particular, the wall probe, when it is measuring the ion
current, is almost at the same potential as the floating potential of the
nezative wall which surrounds the wall probe. As a result, the tube

"guard ring" for the wall

wall at floating potential acts as a very large
probe (when it is measuring ion current) and therefore no edge effects
are expected for the wall probe measurements of the saturation ion
current. Since the disk probe has no guard ring at all and yet gives
about the same saturation current ratio as the wall probe, it is con-
cluded that the edge effects are not very large. The same is true for
the center plane probe. The average saturation current ratio for the
plane probes is plotted in Fig. VI-3 as a function of Py

The situation for the wire probes is more complicated because
of the different geometry. The ion collection area for the wire probe is
larger than the geometric area because of the ion sheath around the
negative probe. The values of J-s/J+s for the wire probes when
a\}eraged for each set have an average uncertainty of 0.9 per cent
and are an average of 19 per cent below the ratios for the planar probes
at the same pressure. The theories developed in this chapter will not
be applied to the results for the wire probes.

A simple theory for the saturation electron and saturation ion
current ratio assumes that the ratio of saturation currents is equal to

the ratio of the random currents. Since the ion and electron densities



[ a—

are equal, this simple théory predicts
J:; _ My " 7= '/7"
Trs i} - 7-1-) (Vi-2)

where the implicit assumption is made that the ions can be described by

a M-B ehergy distribution with a characteristic temperature T4, For
mercury ions the factor (M_‘_/m_)ll2 is equal to 604.6. In conjunction
with the experimental ratios of J-s/J+s ranging from 284 to 395, this
requires that the ion temperature be about 4 times the electron tem-
perature which is quite improbable from consideration of the basic pro-
cesses . in the plasma. In fact, the ion temperature should be very closé

to the gas temperature T _ because of the much lower ion mobility and the

g
larger energy transfer for ion-atom collisions compared to that for

electron-gas collisions. Carrying this one step further, if it is assumed
that the ions have a characteristic temperature corresponding to random

motion, and if this ion temperature is equal to the gas temperature Tg’

the saturation current ratio J_ S/J +s should be given by
T . M*)/"/ - )’/1
Tts - T}'

This quantity (M_*_/m_)ll‘2 (T_/Tg)llz is plotted in Fig. VI-3 as a function

(VI-3)

of Py It is seen that the random current model gives the wrong sense ot
variation of J_S/J+S with Po and gives a value of 10 larger than experi-
mental values. At the same time, the quantity T_/Tg was calculated
and is given in-Fig. VIi-2 for reference.

There are two types of explanation for the discrepancy between
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the experimental data and the simple random current model. One
explanation is that the experimental value of 'J-S does not correspond to

the collection of ions but is related to the secondary emission of electrons
from the nega:tive probe. The other explanation is that the random current
picture for the ions is not accurate. It can be shown that for this experi-
ment the secondary processes are not able to explain the discrepancy

and thus requires the abandonment of the random current model.

The electron emission from the negative probe can result from
three fundamental processes: ion bombardment of the probe, meta-
stable atoras striking the probe and radiation striking the probe. Inducea
electron emission resulting from the ion bombardment is not an acceptable
explanation because the discrepancy between the experimental data and
the simple theory would require that the ratio between the secondary
électrons and the incident ions be larger than 10 which is not reasonable
for such low energy ions. There are no experimental data available for
the secondary yield coefficient ¥ for Hg ions on tantalum or tungsten, but
for mercury ions on mercury the secondary yield coefficient is about 0. 01
for 4 kV ions (2‘1). Experimental data for Hg metastables on Ta or W
are not available but for Hg metastables on mercury the secondary yield
is about 0. 01(36). Comparable values may be expected for the Ta and
W surfaces. If the product of the secondary yield coefficient for meta-
stable atoms and the metastable atom current to the probe is about 10
times the random ion current to the probe, the discrepancy may be
explained in this way. The same argument holds for the radiation
induced emission from the probes. "Although it is possible that the

electron emission effects are not completely negligible, they are not
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capable of completely explaining the difference of a factor of 10 between
experiment and simple theory.

(

In addition, since Hagstrum 37) has shown that the secondary
yield coefficients are strongly related to the surface conditions, it is
expected that if the probe ion current contains a significant component

of secondary processes the probe ion current should depend upon the
time after the cleaning of the probe surface. Measurements of the probe
ion current were made using the expanded scale meter and the recorder.
It was found that the ion currents to the W and Ta probes remain constant
to b'e‘tter than 2 per cent after the probes had been cleaned by electron
bombardment. This indicates that the ion current is probably not
predominantly electron emission current and it leads to the introduction

of a more accurate theory and a better understanding of the process of

ion collection by a negative probe.

D. Simplified form of Schulz's theory for the saturation current ratio

and comparison with experiment

The assumption- that the saturation ion current to the negative
probe is equal to the random ion current haé been observed here and
elsewhere fo be in considerable disagreement with experiment. If it
is assumed that the ions in the plasma travel with a directed velocity .
towards the probe, much better agreement with experimental data can
be obtained. This directed velocity in the plasma occurs because there
is a small potential gradient in the plasma in spite of the fact that the
major part of the potential difference between the probe and the plé.sma
appears across the probe sheath. As early as 1929, Langmuir”?’) stated

that the ions enter the sheath with a directed velocity because the influence




of the negative probe extends into the plasma.

The collection of positive ions by a negative probe can be accurately ‘
described if several reasonable assumptions are made. The case of an
infinite planar probe is considered in order to obtain an easily solvable
model. The plasma is defined as the region where the ion and electron
- densities are approximately equal, 'While the ion sheath is defined as the
region where the ion density is much larger than the electron density.

Assume that the ions in the plasma enter the sheath with an arbitrary
energy E o (electron volts) in 1':t‘1e direction normal to the plane probe .
and are accelerated toward the probe without appreciable collisions.

The total energy is conserved so that
z = 2 (Ec + Y - V)
My A =*F 2 (VI-4)

where Vb - V is the potential in the sheath with respect to the potential

Vb of the plasma-sheath interface. In the sheath the electron density is
and ,
small so that there is no ionization,Athe ion current is constant and -

7‘5"‘(/“,. /(’}'-) =e (V1I-5)

In the plasma the electron density is related to the plasma potential by

the Boltzmann density law

M- ¢ (v-4%)
=) = s ke 7= . , (VI-6)

The potential gradient dV/dx is assumed to be continuous at the interface

and the electron and ion densities are assumed to be equal at the interface.
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The last assumption that is needed may take either of two equivalent

forms. It may be assumed that at the interface
l '//h.' ) _ / ¢/ -
My AL Jswgrrw ~ om- Lk etems (VI-T7)

or one may assume that at the interface

J 0//‘\ o
/ a/m > s — 7x
SHEATH

~ A Mt feasma (Vi-8)
and
] /M'f = ] ﬂ//ﬁ-—)
My AKX [ripsma e AX [ pensma (VI-9)

These gtatements can be made from knowledge of the processes in the
plasma and the sheath and from the assumption that there is a gradual
transition from the plasma to.the sheath. In fact, it is difficult to define
exactly where the plasma ends and the sheath begins. The validity of |
these assumptions will be tested by the agreement of the conclusions with
experiment.

.The previous equations can be combined in the following way to
obtain the desired result. From Eq. VI-5 it is apparent that in the
sheath | -

L oA’ +,4,L/_«:z) .
AY [Js

My oY |5 A (VI-10)

From Eq. VI-€.
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A A _ B AL _
om-  Ax kL AX (VI-11)

Equation VI-7 shows that at the interface

=AY L LA . _
kT .,/x‘ Ay x5 (VI-12)

When the logarithmic derivative of Eq. VI-4 is taken there results

I (. d -

When evaluated at the interface (V = Vb) and substituted in Eq. VI-12,

the previous equation gives

Since the potential gradient at the interface dV/dx is not zero, the
following result is obtained for Eo
L =
E 2 TF (VI-15)

This implies that the plasma and the sheath adjust themselves so that the
ions enter £he sheath with.adirected energy Eo which is comparable to the
random energy of the electrons, and is independent of the probe potential
thus giving a saturation effect. The ion current to the probe is then
obtained from the ion density at the interface and from the directed

velocity where the directed velocity is related to E by

M,./a_;"= 27—5., (VI-16)
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Since a potential gradient in the plasma is necessary to provide the ions
with the initial energy E,» the density of ions at the interface is less
than the density in the plasma by a factor of about exp (q]i}”o/]:«:T_)a-=((—3)]‘'/2
from the Bolizmann density law. When combined with the random current
density for the electrons (see chapter I), these considerations lead to

the following ratio of saturation electron current to saturation ion

current:
‘h ‘Y
e : (VI-17)
J = [ 27
+*s

For the case of mercury ions the ratio is equal to 398. This result was

(74)

given recéntly by Schulz and Brown through similar reasoning. It

was given even earlier in essentially the same form by Bohm, Burhop
and Massey(75).

This constant value of 398 for the saturation ;current ratio is
plotted in F'ig. VI-3 for comparison with experiment, and it is seen
that the agreement is good particularly for the higher pressures. At
the lowest pressure, howéver, there is still a discrepancy since the
value given by this simple theory is larger than the experimental value

by a factor of 1.40. In addition, there is still a definite variation of

the saturation current ratio with p o that should be explained.
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E. Basic theory for the prediction of the variation of the saturation

current ratio with the arc parameters

It has been shown in the preceeding section that the ions enter
the probe sheath with a directed energy E, of from 0.5 to 1 electron
volt. This result was obtained through certain assumptions. about the
matching of density gradients at the plasma-sheath interface and does
not predict any variation of saturation current ratio with respect te
the arc parameters. In this section a model will be developed which
will also consider the rate of generation of ions in the piasma and the
ion mobility limited flow of ions through the plasma towards the probe.
The validity of the assumptions can be shown by the agreement of the
results with the experimental values.

In order to obtain a solvable model, consider tl;xe one dimensional
problem of a large planar probe in a large uniform plasma. When the
probe is biassed negative with respect to the plasma potential, an ion
sheath is formed near the surface of the probe. In this ion sheath the
ion density is much larger than the electron density. Adjacent to this
ion sheath is a region of the plasma where the ion and electron densities
are about equal; but there is a potential and density gradient in the
direction.of the probe. Ions generated in this region of the plasma are
formed with very small kinetic energy and, since they are in a potential
well, they must eventually flow to the probe at a rate governed by the
rate of generation of the ions. This region of plasma is called the ion
drainage plasma. Adjacent to the ion drainage plasma is the relatively
undisturbed blasma where the ion and electron densities are equal and

where the density and potential gradients are small.



A number of Statements can be made which apply to all parts
of the plasma and sheath. From the conservation of charge in the steady

state, the ion particle current is related to the generation of ions by
Aiv Py = Vi m- : (VI-18)

where it is assumed that the ionization is proportional to the electron
density. Poisson's equation relates the potential distribution to the

electron and ion densities as follows;
iiv E = o (me = ») (Vi-19)

Since the negative probe draws very little electron current, the electron
density in the plasma and the sheath can be related to the potential by

the Boltzmann law

Mo (v-Y9
- = f 7 (V1i-20)

From the above equations it is possible to obtain a differential
equation relating /7,, n_ and n,. Consider the one dimensional form of

the divergence operator and use the following change of variable:

% Al Am- AV
A Py= Tt = G ST S (VI-21)

From Eqs. VI-18, VI-20, and VI-21, it follows that:

ol - (VI-22)

Equations VI-19, VI-20, and VI-21 give

- m_df_—-—t-m_,,_,/u..
¢ B (m) g I -)

ol - (V1i-23)



When E is eliminated between Eqs. VI-22 and VI-23 the following

differential equation results;

-2
— —f—"l—(w r) 72— ['H’* = Z () (VI-24)
2 k7- e
This relates /’+ n_ and n, - In order fo obtain a differential equation
in ["+, and n_ alone, it is necessary to eliminate n,. This can be done

if the ion velocity can be specified as a function of the potential distribution.
For the plasma in this experiment, the motion of the ions can

(56

be described in terms of the ion mobility. Kingdon and Lawton ) have
shown that for large values of E/p the velocity of Hg ions in mercury

is given by

l/._
Ny = 3.2 X/vz(E/ﬁ em/sec : (VI-25)

In addition, the results of chapter V show that the ion velocity is given by"

= = >'//:. {E//.)w_z 3. 06 X /_vz(f//o)'/‘“/:ea /9% rms VI-26)
where the correction has been made for the diffusion flow and the nonuniform
field. This formulation of mobility-limited ion flow to the probe is not
necessarily accurate since the concept of charge transfer-limited

mobility requires that the mean free path be as small as the distance
travelled. The validity of this formulation and the relative importance

of the inaccuracy will be tested by the agreement of the final r'esults

with the experimental values of the saturatibn current ratio.



Since /7 =mn_ v_, it is possible with the help of Eq. VI-26 to

solve for n, as a function of /} and E to get the following:

+
. e
r ey Y (B o (vi-27)

When the value of E from Eq. VI-22 ié substituted, there results

2 - %)
Mmr c o (VJ/fQ'Aﬁ'F/, )% e (VI-28)

When n, from Eq VIi-28 is substituted into Eq. VI-24 it leads to a non-
linear d1fferent1a1 equation in /% and n_ which is difficult to solve.

An accurate simplification, however, can be made which makes
a solution of the problem easly. Because the ion current in the sheath
is constant(due to the much lower production of ions in the sheath), one
can solve the problem by considering the equations that apply to the flow
of ions in the plasma regions. Setting the ion densily egual to the electron
density permits considerable simplification of the problem. When E is

eliminated from Eq. VI-22 and Eq. VI-27, and the ion density is set

eqﬁal to the electron density, the following results directly;
2
,(,9 <2 V /7’/) /,. (VI-25)

This is a very simple differential equation which can be evaluated in the

following way:

-
< 5 2
B (I’,-j' A7, l;f,. % {7/'/7) é"‘j A
I  me

n

(VI-30)
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The quantity ,"’+ is the ion current from the plasma to the sheath and it

becomes equal to the saturation ion current

g 35 the electron density

becomes smaller. It is seen that

> 3 e 3
e 2 O (- (- [57)

(VI-31)

so that when n_/n__p is small, J') can be set equal to I"+,S. The quantity

n_, is the electron density in the plasma. This gives
3 s Er )‘( d
(Pg) =< 77 % (74) (~7) (VI-32)

where the constant of integration has yet to be evaluated.
From the value of I"_"s obtained from chapter I, it can be seen

that

- (72) - o (5[ B0

(VI-33)

1/2

Inspeétion of the factor (q/kT_) (Vi/po) shows that as the préssure

increases the quantity J+S/J—s should decrease thus implying that the

saturation current ratio J—'S/J-!-s should increase as the pressure increases.

This is in agreement with the experimental variation as can be seen from

1/2

Fig. VI-3. The factor (q/kT_) (v,/p,) decreases as the pressure

increases because the electron temperature decreases with increasing

pressure and the quantity vi/ Po is a strong exponential function of the

electron temperature. Physically this means that at the higher pressures

98.



there is less ionization in the ion drainage region of the plasma and
therefore the ion drainage component contributes less to the saturation
ion current at the higher pressures.

In order to obtain numerical values of J-S/J+S for comparison
with the experimental values, it is necessary to evaluate the constant C,.
When the contribution of the ion drainage plasma is small enough so that
it can be neglected, the saturation ion current should be given by Schulz's

theory so that, from Eq. VI-17, it is expected that
2= oy oy
a= (%) (FF) (VI-34)

Thus the results of this analysis predict the general relation

) () e B ) e

which should be applicable to any discharge that .satisfies the assumptions
made. The validity of the assumptions made will be verified by the
agreement of the predictions and the experimental values.

When the experimentally determined values of Vv i/po’ kT_/q,
and )’ 1/2 (which are available from the tables of basic data and from
chapters IV and V) are substituted in Eq. VI-35, and the values of J__/J_
are calculated, they are found to be in remarkable agreement with the
experimental values. The cé.lculated values are plotted in Fig. VI-3
for comparisoﬁ with the experimental values. The difference between
the theoretical values and the actual values is 3.4 per cent rms which

is comparable with the experimental uncertainties. It can be concluded
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either that the model and the assumptions are verified, or there is a
strong coincidence.

In any event, if the assumptions and model are not acceptable,
Eq. VI-35 can be proposed as an em'pirical expression relating the
saturation current ratio, to the ion and electron mass, the electron tem-
perature, the ionization frequency, the reduced pressure, and the
mobility coefficient for large E/po. It would be of interest to test the

applicability of Eq. VI-35 to probe measurements in other gases.



VII. Summary and Conclusions

Careful measurements have been made of the electron tem-
perature, electron density, plasmé potential, and probe currents for
a set of probe measurements in the plasma of a low pressure mercury
arc. As a result of the precautions used in the measurements, the
results are accurate and reliable. Detailed analysis of the basic
data yields considerable new information about the basic processes in
the plasma. |

It was shown that the actual ionization in the plasma is much
larger (,up to 45.6 times) than the direct ionization thus proving that .
the ionization in the plasma is predéné'mantly cumulative ionization.
The direct ionizaticn was calculated for a Maxwell-Boltzmann electron
energy distribution with the aid oif Nottingham's data for the probability
of direct ionization of mercury. A calculation of the effect on the direct
ionization by the electron drift energy shows that this effect is small.
The rate of production of the 63Po, 1,2 excited states was calculated
from the cross-sections given by Kenty, and it was shown that the
rate of production of these excited states; is larger fhan the ionization rate
thus demonstrating that cumulative ionization through these excited states
is possible. It was shown, with the aid of the diffusion coefficient for
Hg metastables in mercury given by Biondi, that the maximum rate of
diffus.ion loss (corresponding to the maximum metastable density given
by the Boltzmann law) is lower than the rate of production of the meta-,
stables thus indicating that the predominant loss of metastables is the
quenching by electron collision. This implies that the density of

metastables should be relatively independent of electron density.
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This indicates that the cumulative production of ions should be a linear
function of electron density and not a quadratic one. The results of this
" experiment confirm this since G/n_pO was found to be'independent of n_
for a variation of n_ of 20 per cent. |
Information was fouhd about the electron mobili;ty in the piasma.
The average electron density, , the axial arc current, and the -axial
potential gradient gave the electron mobility. With the aid of the assumed
Bessel function density distribution, the average electron density was found
from the electron density at the center of the plasma and the electron
density at the plasma edge. It was found that the mobiiity could be well
represented by a velocity independent average cross-section for the slow
electron body of the distribution. The electron mobility can be described

1/2

by pp (T_/a)'/? = 1.49 x 10° (em®/v sec) (mm Hg) (volt) /2 with

an rus deviation from the mean of 6 per cent. The corresponding average
cross-section is 42 x 10-16 cm2 for electrons with kT_/q ranging from
0.829 to 1.90 electron volts.

| The ambipolar diffusion coefficient for an active plasma was
obtained from the ion particle current density to the wall probe, and
from the assumed Bessel fqnction density distribution. The values
obtained give more detailed information about D for a mercury plasma
than has been reported before. | |

The Boltzﬁann theorem relating the density and potential dis-

tribution permits the radial electric field to be calculated from the
assumed Bessel function density distribution. Values of the radiai ion
velocity were obtained from the radial ion current to the ‘wall probe
and from the ion density measures at the plasma edge. Thus the ion

velocity v, was obtained as a function of Er/p0 and could be expressed

in the form
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/3
Ay = 9.7/ XN;(E’/") cmfsttc I+ 2.7 Trms
or

l/,_ -
e = 417 x/o’[Er/f') cmifspe L I G rns

This indicates that the energy gained by the ion in one mean free path

(EA) is large compared to the random energy.

With the aid of a specially developed theory‘for the mobility
and diffusion flow of ions in a strong field it was possible to calculate
the mobility and longitudinal diffusion coefficients as well as the cross-
sectiori for slow Hg ions in mercury vapor. Since the ions are moving
in a slightly nonuniform ° . .. ": electric field, it was necessary to
consider this nonuniformity. A first order theory was therefore
developed for the mobilify and diffusion coefficients in a strong
nonuniform electric field. The mobility and diffusion coefficients and
cross-sections were recalculated with this correction. The effect
was smallnand resulted in a reduction -for the cross-section of only

19 per cent on the average. The corrected cross-section for the

mercury ions was found to increase from 31 to 104 x 10-16 cm® as

EA increased from 0.44 to 1.37 electron volts. The methods and
theories developed in this research may be used for the measurement
of cross-sections for 'low energy ions in other gases.

The ion velocity corrected for the diffusion flow and the non-
uniform ﬁeld was calculated. It was found that this ion velocity could

1/2 with the average constant

/2

be described as proportional to (Er/po)

: _ 1
of proportionality equal to 3.05 x 103 cm/sec per (v/cm mm Hg)
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with a- rms deviatiﬁn from the average of 19 per cent.

The retarding potential plots for the electrons were found to be
intermediate between that for a Maxwell-Boltzmann and for é Druyvesteyn
distribution. For the arc under consideration it was found that the de-
pletion potential (the potential at which the depletion of high energy
electronls started), measured with respect to the plasma potential, is
approximately equal to 3.4 kT_/q on the average. The same is true
for the floating potential except that the numerical factor is 5.32.

The ratio of saturation electron current to saturation ion
current was investigated both experimentally and theoretically. It
was established that the ratios for the plane probes increase with Py-

In order to predict the observed variation of the saturation ration with

1

' the arc parameters, a model for ion collection by a negative planar

probe has been proposed. This model includes the drainage of ions
generated in the plasina near the probe. When combined with the
Schulz theory for the saturation current ratio, this ion drainage theory
gives values for the saturation current ratio which are in very good
agreement with the experimental values.

Various new experimental techniques were developed to increase
the accuracy and conveniénce of the measurements. The retarding
potential was accurately supplied by a specially designed low impedance
voltége source which features a high degree of negative feedback. The
partial pressure of residual gases was kept in the 10-'8 to 10—7 mm Hg
range and was measured while the arc was in operation in the water

bath. The probe surface was automatically cleaned by electron
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bombardment before each probe current reading in order to keep the
probe work-function constant. A new method was developed to permit

the change of probe work-function to be directly recorded, and may

prove useful in future experiments.
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Table I Basic Probe Data
T I I I
v 2 Probe -8 s KI./a Vp Ve n:’: 17
C ampe. ma ma volts volts volts per m x10
! 25.1 &40 wire(a) 8665 064375 1,91 2.58 13.13 1,03
wire(a) 92,8 0,400 1,92 2468 13,28 1.10
center 56640 06202 1,91 4437 13498 1.10
wire(c) 8664 0,370 1493 5¢30 14446 1,02
wall 30e3 04108 1,96 5010 14.35 0.590
disk 556+44 06189 1,74 4.87 14.10 0560
: 3040 5.0 Wire(a) 115 0e466 1686 3635 12687 1,47
; center 7369 06255 1459 5438 13.98 1.50
wire(c) 117 06465 1467 625 14,77 1,42
wall 35e¢3 06120 1460 6el7 14.42 0,761
disk 70e2 0e238 1le46 5687 13.97 0774
3060 660 Wire(a) 146 0e570 163 3e46 12,85 1l.88
center 0663 06317 1463 5e34 13498 2,03
wire(c) 146 0eS50 1463 633 14,32 1,88
wall 44,2 06149 1.56 6e25 14438 0.963
disk 89.0 0288 1.4l 597 13691 1,00
350 540 wire(a) 136 0e490 1.42 4,04 12,27 1.88
wire(a) 142 06530 1l.44 4,10 12,30 1,95
center 89¢3 06271 1436 621 13.86 2409
wire(c) 143 06512 1440 Te22 14.84 1.99
wall 3945 06119 1440 6499 14,52 04909
disk 8le9 06250 1623 6474 13488 0.984
45,1 440 wire(a) 187 0652 1lel4 5405 11,02 2.88
' center 121 0e358 129 700 13,20 2490
& wire(c) 197 06660 1lel4 Se4l 14630 3¢04
& wall 41le3 060125 1405 B¢20 13,87 1.10
2 disk 108 06303 1le18 Ted8 13414 133
3 45,1 5.0 wire(a) 231 06790 1407 520 1l.06 3467
i center 154 06430 1lel7 730 13415 3088
b ceanter 158 0e445 1.23 7«09 13.22 3487
H wire{c) 250 0815 1.1l 8e57 14439 389
% wall 5le4 00149 1.04 8e36 14,03 1637
i disk 136 06365 1409 765 13424 1,72
% 45,1 6.0 wire(a) 297 0970 1409 5017 11,08 4,67
H center 202 0.568 1l.20 7¢11 13.18 503
H wire(c) 308 1.04 1.06 8e49 14.22 4,91
f wall 6560 06193 06994 8e36 1386 l.78
disk 173 Oe445 1,07 7¢51 13,10 2422
5446 50 wire(a) 403 l.28 04929 5e61 10455 687
center 256 0.698 1.01 Te64 12677 6096
wire(c) 411 1.31 0.906 8488 1363 710
wall 72¢4 060192 0855 8468 13443 2413
disk 217 04560 0,906 797 12471 Be04

626 5.0 wire(a) 584 le73 0818 S5e¢74 10427 1046
center 351 0e908 0,891 Te7l 12447 1061
wire(c) 614 183 0.825 8684 13.37 1l.1
wall 8847 06223 0,785 8479 13.06 273
disk 300 0e748 0,828 Te97 1241 4,39
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Table III

Set ny_/n__ n /n

m v =m QO +H o Q ®

0.554
0.502
06499
06460
00374
0358
0.364
00306
06257

! 0w

06767
04738
067357
06715
0666
06657
0+660
0,626
0597

Jw(vf)

752
Be54
1045
8425
8483
1046
137
1347
15.8

Ion Generation in the Plasma

Gtotal

x 10715

343
3489
4,79
3.76
4002
4.82
6421
6421
720

‘vi/bo
{(direct)
elmp./rn2 (#/sec.)/cm:5 (#/seco)/mm

127
4041
4,00
1.80
555
2460
1.87
3627
9.08

xlO'7

xlO6
x106
xlO6
x10°
x10

x10

5
]

xlo4

xlO3

~N 1(total)

vi(direct)

1.71
2.76
2.86
4421
6.80
8.42
1l.4
2642
4546



Table IV Electron Mobility and Electron Drift Energy

Set J, v, P, A (VoD Vg
x10"°  x107° x10™ v kT_/q

aunp./m2 m/s ( cm/s}:&/cm)mm

A 2,12 l.62 1.17 5068 060395
G 2.12 1.18 1l.16 Tel6 040248
H 2,54 1.12 1.14 7652 040225
B 2.12 06936 1,26 8438 00182
I 1l.69 04541 137 133 000719
C 2.12 04525 137 135 0400700
F 2454 0.492 le34 142 0400636
D 2,11 06302 1453 21.3  0.00282
E 2.1 04208 l.84 2943 0400149

[\
idv.)

i=4
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Glossary

acceleration of ion, p. 68

amplitude of small ac signal, p. 81

constant of integration, p. 97

constant of integration, p. 98

ambipolar diffusion coefficient, p. 39

diffusion coefficient for metastables, p. 52

ion diffuéion coefficient, p. 38

electron diffusion coefficient, p. 38

longitudinal ion diffusion coefficient, p. 72

pérm ittivity in rationalized MKS units, p. 33

directed energy of ion in electron volts, p. 34

radial elecfric field (evaluated at plasma edge), p. 65

axial electric field, p. 29

electric field at end of free path for ion, p. 75

density of electrons in phase space, p. 2

spherically symmetric part of the distribution function, p. 3
statistical weight of a state, p.. 52

total ionization in ions generated per second per unit volume, p. 36
total ionization averaged over the cross-section of the plasma, p. 37
current to the prdb'é, p. 1

electron current to probe, p. 2

ion current to probe, p. 25

110.
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current in vertical arm of discharge, p. 9
axial arc current in horizontal arm of discharge, p. 9
saturation electron current, p. 27

axial current density in horizontal plasma averaged over the plasma
averaged over the plasma cross-section, (same as '.T; )p. 57

electron current density, p. 26
saturation electron current density, p. 3

saturation ion current density, p. 85

+w(vf) ion current density to floating wall probe, . 36

Bessel function of the first kind, p. 43

Bessel function of the first‘k'md, p- 45
Boltzmann's constant, p. 2

thermal conductivity of pyrex, p. 30

mass of electron, p. 2

mass of ion, p. 68

density of mercury atoms, p. 49

density of metastable atoms, p. 52

electron density in number per unit volume, p. 1
ion density in number per unit volume, p. 1

electron density averaged over a cross-section of the cylindrical plasma
p.- 45

electron density at the center of the plasma, p. 45
electi‘on density at the edge of the plasma, p. 45
vapor pressure of mercury, p. 30

reduced pressure, p. 31

111.
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probability of collision in number per unit length, p. 59
probability of ionization in number per unit length, p. 48
magnitude of electron charge, p. 2

differential scattering cross-section, p. 59

collision cross-section, p. 59

cross-section for ionization, p. 49

cros.s-%ection for mementum tra;isfer, p. 59

effective cross-section, p. 47

Q(A—>B) cross-section for the production of species B from species A, p. 46

AT
§T

radius of the plasma, p. 33

radius of the wall, p. 30

inner radius of pyrex wall (same as rw), p. 30

outer radius of pyrex wall, p. 30

thickness of ion sheath on wall, p. 33

radial location of zero of electron distribution, p. 43
distance of flight of ion, p. 68

saturation factor for the j'th state = ratio of the density of the state to the
maximum density given by the Boltzmann theorem, p. 54

Spenke function, p. 44

temperature of water bath, p. 29
temperature of mercury vapor, p. 31
electron temperature in degrees K, p. 1
"temperature of ions", p. 87
temperature .drOp in the pyrex wall, p. 30

temperature jump from the merctiry vapor to wall, p. 31
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magnitude of velocity vector, p. 3
terminal velocity of ion at end of flight, p. 68
minimum velocity required to overcome retarding potential, p. 2

velocity in the "x"

direction, p. 2
axial drift velpcity of electrons, p. 57
root mean square velocity of electrons, p. 6

ion velocity in the radial direction ([’+W =0, v+), p. 65

time average velocity, p. 67

drift velocity of electrons, p. 49

electron velocity averaged over the distribution function, p. 3

retarding potential of the probe withr respect to the plasma potential, p. 2
potential of !;he collector (probe), p. 26

potential at which the depletion of high energy electrons starts, p. 80
floating potential of probe, p. 79

ionization potential, p. 48

plasma potential, p. 27

voltage equivalent of T_ (equal to kT_/q), p. 46

axial drift energy of electrons, p. 58

average energy in electron volts, p- 79

drift energy of electrons in electron volts, p. 49-

threshold energy in electron volts, p. 46

threshold energy for the j'th state, p. 54

2.405 r/R (evaluated at the plasma gdge where xp = 2.405 rp/Rp) p. 45
0.7397 V/V, p. 5 |

/2

ratio of average ion velocity to (E/po)1 , p- 17
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a persistence of velocity, p. 68

f'(k) complete gamma function, p. 5

ion particle current density to the wall, p. 42
Fa particle current density of ions, p. 38

F_  particle current density of electrons, p. 38

g mean free path of the mercury atoms, p. 31

by mean free path for the mercury ions, p. 69

e mean free path for collisions, p. 59

mean free path for momentum transfer, p. 58

Pa ambipolar mobility coefficient, p. 64

p_  mobility coefficient for electrons, p. 38

P mobility coefficient for ions, p. 38

e accommodation coefficient for mercury atoms on pyrex, p. 31
™~ time of flight, p. 68

v, ionization frequency in number per electron per second, p. 43

A¢  change of work-function, p. 17
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Zasic Hetarding Potentlal Data

The following 48 pages ol data which repressnt ths
original measurements for 43 retardiag potsantlal plots are
not avnecessary part of this thssis but are included at the
request of Professors We Pe Allis, S. Co Brown, and . oo
wobtinghame The significant‘quantiﬁi@s which were calculated
from the data for uss in this thesis are listed in tables
I and II. These guantitles include the electron htomperature,
the elsctron density, the plasma potential, and the saturation
alectron and Icn currents for sach probe.

Tne currsnt to ths probe was measured as a function of the
probe potential V, where this potential is measured with
respect to the anode in the horizontal arm of the discharge

tubee. Since thers 1is a small voltage drop in the probe current

50 milivolts full scale for the 100 %o 1000 miliampere range,
50 milivolts full scale for the 10 to 100 miliampere rsange,
50 milivolts full scale for the 1 to 10 niliampere range,

50 milivolts full acale for the C.1l to 1 miliampsre rangs,

11ll scale for the 0 to C.1 muliampers range.
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