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Abstract

The design and the construction of the electrostatic
energy analyzer for low energy of about 10 eV charged
particles (resolution is 170), and thé quadrupole mass
filter with maximum resolving power iOO for 300 eV ions
are described.

Accﬁréte energy distributions for each species are
obtained. 1Ion temperature and density.ratio of each ion
species for steady-state RF plasma are also determined.

The technique described here makes possible to
obtain the definitive information about the microscopic
properties of plasma: if the énergy distribution for ions
has no minimum (such as the Maxwellian distribution),
theré is no instability, while thé presence of a deep-
enough minimum, such as double-hump in the distribution
function, leads to aﬁ electrbstatic instabiiity. Also,
it makes possible a more definitive study of the ion
extraction mechanism from the plasma, which is described

in detail.



Abstract
CHAPTER I. INTRODUCTION
CHAPTER II. DESCRIPTION OF MEASURING SYSTEM
2.1. Outline of Measuring System
2.2. Quadrupole Mass Filter
2.3. Eléctrostatic Energy Analyzer
2.4, Langmuir Probe
CHAPTER III. ENERGY DISPERSION OF ION. BEAM
3.1. Introduction
3.2, Experimental Procedure
3.3. Consideration of Experimental
Techniques
3.4._ General Behaviour of Ion Energy
Spectrum
3.5. Description of Theory
3.5.1. Physical Situation
3.5.2. Fbrmulation of the Problem
3.6. Results and Discussions
3.6.1; .Dependence on an RF Exciting
Frequency
3.6.2. Dependence on Ionic Mass
3.6.3. Dependence on Fluctuation of
Sheath Potential
3.7. Conclusions

CONTENS

-———

- en—

10
14

16
16
17

18

19
21
21
23
27

27
28

29
30



CHAPTER 1IV. ENERGY DISTRIBUTION FUNCTION OF IONS --- 31

4.1. Introduction . --- 31
4.2, Experimental Procedure . -—— 32
4.3. Some Features of the Plasma --- 34
4.3.1. Plasma Striations --- 34
4.3.2. Electron Temperature and Density --- 35
4.3.3. Plasma Composition (ionic species) --- 37
4.4, Determination of Energy Distribution --- 39

Function (Maxwellian Distribution Function)
4.5; Electrostatic Instability -=- 44
(non—Ma#wellian Distribution Function)
4,5.1. Introduction -—=- 44
4,5.2. Results and Discussions ' J— 45

4.5.3. Theoretical Considerations for Data

Evaluations --- 50

CHAPTER V.  CONCLUSIVE REMARKS --= 52
APPENDIX --- 54
A-1. Drift Waves | - 54

A-2. Chemical Reactions in the Plasma --- 56
ACKNOWLEDGEMENTS - ‘ --- 60
REFERENCES o | -—- 61
TABLE ' -—— 67
FIGURES --— 68
PUBLICATIONS by Y. Okamoto _ -—--101



CHAPTER I

Introduction

The study of plasﬁas generally requires knowledge of
the plasma composition (ionic species) and the state of
motion of the particles. One wants to know the abundance
of ions and their kinetic energy distributioné. It is
important to know them for understanding the microscopic
properties of plasma such as the plasma instabilities and
the chemical reactions. The most direct way to get this
information is to separate the species and measure the flux
of each as a function of partiéle energy. . In the past few
years, energy- and mass—analeis for plasma diagnoétics

1-6) but these measure-

has been given by several authors,
ments were restricted in high energy.
We report here the design and the construction of the.

apparatus for energy- and mass-analysis which is feasible

in the energy region about 10 eV and mass resolving power



of 60, and report also the application for steady-state RF

plasma.7’8)

A composition and energy analysis of the ion
out-put from the plasma are measured by extracting the ions
through a small hole in a metal plane probe and subjecting
thém to an 90° type electrostatic energy analyzer and a

7)

quadrupole mass filter. Great interest in recent years
in the mass filter can be explained by several properties
which favorably distinguish it from other type of spectro-

meters:lo’ll?

in the mass filter, such ion quantities as
energy, momentum or velocity are not variables of ion masé
separation, in contrast to the majority of static and dyna-
mic spectrometers, which appears to be suitable for the
dependence of energy distribution on ionic mass.

The technique described here makes possible to obtain
the definitive inférmations about the microscopic proper-
ties of plaéma such as the electrostatic instabilitieslz'IB)
and the chemical reactions. It makes also possible to
explain the mechanism of ion extraction from a plasma,
which is important to determine the energy distribution in
the plasma.s)

The theory of plasma instabilitieé has been treated
extensively during the last two decades, and recently a
number of excellent monographs have been written on the

subject.l4~18)

There exists, however, no comprehensive
discussion of the experimental results. This may be partly

attributed to the fact that the existing theoretical



analysis are incapable‘of including the complicated condi-
tions‘under which plasma‘instabilities generally eoccur.

This is particularly true in the case of.self-excited osci-
- llations, which abound in many plasmas for wave-propagation
_experimenés. Such instabilities are much harder to describe
theoretically than externally excited waves.

In the following chapter we shall describe in detail
the basic elemenﬁs of the system, naﬁely, the quadrupole
mass filtér, the eléctrostatic energy analyzer and Langmuir
probe. 1In chapﬁer 3, we shall report on energy anomalies
of ions effused from an RF plasma, which seeﬁ to explain
the mechanism of the ion extraction and to determine the
ion energies in the plasma. We shall first describe the
initial-value problem, then also calculate the spatial
dependence of the energy dispersion of ions, since it is
of interest in many experimental applications. Finally,
the energy distribution function of ions of the plasma
will be presented. We shall describe some results not
previously published: particle-wave interactions can lead

to damping, amplification, and instabilities.



CHAPTER II

*
Description of Measuring System

§ 2. 1. Outline of Measuring System

We shall describe the experimental set-up used for
the determination of the energy distribution functions
with respect to each ion species and collision processes
in an RF plasma. A schematic diagram of measuring system
is shown in Fig.l. Plasma is produced by an RF power.
The positive ions in the plasma effuse (or extract) from

a fast-flow system into a high'vacuum (5 x 10_7

Torr)
through an ion sampling probe with a sampling orifice of
1.0 mm in diameter. This probe is held at a floating

(or extracting) potential so that the positive ions

* The main part of this chapter was published in Tech.

Rep. Inst. Plasma Phys. Nagoya Univ., IPPJ-T-5 (1970).



experience an accelerating field. The ions are directed

into a 90° electrostatic energy analyzer and then into a

quadrupole mass filter.7)

9)

A Faraday cup or Daly type
detector1 is set at the exit aperture of the mass filter
and is connecﬁed to a high speed picoammeter and then to an
X = Y recorder. Cylindrical Langmuir probes capable of
radial dispiacement are used to determine the radial profile
of electron temperature, density, and space (that is, plasma)
potential. Low-frequency oscillations are detected by
analyzing the frquency spectrum of the ion saturation
current. Schematic diagram and photograph of the experi-
-mental apparatus are shown in Fig.2. .

The following section presents a rather detailed review
of quadrupole mass filter, electrostatic energy analyzer
and Langmuir probe theory as they are related to the condi-
tions in this experiment.

§ 2. 2. Quadrupole Mass Filter’)

The instrument used for mass analysis in this work is
a quadrupole mass spectrometer originally described by

Paul et él..zo'Zl)

The following serves as a brief expla-
nation of how an electrostatic quadrupole field can be
used for mass separation.

The electric potential, ¢0, which is applied to the

poles of the mass filter has the form



¢0 = U + Vcosuwt, *(2-1)

"where U, V, w, and t are the dc potential, the peak value
.of the ac potential, the angular frequency, and time, .
reSpectively. The potential for the quadrupole condenser

field is
2 2 2
$(x, vy, 2z, t) = (U + Vcoswt) (x~ -y )/r0 , (2=2)

where r, is the axis-pole spacing. From this potential

‘'we get the equation of motion for a charged particle, viz.,

2
m -3 X = - 2e(U + Veosut) £, (2-3)
dt ro
d2 .
m g = 2e(U + Vcosuwt) b4 5 (2-4)
dt rO
and
2
n -9 Z =0, (2-5)
dt

where m and e are the mass of the ion and its charge,
respectively. Equation (2-5) indicates that the ions

move along the z-direction with a constant velocity.



The equations in x and y are identical except for the sign

in the second term. If we define a = a, = - ay ahd
B = Bx = - By’ where
_ 8elU _ _dev _
=573 and B = — 55 (2-6)
mr,"w mr,"w

then we can write both equations in the canonical form of

the Mathieu equation:

+ (o - 2Bcos2y)u = 0, (2-7)

where u represents x or y and vy = wt/2. For the x direction
we have a direct correspondence between the normal Mathieu
equation and the equation of motion. When B = 0, we have

the ordinary harmonic oscillator "o" being the spring cons-
tant. The cos term introduces a time dependence of this
spring constant and it is obvious that if 8 is small compared

to o, stable oscillations will result, otherwise the time

dependent term will dominate and render an unstable solution.
For the y direction we have to replace a by -o to obtain

the stability diagram. In ordér that a particle go through
the instrument the motion has to be stable in both x and y
direction, and the stability diagram for the two directions
have to be overlapped. The corresponding Mathieu stability
diagram is given in Fig.3. The shaded areas give o- and

B-values for stable particle orbits in the quadrupole.



Referring back to the definition of o and B we have
(except constant factors and frequency) o ~ U/m apd
B ~ V/m; that is, o and B can be adjusted by changing the
dc and ac voltage (with frequency w held constant).

In a practical instrument one operates always in the
upper corner of the stability diagram and with a constant
ratio U/V = A. This corresponds to a straight line in
the stability diagram (Fig.3). The value of A is chosen
so that only one mass number gives an o and B pair which
is inside the stability region. By varying the magnitudes
U and V simultaneously keeping A constant, one can "push"
~different masses in the stability region and in this way
use the instrument as a mass analyzer. We can change the
resolution>by varying A. Lowering A means that the mass
scan line intercepts a wider portion of the stability
region and allows stable orbits for more than one mass
number. This instrument can be said e/m analyzer since
neither the energy (like in the electrostatic analyzer)
nor the momentum (thch appears in the magnetic analyzer)
. enters in the'eqﬁatibn of motidn.

Thus the distinct operating characteristics of ﬁhis
apparatus for the present work are |
(1) : the operation of the mass filter is independent of

| the energy dispersion for the ions and their initial
velocities, provided that the trahsit time of an ion

inside the dc-ac field is much longer than the period



of the ac field.
(2) : the resolving power is easily varied: it has .a very

high transmission efficiency.

(3): it is capable of operating at considerable residual
pressure in the analyzer, allowing the plasma to be
sampled at relatively high pressures.

(4): no stray magnetic fields ére present that may disturb

the plasma.

A mass filter was entirely designed and built in'our
laboratory as suitable type for studying the electrical
discharge. The éuadrupole rods aré 30.cm in length and
0.8 cm in diameter which are made from stainless-steel.
This is operated at a frequency of 2 MHz with a variable
voltage for scanning between 1 and 100 amu. The operation
of the mass filter requires both a dc and an ac voltage to
be applied simultaneously to the guadrupole; The electric
circuit is shown in Fig.4. ‘The signals must be 180° out
of phase. The components are selected so that the generated
voltage ranges from 0 to ¥ 850 volts at a frequency 2 MHz.
The dc potential proportional to an ac voltage is obtained
by diode réctification. The symmetrical vériation of the
dc potehtial required by each pair of rods is achieved by
an accurately ganged potehtiometer. Mass scanning is acco-
mplished by manually Varying the screen grid potential of

the amplifier. The ac/dc generator is designed so that its

frequency is stabilized to better than one part in 103.



Through the use of feedback techniques the ac‘ahd dc
amplitudes are stabilized to better than one part.in 104.
Such a precision are required implicitly by the stability
diagram for a satisfactory oéeration of the mass filter.
For the best results also the rods must have an extremely
uniform cross-section and must be positioned paralleled
to each other with a tolerance of only a few microns.

The resolving power is usually set at a low value of
about 1 to 60 in order to (l); minimize the effect of mass
discrimination present at high resolution, and (2); maximize
the transmission efficiency. A typical spectrum from an
air gas discharge is shown in Fig.5. Prominent peaks are
obtained at m/e = 14, 16, 28, 30, 32, 40, and 44, presum-
ably corresponding to N+, 0+, N2+ and C02+, NO+, 02+, Ar+,
and N20+ and C02+, respectively. The mean kinetic energy

of these ions is 124 eV. More details were feported in

ref.7.

§ 2. 3. Electrostatic Energy Analyzer

Hughes et a1.22'23)

were the first to demonstrate the
particle-focusing properties of cylindrically symmetric,
electrostatic potential fields. Later applications appear

in the ion or electron energy selector.

If a charged particle moves along the center line of



the analyzer, the equation of motion is given by

eE. = W __ . (2-8)

where e is the elecﬁfic charge, Er the radial component of
the cylindrically symmetric electric field, ry the mean
radius of the analyzer, m the ionic mass and v the velocity
of ion, respectively. The kinetic energy of the ion can

be written by

= mv’ = E, : (2-9)

where E is the energy of the ion.
The relation between the analyzer potential V and the

energy of the ion is obtained as

\"
2 log r2/rl’

(2-10)

where ry and r., are the inner-~ and outer-radius. of the

2

deflection plates, respectively. In the present case, ry

- and r, are set at 6.7 cm and 7.3 cm, respectively. Equation

(2~10) then becomes

E = 6.50 V. (2-11)



The resolving powef RP of the analyzef with an

exit slit width s is given by

RP = -2~ =-X ,. (2-12)

where AEi is the energy half width (energy dispersion)
of the instrumental function, which for a given beam
energy is the limit of energy resolution of the ana-
lyzer. In the present experiment, s and r are set 0.35
mm and 70.0 mm, so that RP is.about 200.

In operating the energy analyzer for low energy
charged particles attentions are paid to the following
points: (1) to avoid the slittiné or broadening of the
energy spectrum, metal plate is attached to shield.
the insulator and (2) to set the slit precisely on the
center line of the analyzer electrodes and adjust the
slit potential equal to the potential on the center line
of the analyzer.

Calibrations for absolute energy and resolving power
are done by means of an electron gun. The analyzed beam
is collected in a Faraday cup. The incident electron
beam at the entrance slit is‘mdno—directional and its
intensity is low enough to neglect the space charge
‘effect inside the analyzer. The observed beam energy

dispersion of the curve in Fig.6. This, however, is



broader than the actual energy dispersion because of the
finite resolving power of the electrostatic analyzer.
The apparent energy dispersion AEa can be' represented by
se ? = aE 2 + AE% = (—)2 4 aE? (2-13)
where AE is the actual energy dispersion and is independ-
ent of beam ehergy. Both the instrumental function and
the actuai electron energy distribution curve are roughly
Maxwellian, and when they are folded together Ehe result-
ant half width is given by Eq. (2-13). .According to the
Eq.(2—l3),.a plot of AEa2 vs. E2 should give a straight
line having a slope of‘(l/RP)2 and an intercept equal to
AEZ. Such a linear plot is shown in Fig.7 for data taken
from a series of X-Y traces ofAthe electron energy dis-
tribution curve for various beam energies. From the
slope of the line,.RP is found to be 172. The agreement
is good, in view of the consideréble undertainty in the
measured slit dimensions. The value of AE obtained by
extrapolation is 0.1 eV. Energy dispersion bf the
electron beam caused by an oxide cathode temperature
is of the order of.O.l eV. Thus, the energy resolving
power at least 170 for 10 eV electrdns is obtained under

these conditions.



§ 2. 4. Langmuir Probe24'25)

Cylindrical Langmuir probes (diameter = 0.1 mm¢,
length = 2 mm) are used to deﬁermine the electron density,
temperature and plasma potential. Figure 8- (A) shows a
typical recorder tracing of the voltage-current charac-
teristics with a probe situated near the axis of the
plasma column. Figure 8;(B) is a plot of the iogarithm
of the electron current as a function of probe voltage
used in determining the electron temperature. The ele-
étron current is deduced from the total probe current
by subtracting the ion current obtained by a straight
line extrapolation (shown dashed in Fig.8-(A)). 1In
Fig.8-(B) we see a straight line behaviour over almost
two decades of electron current. This suggests strongly
that the velocity distribution of electrons is close to
a gaxwellian distribution. The electron density and the
plasma potential are determined from that part of Fig.8-
(A) which corresponds to the regime of ion collection.
Since the probe radius is much small compared with the
ion Larmor radius, theories for ion collection in the
absence of a magnetic field should be applicable. More-
over, the probe radius is small compared with the electron

Debye leagth, thereby permitting the use of Langmuir's

orbital-motion theory. According to this theory, the



‘current I and the applied voltage V are related as follows:

2kTi 1/2 e(V-v_) 1/2
I=2erIN(—>) [1 -—R] . (2-14)
m. : kT
, i e
Here r and L are the radius and length of the probe, N
the ion density, Ti and Tg the ion and electron tempera-
tures, m, the ion mass, and Vp the plasma potential
(measured relative to ground potential). From Eq. (2-14)

we see that 12

should vary linearly with V. The intercept
of the straight line at I = 0 yields the plasma potential
(with Te known from Fig.8-(B)), and the slope of the curve

gives the density N.



CHAPTER III

: *
Energy Dispersion of Ion Beam

§ 3. 1. Introduction

The energy dispersion (spread) of ions effused (or
extracted) from an RF plasma is distributed over a range
one order of magnitude greater than would result from

thermal ion energies in the plasma or from the effect of

8,26~33)

RF fields acting directly on the ions. The ob-

served values of the mean beam energy, also, is higher

8,26~33)

than the applied ion extraction potential. Such

phenomena seem to be an important clue in understanding

* The main part of this chapter was published in J. Phys.
Soc. Japan, 27 (1969) 270, ibid., 28 (1970) 269, and ibid.,
29 (1970) 187, Oyo-Butsuri, 38 (1969) 1114 and Res. Rep.

Inst. Plasma Phys. Nagoya Univ. IPPJ-87 (1970).



‘>the mechanism of the sheath formation and the ion beam
extraction and in determining the ion energies in ‘the
plasma. | ' _ o

While the ion beams extracted from the plasma have
been used with positive accelerators and-or isqtope sep-

34,35)

arators, some have been very successfully employed

in scattering experiments and chemical reaction studies.36’37)
For the latter two of these applications it is desirable
to have as small dispersion in energy as possible, since

low energy beams are usually employed. In this chapter

this situation is studied in detail.

§ 3. 2. Experimental Procedure

The experimental equipment used is-shown schematic-
ally in Fig.9. An RF gas discharge is driven by RF
generators (10 ~ 100 MHz) supplying a maximum power of
50 watts. The discharge tube is 20 cm in.length and 6 cm
in diameter, and is made from Pyrex tube.

The positive ions in the plasma effuse from a fast-
flow sjstem into a high vacuum (5 x lO-7 Torr) through
an ion sampling probe with a sampling orifice of 1.0 mm

in diameter. Other features of the apparatus have been

described in § 2. 1. already.



§ 3. 3. Considerations of Experimental Techniques

In view of the fact that electrons are much more
mobile than ions, we see a plésma must have a positive
potential with respec£ to a floating plate of ion sampling
probe. Most of this potential would occur across the
ionic sheath located near the surface of the probe. Thus
the ions collected by the probe are'acceleratea through
the potential. If a small hole is drilled on the probe,
the accelerated ioﬁs at that point'can pass through the
hole and be energy- and mass—-analyzed. . |

This ion sampling probe behaves as an electrostatic
aperture lens. Consequently, ions having different
energies when they effuse from the sheath are focussed
on an axial focal line. The ions leaving different points
on this line ha&e a various angles of divergence. The.
angular distribution of the ion energies depend on the
shape of the plasma-sheath boundary with respect to the
.optical axis of the orifice lens. When the sheath thick-
ness isAmuch greater than the orifice diameter, however,
the focussing properties of the orifice lens afe expected
to be small, since the hole subtends a very small solid
aﬁgle at the plasma-sheéth boundary, and accepts only
those ions which approach the orifice close to normal

incidence.



§ 3. 4. General Behaviour of Ion Energy Spectrum,

Varying the potential of the energy'analyzer; the
energy spectrum can be obtainéd as shown in Fig.10. It
is évident from the figure that the wall of the sampling
probe is covered by an ionic sheath such that the positive
ions experience an accelerating field, and the electrons
experience a retarding field on effusing through the ori-
fice of the probe. 1In this case the sheath potential
corresponds to the peak value in the ion energy spectrum.
The curve gives the differentiated translational energy
distributions of the positive ions effused from an RF
plasma.

As can be seen in Fig.10, the sheath potential proved
to be higher than that.is expected from the plane probe

5)

theory.2 So, we give here a physical interpretation

8,35) Due to the'presence of a cer-

for such phenomenon.
tain capacitance between the sampling probe and the plasma
and between the RF exciting electrode and the plasma, the
plasma potential is fluctuated by RF voltage applied to
discharge. .These capacitances act as a voltagevdivider
of capacity. The behavior of the sheath in the RF dis-
charge, therefore, can be illustrated by the equivalent

circuit as in Fig.ll. The fluctuations of sheath poten-

tial is seen from Fig.ll to be



C2 e
RF ~ C. Vrr © Vs ‘ (3-1)

[

1
between the probe and the plasma and between the RF excit-

where the capacitances C, and C2 represent the capacitance

ing electrode and the plaSma, respectively. VRF is the

RF voltage applied to discharge. Vs is the dc, component
of the sheath potential of the RF discharge due to a

rectifying action of D, between the plasma and the sheath.

1

Rl is the resistance in the sheath. Therefore, the ex-
planations of the following experimentél results of the
anomalies about the sheath potential (excess energy):;

(a) the excess energy increases according to the magnitude

28,31)

of the impressed power of RF oscillator, (b) the

insertion of the electrical shielding screen decreases

30)

the excess energy, (c) the excess energy increases

according to the increase of the diameter of dischargé

29)

tube and (d) the excess energy increases according to

3)

the decrease of the discharge pressure3 are as follows.

Phenomenon (a) is the increasing of V (b) is the

RFI

decreasing of Cor (c) is the increasing of C, and (d) is

2
the decreasing of Cl,respectively.



§ 3. 5. Descriptidn of Theory

3. 5. 1. Physical situation

It is necessary to consider a plasma containing an
electrode which is driven negative with respect to the
plasma. The electron temperature will be of the order
of 5 eV, the ion temperature much less. .The effect of
the applied potential is fifst to drive electrons away
from the electrode, creating a positive ion sheath, and
then to act on the ions. Because of the smallness of the
mass of the electrons compared with that of the ions a
first assumption is that the electron movement occures
on a much faster time scale than that of the ions, and
providing the rate of change of applied potential is not
too fast, movement of the electrons’under the applied
forces may'be considered instantaneous.

At any given instant there will be a transition
region at the edge of the plasma in which the electron
density is steadily decreasing over a distance of the
order of the Debye length. This leads into a region
almost entirely devoid of electrons and in which the
movement will be dominated by ionic space-charge. In
practice the magnitude of applied potential will ensure
that the thickness of the iQnic'sheath will be very much

greater than the Debye length. Then, we can define the



boundary between the purely ionic sheath and the plasma,
within a distance of the order of the Debye lengtﬁ.

The energy of the ions at the plasma boundary will
depend on the dynamic situatién: in a steady state they
will have a velocity of the order of the Bohm velocity
(kTe/m)l/z; in a rapidly changing situation field pene-
tration of the plasma will not have acted for sufficient
time for them to acquire this velocity, and a value of
(kTi/m)l/z, the thermal velocity, is more appropriate.
The minimum value of applied potential of interest is of
the order of 100 volts, and with an electron temperature
of 5 eV this figure gives eVp/kTe ~ 20. For ions with
their thermal velocity this ratio increases by a factor
of ten. .

| If the applied potential (plasma potential) rises
rapidly with respect to time the electrons move back into
the plasma leaving an ion sheath of thickness s given by
direct application of ﬁoissonﬁs'equation to a region of
uniform charge density en, as
ZeOVp)l/z . ) (3-2)

en
e

s = (




In terms of the Debye length

e kT 1/2 |
A = (_.._o__._) ¢
D ezn ’ (3-3)
‘g : .
( AD ~ 0.6mm at T = 5 eV and n, = lolo/cm3 )
we have
2eV 1/2
S _ P -

In the worst case at the minimum plasma potential this
is of the order éf ten.

The electric field in the transition region will be
of the order of kT/ekD. The average field strength in

-the sheath is given by
vV en V 1/2

B= (—2R) " = EI ¢
s Zeo | ekD

eV 1/2
P
2KT

. (3-5)

Hence the average field strength in the ionic sheath

is at least several times that in the transition region.

8,31)

3. 5. 2. Formulation of the prbblem

In the analysis physical and mathematical assumptions
are as follows:

(1) The ion velocity is modulated by a time variation of

- 23 -



the plasma potential,
V,(t) = U + Veos(ut + ¢), ' . (3-6)

where U, V and w are the dc component of the plasma
potential,Athe amplitude of the time varying component.
of the plasma potential and the angular frequepcy of the
RF field which is applied to the discharge, respectively.
(2) The‘thickneés of the ion sheath is not.displaced.

(3) In this regibn the spacé charge field can be neg-
lected i.e., vacuum.

So that it can be assumed that dc and ac potential
applied between parallel plane electrode in the Vécuum
as illustrated in Fig.l2. The instantaneous electric
field strength in the gap is

Vp(t) 1 .
E(t) = = —g-{U + Vcos (wt + ¢)1}, (3-7)

S

where s is the gap length (ion sheath thickness). The

equation of motion for an ion is then

2

dz _ _eU -
) = ms{l + acos(wt + ¢)}, (3-8)

where e/m is the ratio of charge to mass and the

fluctuation a = V/U is the ratio of the peak ac voltage



to the dc voltage, which is smaller than unity. Letting
'z be the displacement of the ion from the plasma-ion
sheath boundary and integrating Eq. (3-8) twice, we obtain

the ion velocity and the displacement as follows.

d U . . |
-a%- = _1?1_3' {t +% sin(wt + ¢) "% sin} + Vo (3-9)
and
z=-:—lg-{%—t2 ——a—fcos(wt+¢) —% cos¢
W w
o . .
- - tsingl + vit, . (3-10)

where it is assumed that the ion is emitted at ¢ with

initial velocity v, and zero initial displacement. The

0
transit time of the ion T which traverse over the distance

s is determined by the following equation.

2
2 - 2(% sing - 22 v 2ms

et VolT T Teu = 0 - (31

where it is assumed that wt is very large. Therefore the

transit time of ion T (positive value) is given by

" 21/2
o _. ms 2 2ms
+ {GE'Sln¢ - — Vo) + _Eﬁ—} .

o . ms
T =—8si -—
w né v el

eU "0

(3-12)



The velocity of the ion across the sheath v is, then,

defined by
dz = {T + —2-51n(wt + ¢) - —g-sin¢} +vv
dt _ ms w 0
t=1 ) :
(3-13)

Substituting Eq.(3412) into Eg. (3-13) results in

_.eu o _. : 0 . . _ ms -2
Vo= ;—6-51anT.+ o) + {(—6-51n¢ —gﬁ-vo)
2ms2 1/2
* Ter 1L ' (3-14)

Using Eq. (1-14) the final energy of the ion E is expressed by

_ Ll
E = 5 mv
mvo2 VOV
= eU *'?ET (—*— 51n¢) 5~ T Tgp Sin¢
{— sih(wr + ¢)}2
2m dw ,
2eU,1/2 ev _. 1 et o _.
+ (——a—) _ —55-51n(wr + [ 1+ 2_{ 5m so Sing
2
J [0 42, -
2eU ,
.2 ' ' :
mv
~ 0 2eU eV ., _
= eU + 3 + , = ™ sin(wt +¢). (3-15)



Finally, we obtain the energy dispersion of ion AE as

follows.

E - E_ .,
max. min.

eV 2eU .
sw v m sin(wt + ¢)|max.—min.

2eV /2eU  (3-16)

ws v m

AE

The energy dispersion therefore is inversely proportional
to the angular.frequency of the RF field, inversely
proportional to the square root of the atomic mass and
proportional to the amplitude of the time-varying compo-

nent of the plasma potential.

§ 3.6 . Results and Discussions

3. 6. 1. Dependence on an RF exciting frequency

A study is made for the energy dispersion of ﬁhe
positive ions effused from an RF‘plasma AE as a function
of the various RF exciting frequency f as shown in Fig.13.
From 10 MHz to 85 MHz, AE is almost proportional to 1/f
- when the plasﬁa_sou:ce is adfusted for optimum operating
conditions. The mean kinetic energy of the ions E is
102 eV. The expected relation between AE and £, based

on the assumptions described in § 3. 5. is AE « 1/f.
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This relationship is also shown in Fig.13. Experimental
and theoretical results are in good agreement at constant
mean kinetic energy of the effused ions.

3. 6. 2. Dependence on ionic mass32)

Ionic mass analysis is made by the quadrupole mass
filter. Several distinct operating characteristics of
the mass filter make it well suited for the dependence
of energy dispersion on ionic mass as described in § 2. 2.

To conduct m/e dependence studies satisfactorily,
one must first establish the same discharge condition.

As the most convenient method, we use the RF discharge
produced in air which is a familiar example of mixed gas.
A sample spectrum from an air gas discharge is shown in
Fig.5. Scanning point of the mass filter located at the
each of these ions, the energy dispersion on ionic mass
is accompanied by varying the potential on energy analyzer
and measuring the corresponding ion current. Thé depend-
ence of the energy dispersion oh ionic mass is shown in
Fig.l4. The mean kinetic energy of the ions is 124 eV.
These values are expected to be.inversely proportional

to the square root of the mass from Eq. (3-16). The pre-
dicted dependence is also shown in Fig.l4. Theoretical

and experimental results are in good agreement at constant



mean kinetic energy of the effused ions.

3. 6. 3. Dependenée on fluctuation of sheath potential

In Fig.l1l5, we show the dependence of the energy

2+ ion on the sheath potential, when
the discharge pressure P is varied from 5 x 10—S to

8 x 10-3 Torr. According to Egs. (3-1) and (3;16), the

dispersion AE for N

energy dispersion is proportional to the excess energy
and it is coincident with Fig.1l5 at low pressure (P 7
X 10»4 Torr). Where the mean free path for charge trans-

fer is relatively large, many of N * ions manage to trans-

2
verse the sheath with no collision with the ambient gas

+
2

reach the probe and ion kinetic energy approaches the

molecules. Thus the high energy N ions are able to

full sheath potential. In comparison, however, at higher

3

pressure (P 2 3 x 10 ° Torr), where the energy of ions is

less, and high energy N * ion groups disappear from the

2
observed energy distribution and the energy dispersion
become larger. Further, if collisions occur within the

sheath, both the ion composition and the sampling effi-

ciency are heavily influenced.



§ 3. 7. Conclusions

An ion extraction model for plasma—sheath system
from an RF plasma and its equivalent circuit are presented.
All phenomena about the energy anomalies with this model
afe qualitatively fully explained.

We also pioposed here that the energy dispefsion of
positive ions effused from an RF plasma, under the assump-
tion that the ion velocity is modulated by a time varia-
tion of plasma potential, is inversely proportional to
the angular frequéncy of the RF fieid,'inversely propor-
tional to the square root of the ionic mass and proportional
to the amplitﬁde of the time-varying component of the
potential, theoretically. Experimental results which
support the assumptions are obtained.

From the facts described above we may conclude that
the level of plasma turbulence affects definitely on the

energy distribution.



CHAPTER IV

%
Energy Distribution Function of Ions

§ 4, 1. Introduction

A characteristic feature of a plasma is the existence
of a spectrum of collective oscillations or plasma

13~15,38) The frequency and velocity of propagation

waves.
of these waves are determined by the wave vector and by
the gross parameters of the plasma such as density, mean
velocity spread, magnetic field, etc., and this situation
is a refleétion of the fact that all of the particles in
the plasma are participate in the plasma 6scillations.

When one examines the growth (or damping) of the oscilla-

tions, however, the role of participation is different.

* The main part of this chapter was published in Phys.

Lett., 32A (1970) 279, and Plasma Phys., 13 (1971) 71.



Growth (or damping) is determined by the "fine detail" of
the particle distribution in phase space, for example, by
the.derivative of the velocity distribution function; this
situation reflects the specific role played by resonance
particles (i.e., particles for which the following condi-
tion is satisfied: wg - ﬁ? =nw, :n-= 0, 1, 2, ---; here

wi and X are‘the frequency and wave vector that characterize
the wave, ¥ is the particle velocity, and We = eB/m). These
particles are capable of exchanging energy with the waves
and can thus amplify or daﬁp it. To invesfigate such |
phenomena, knowledge of the ion veloc;ty distribution -
function f(v) is required. 1In this chapter, f(v) is deduced,

and the relations between it and the electrostatic insta-

bilities are described.

§ 4. 2. Experimental Procedure

" A schematic diagram and the photograph of the experi-
mental setup are shown in Fig.2. Plasma is produced in
electron cyclotron resonance (ECR) condition by Lisitano

type coil,39’40)

which consists of a slotted cylinder of
3.0 cm in diameﬁer and 10 cm in length fed through a coaxial
| input connector with a 0 to 100 watts RF power (CW) at a
frequency of 2.45 GHz. The plasma container is a Pyrex

glass with a diameter of 10 cm and a length of 30 to 100 cm.

A schematic diagram of the coil is shown in Fig.l6.



The coil can be regarded as a slotted microwave antenna
folded onto a conducting metal cylinder (stainiesg—steel)
so that the electric field across the slot lies in a plane
perpendicular to the coil axis. A conducting cylindrical
shield is placed coaxialy over the slotted cylinder to
'prevent out-ward radial pbwef loss. Then, power can
radiate only'as TE or TM modes insidé the slotted cylinder.4l)
One end of the slot is one-quarter wave-length long to
isolate from the power feed. The rest of the slot, which
is folded onto the coil and feeds the enérgy to the plasma
have the length with a nonintegral number of half-wave-
lengths to avoid an impedance mismatcﬂ where the power is
fed into the coil. Even in absence of plasma the coil is
not radiating, the diameter being smaller than the cut-off
of the wave-length used. Owing to a careful design of a
coaxial transition to the input gap of the slotted line,
no impedance matching device is necessary. In absence of
the.plasma the reflected power is large, because the trans-
mission liﬁe, slotted over the interior tube of the coil,
is shortcircuited at the end of the line. However, in
presence of the plasma an excellent impedance match is
obtained. The slotted line is immersed in an axial diver-
gent magnetic field set for electron cyclotron resonance
in the line.

The energy distribution function of ions is measured

by the 90° electrostatic energy‘analyzer. To identify the



plasma ions, the quadrupolé mass filter is used. The low?
frequency oscillations are detected by analyziﬁg the spect-
rum of thé ion saturation current drawn py Langmuir probes.
The electron temperature and the electron density are measur-

ed by Langmuir probes.

§ 4. 3. Some Features of the Plasma

4, 3. 1. Plasma Striations

We observed the formation of plasma striations in this

0)

plasma.l At a constant RF power and background pressure,

we change the magnetic field slowly, and approach to the
ECR condition. Then we put the field corresponding to the
exact ECR field B

When the position of B, is in a region

0° 0
1 in Fig.l16, we observe a single plasma striation along the
magnetic field lines (Case 1). The location of it is off
the magnetic axis and azimutally neér the input point of the
RF power. An rms voltmeter with a frequency range 10 Hz

to 1.MHz is used in thé measurement of the persentage of
fluctuation in the ion and electron saturation currents to

the probe { (AT/I), o (AI/I) } and in the floating

. electron
potential fluctuations eAcb/kTe (normalized to the electron
energy). The observation at the pressure of 2.5 x 10_5

Torr, these values are 10 %, 8 %, and 0.3 %, respectively.

is

Further increase of the magnetic field strength, Bo

in a region 2 in Fig.l6, causes multiple striations.



With further increasing of the field strength, B, is
in region 3 in Fig.16, we‘obtain a well-developed,.i. e. ,
‘,.quiescent‘plasma. Then rms fluctuations Pf the plasma, at
the.piessure of 2.5 x lO_5 Torr, above values are 1.6 %,

1.3 &, andIO.l %, respectively (Case 2). At higher pressure
(P > = 10-4 Torr) however, the plasma is noisy (Case 3).

We find that transitions between the different number
of striations are very sudden. Since we can’change the
number osttriations at a constant RF power and pressure,
the observed striations can not simply be related to the
coil, which has 12 slots in this experiment. It is more
‘conceivable that different modes are'p;eferentially excited
by the coil as the plasma temperature and density change.

As we change the magnetic field strength, the rate of power
transfer changes. Thus, the temperature and density of
plasma can be changed with the magneticvfield strength.

At the same time, because of the strong interaction between
waves and the plasma through heavy damping and the consider-
able changé in medium cﬁaracteristics, the RF field excited
by the coil changes modes with different magnetic field

strength.

4, 3. 2. Electron Temperature and Density

Langmuir probes are used to measure the electron

temperature and electron density; The plasma properties are



measured as a function of position and the externally
controlled plasma conditions, such as RF power, pressure,
and magnetic fieid.‘ .
The probes consist of a tungsten wire, of 0.1 mm dia-
meter, insulated by a drawn—down quartz tube, except for an
exposed length of 2 mm. The radius of the cylindrical

. probe is léss than the Debye lenéth and much less than the

ion Larmor radius, so that the measured probe curves can

be interpréted by using thé orbital theory of ion'collection
in the absence of a magnetic field. Details of the data
analysis are given in Section 2-4.

Figure 17 shows the electron temperature and the electron
density as a function of hydrogen pressure. Figure 18 shows
the radial profiles of ion saturation current and floating
poténtial for various flow rate. The average temperature
decreases with increasing flow, while the electron density
increases substantially as the flow increase. The profile
appears to be radially limited by the coil inner radius
.(1.5 cm). Electron températﬁre varies from 3 eV to 25 eV,.
and electron deﬁsity from 3 x 108 to 6 X 1010 cm_3, depend-
ing on theicoupled RF power and the pressure. Experiments

are carried out in H.,, He, Nz, and Ar gases.

2
Two different kinds of low-frequency density fluctua-

tions are observed: the first dominant one lies between 10

to 100 kHz at the Case 1, and with a maximum of wave ampli-

1)

tude in the central region of the plasma column,1 and the



second dominant one lies between 1 to 15 kHz at.the Case 3.
It is localized with a maximum wave ahplitude mainly at the
boundary of the plasma column. The firs? wave presents a
freqﬁency dependence on the ion mass and on temperature

which is characteristic of electrostatic sound waves, which

11)

will be described in detail in the next Section. The

behaviour of the second kind of waves is peculiar one of

2)

the drift waves,4
43)

which will be described imn an Appendix

A-1.

4. 3. 3. Plasma Composition (ionic species)

The fragmentation pattern of hydgogen is illustrated
in the mass spectrum 6f the observed ions H+, H2+, and H3+
are shown in'Fig.l9. The individual ion densities may be
estimated if (1) the singly charged ions detected make up
the total ion population in the plasma (H+,_H2+, and H3+
are the only ions detected with the mass filter), (2) the
each ion has an equal ion temperature, and (3) the instru-
ment has an equal over-éll sensitivity for each ionic

species. The magnitudes of the individual ion currents of

the ion sampling characteristics indicate an ion current

ratio (Fig.19-(a)), Igt s I+ : I, +o0f 1 : 12 : 3.1.
Hy Hy
The ion density ratio is found from the relation
n+ :n._+ :n_+ = (Iml/z) + (Iml/z) + 3 (Iml/z) + to
H H2 H3 H H2 H3
be 1 : 17 : 5.7, where m is the mass of the ion.



The composition of the beam of ions extracted from the
plasma at low electron temperature is, therefore, mainly
molecula. Estimated densities of the charges present in

5 Torr and an

the hydrogen'plasma‘at a pressure of 5 x 10~
electron tempefature of 7;1 eV are given in Table 1. De-
pendence of the individual ion currents on»the electron
temperature is shown in Fig.20. In general, fragmentation
is enhanced at higher ion masses are more aboundant at
lower RF power and higher pressures, i.e., at low electron
temperatere. More detail discussions will be presented

in Appendix A—2;44)

The observed dependence of the phese velocity on

plasma density as will be described in Section 4. 5. 2
2+,and H3+

are present in the plasma. In general, for ions of dif-

can be explained by the fact that H+, H ions

fe;ent masses m;, m,, m --= with densities ny, ny, n

3’
- (Zni = 1) the phase velocity is given by

3’

v, « (k1)l/2 (ny/m) + ny/m, + ===).  (4-1)

ph.

The variation of frequency with RF power, which at first was
not understood, i.e., by increasing the RF power et higher
temperature is achieved but the frequency of oscillations is
higher than the expected ones from on the temperature, is ex-
plained by an increase of tﬁe density of H' relative to the
densities of H2+ and H3+. Obtaining a reliable information

about the microscopic properties of plasma, some knowledge

of the plasma composition are, thus, required.
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§ 4. 4. Determination of Energy Distribution Function

(Maxwellian Distribution Function)

As far as we know, there was no experimental evidence
of the existance of the distribution function and tempera-
ture for each ion species. We now use a simplified model,
and describe the experiments carried out in the quiescent
and collisionless RF plasma (case 2). We compare the ex-
perimental results with the predictions of the model.

Let us now assume that the ions at the entrance of the
ion sampling probe obey the Maxwellian distributidh of ve-
locities along a radius in velocity sp;ce, and are 'isotrop-
ic' within a cone in velocity space of half angle 60 (Fig.21).
It is also aséﬁmed that the velocity distribution is axi-
symmetric about ¢, the aiimuthal angle in'velocity.space.
This is equivalent to the assumption that the particle motion
in the magnetic field is 'adiabatic' in the sense of preserv-
ing the magnetic moment of the particle, so that at a
particular location of the ion sampling probe with respect

to the plasma, the 'escape cone' angle 6. is not a function

0
of particlé energy. In order to make possible an analytical
study, it is assumed that the magnetic field lines, electric
field, and analyzer axis are parallei. The source of this
plasma is assumed to‘float at some potential Vp with respect
to the grounded zero reference of potential at which analyzer

is operated, so that an electric field may exist between the

plasma and the analyzer.



The plasma at the analyzer, according to the stated

assumptions, will have a distribution function in ,velocity

space given by Loeb,45)
) v2 v 2
dn(v;6,¢) 372" 3 exp[-(—;— ) “1sin6dvdede,
L v 0
0
0 <6 =<6, (4-2)

where v and v, are the particle speed and most probable

speed m/sec, respectively. n, is the particle number

0
density of source particles/mB. The most probable speed

Vo is given in terms of the kinetic temperature kT = eV0
by
2eV
_ |2kT _ 0 _
Vo T m B m ! . (4-31

where k is Boltzmann constant, T is kinetic temperature °K,
V0 is the particle kinetic temperature eV, and m is the
ionic mass. With the aid of Fig.21, the speed v may be

written in terms of the velocity v, along the analyzer

axis,

v = v?sece. (4-4)

If Eq.(4-4) is used to change the variable of integration
from v to v, in Eq.(4-2), and an integration over the

azimuthal angle 0 £ ¢ £ 2T is performed, one obtains,



2

2n0vz v _sechH

exp [-(———
ﬂ1/2v03 Vo

dn(vz,e) = )2]sec26tan6dvzd6. (4-5)

The differential current density in amperes per square

meter of particles.impinging on the analyzer is

dj(vz,e) = evcosedn(v,a) = evzdn(vz,e) , (4-6)

where j is the current density, A/mz. Substituting Eq. (4-5)

into Eq. (4-6) results in

2n0e v vzsece

. Z 3
dj(v,,8) = 172 ( vo? eXP[—(_T

)2]sec26tanedvzd6.

(4-7)
Integrating this velocity distribution over the cone in

velocity space which contains the particles 0 < 8 < 8

‘ 0
yields
2n0e % 3 vzsece 2 5
dj(Vz) = > |V exp [~ (———) “] sec“6tanbdbdv
Z v z
v0 i : 0 .
0 ,
n.v v v _sech
= 0 2z _ zZ 2y _ _(_2 0,2
=e—7 [exp{-(—<=)"} exp{-( < ) }]dvz-
T v0 0 . 0
. ' , ' : (4-8)

When the analyzer is set at some potential V > Vp’
the total transmitted current of positive ions to the collec-
tor is givenvby integrating Eq. (4-8) over the range

. < < -
v v_ £ «, where
z0 - "z '



3 e v _
Voo = / — (v Vp) ’ (4-9)
and therefore the total ion current density is

en v _sechH

. 0 Va2 0,2
j = —5— | 2v_[exp{-(=)"} - exp{-(—=——)"}lav, .
2Trl/2v0 z Vo Vo z
vzo
(4-10)

Performing the integration and substituting Egs. (4-3) and
(4-9), one obtains, for the collector current as a function

of analyzer potential,

2
V - V. )sec™ 0
( p)

j ='Eg§;%*[exp{-(z—%—zg)} - cdszeéxp{— v 011.
o 2m o - 0
V2V | | (4-11)

P

* The maximum possible current available to the analyzer
occurs when V = Vp’ because all particles emitted by the

plasma are collected. This current is then given by

n.ev
0

. _ 0 .2 )
Jmax. -—#m—-—Sln 90. (4-12)

If thebvelocity distribution of ions in the plasma
is , thus, isotropic and Maxwellian with a temperature kTi’
a simple relation is obtained between the energy spectrum

measured and the energy distribution of ions in the plasma,
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i/e.,’

Gd= ve ) GE v?sinedsas « Eexp (’12%;)' (4-13)
where dj/dE is energy distribution ofrion current, whiéh
is measured by means of the 90o electrostatic energy ana-
lyzer, f(v) is the‘velocity distribution function in the
plasma, sin6d6d¢ is solid angle in the velocity space,
kTi is ion temperature in the plasma and E = e(V - Vp) is
the thermal energy of ions. The plasma potential V_ is
equal to the measured cut-off energy of the spectrum.46)
Figure 22 is a plot of the logarithm of the dj/EdE as a
-function of ion energy used in determining the ion tempe-
rature, whiéh agrees with the enérgy corresponding to the
peak in the spectrum. We also sée_a straight line over
almost one order of magnitude in dj/EdE. These‘suggest
that the velocity distribution of ion is close to a Max-
wellian distribution. Figure 23 shows the measured ion
temperature as a function of the applied RF power at
constant pressure. The ion tempefature is, thus, smaller

than that of electron.



§ 4, 5. Electrostatic Instability

(non-Maxwellian Distribution Function)

4. 5, 1. " Introduction

Collective interaction between plasma particles in

electrostatic waves is known to Landau growth or Landau

damping.47)

In order to understand weil such’ phenomena it
is necessary to know the velocity distribution functions of
plasma particles. During the last few years this subject
has been investigated experimentally yith some success.48~50)
‘Control the distribution functions is more desirable for
‘this purposé. For studying a two-stream ion instability
Gabovich et al. produced.two-ion beams flowing in the same

51,52)

direction with different velocities. Andersen et al.

' reported to‘have a double-humped ion velocity distribution
functiop so as to investigate Landau growth of ion acoustic
waves.53) |

Thé existence of ion acouéfic waves excited spontane-
ously or externally, has beeﬁ discussed by several authors.54~62
However, the ionic energy distfibution function in a plasma
has not been examined. In th;é section, experimental
confirm?tion of the effects of the energy distributions of
ions on the ion waves is described. With strongly non-

Maxwellian distribution, the ion acoustic wave is excited.lz’lB)



‘One of the problems in fusion research in résent»fears,
while, has been thelpossible correlation between fhe
presence of finite-amplitude instabilitieé and anomalous
diffusion in the plasma. Most fusion experiments are
designed so £hat the effect of such a correlation is mini-
mized. The usual method of achie§ing this object is by
uéing complex containing magnetic fields. Another way,
however, has been proposed, in which a feedback method is
employed in order to stabilize the instability in the plasma

63769)  The method essentially relies on being able

system.
to detect the presence of an instability and then arranging

a feedback of the signal with the correct amplitude and

phase such that an external constraint is applied to the
plasma in order to damp out the instability. This technique
has already been demonstrated fairly successfully on drift
instability (Appendix A-1l). We report here some experimental
results obtain from empléying the new method on an ion acou-

stic instability.12'13)

4. 5. 2. Results and Discussionsl3)

The low-frequency oscillations can be found under the
certain conditions. A few £ypical examples which we obsery-
ed about the relation between the frequency spectra and the

profile of energy distribution functions for the ions are



as follows. Wheh the position of B0 is in a region 1, as
described in Section 4. 3, we observed a single striétion
in a cold plasma along the magnetic fieldhlines. Then the
low—freéuency oScillations are excited spontaneously as
shown in Fig.24 - (l-a). 1In this case the energy distri-
bution for the ions is as Fig.24 - (1-b). The distribution
fuﬁction consist of two parts, one is a Maxwellian-like and
' the other is beam-like uniform higher energy. Increasing
of the magnetic field intensity caused multipule striations,
and the complicated oscillations and the distributions for
ionic energy are observed. When B0 is in a region 3, no
oscillations are observed as shown in Fig.24 - (2-a), and
the energy distribution for the ions consists of é single-
hump which is a Maxwellian-1like disﬁribution as shown in
Fig.24 - (2-b). Thus, it can be regarded that the energy
distribution function for ions is related to the modes of
the plasma and the striations, and the presence of a double-
humped distribution‘function for the ions leads to the
instabilities. .- With the increase in the intensity, we
observed the broadening of oscillation spectrum and complex
beam-ion energy distribution function. Measurements of the
5eam distribution function show that the instability is
heavily damped at higﬁ plasma densities and exhibits a

maximum at intermediate densities. These phenomena based



on thé magnetic field intensity also have hysteresis.

- The observed low-frequency oscillations are inter-
preied in the following manner; the fixed frequency is
assumed to be determined:by a sténding ionic sound wave,

as given by54)

A m,

f = (4-14)

where f is the observed frequency in cycles per second,

A the wave-length, vy is 3, k is Boltzmann's constant

in ergs per °K, Te and Ti are the electron and ion tempe-
‘rature in °K, and my the ionic mass in grams. The wave
extends along the plasma column, parallel to the magnetic
field. For the fundamental mode of oscillation, the
ﬁave—length is twice the length of the plasma column in
centimeters. Therefore,Afor a given length of the plasma
column, keeping Te’ Ti’ and m, cohstant, the wave-length
of the self-excited wave should adjust itself to a value
depending on the plasma boundary. The measured frequency
should then have a dependence on T = (Te + Ti)/2 and m,
as f.does. The waves, detected by means of a negatively
biased Langmuir probes are coherent, almost sinusoidal.
The frequency and amplitude of the ion wave are measured

- in several lengths of the plasma column L. It is notice-



able that the frequency decreases as the axial wave number
.(ﬂ/L) increases. The predicted dependenc? of frequency
- on the length of the plasma column appears to be correct.
In Fig.25 the_temperature calculated by means of wave
frequency measurements vérsus temperature measured directly
by Langmuir probes and the e;ectrostatic energy analyzer
(see Sec. 4. 3. 2, and Seé. 4. 4) are plotted for hydrogen,
' hel;um,'nitfogen, and argon.plasma. Good agreement of
{ﬁéaSured values with‘calculated ones are obtained, where
the compositions of plasma are considered as described in
Sec. 4. 3. 3. Thus, the frequency of éach system agree with
those prediéted by the ion acoustic wave formular in terms
éf temperature, the ion mass and £he dimensions of the
system. We can coﬁclude, therefore, that the observed low-
frequency oscillations in oﬁr plasma can be regarded as ion
acoustic instability.

The amplitude and the frequency of the ion wave, at
>a fixedAmagnetic field, can be controlled by varying the
pressure. As the pressure increase the amplitude increase,
reaches a maximum and then deérease; at the same time, a
certain decrease in oscillation frequency is observed.
Figure 26 shows the depehdence of amplitude on pressure.
The ién'wave strongly damped by unionized gas present in

the plasma. Gas damping occurs because collisions between



the plasma ions and the gas atoms rob the ions of theif-
coherent ion wa#e motion. A large energy loss occurs in
the collision by two kinds of energy los§ effects. The
first one is due to the slowing down of ionic energy.
The second one is due to the angular deflection of the
‘ions. Only the parallel momentum to the ion wave motion
correlate to the souhd wave. Thus, the scattering of an
ion elastically through a right angle by a much heavier
gas atom would not reduce the ion's kinetic energy appre-
ciaﬁly, but would deprive the ion sound wave of almost
all energy.

~In order to suppressed these inséabilities, we applied
a cusped mégnetic fiéld as shown in Fig.27. Increasing the
cusped field, 0 to 300 Gauss, the double-~humped energy
distribution fuﬁcﬁiﬁn for the ions chahges to the single-
humped one, and £he instabilities are suppressed gradually.
Typical examples which we observed about the relations
between the frequency spectra of probe 3 and the profile
of the'energy distribution function for the ions (1) without-
and (2) with-cusped field are shown in Fig.28. As is seen
in this figure, there is a strong stabilization effect.
It méy be noted that in addition to thé fundamentalvfre—
quency w, also the harmonics wz'aré suppressed. Therefore,
it is.cohsidered possible that the effect of the ion energy

distribution shows decisive influence, the motion of_ions



is randomized by the passage of £he cusped field, i.e., the
plasma beam passes throdgh the field, some of thevaxial
kinetic energy df the pérticles in the plasma may be chang-
ed into the rotational energy, so the energy distribution
function changes to a Maxwellian-like distribution.

In sumarry, if the energy distribution function for the
ions has no minimum, i.e., single-humped distribution
function, such as a Maxwellian distribution, there is no
instability, while the presence of a deep-enough minimum,
such as double-hump in the distribution function leads to
the electrostatic instability. It is ?mportant, therefor,
the conditions necessary for stability are less restrictive
than the sufficient conaition: df(v)/dv < 0 for all the

species.

4. 5. 3. Theoretical Considerations for Data Evaluations

It is well known tﬁat a éyétem consisting of a plasma
and a beam of charged paftic;es that passes through the
plasma can be unstable under certain conditions.70~75)
This is so-called electrostatic instability.

Inbanalyzing the interaction of a beam with the plasma,
we shall limit to one-dimensional electrostatic waves.

Assume that the ion distribution function has the form shown

in Fig.29. The second maximum represents a diffuse beam



‘of ion supgrimposed on the main group'of thermal ions.
As we know, such a velocity distribution is unstable:
Langmuif waves with phase velocities in the region where
df(v)/dv > 0 will increase with time, since the number of
ions overtaking a wave ana transfering energy to it will be
larger than the number of ions withdrawing energy from it.
Thus, as a results of Landau's inverse damping mechanism a
- group of wave will be built up, thevphase velécities of
which covér the whole interval where df(v)/dv > 0.18)
" If the number of resonance particles is small, i.e.,
- the particlé density of the thermal ions, the growth rate
of the waves vy will.be_considerably smaller than the fre-
quency w. For y/w << 1, the interactioh between the waves
can be neglected and we can use the quasi-linear approxi-
mation, in whichthe only non-linear effect considered 1is
the reaction of the oscillations on the "background" the
averaged distribution function. The quasi-linear theory
can befind the energy loss of the beam and to determine
the shape of the spectrum of plasma waves in the system.ls)
It is, thus, considered possible that the development
of the observed instability'caﬁses some of the kinetic

energyof the striations to be converted into the plasma

wave energy.
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CHAPTER V

Conclusive Remarks

We conclude the followings:

1). The quédrupole maés filter with maximum resolving
power of 100 for 300 eV idns is constructed.

2). The électrostatic energy analyzer for low-energy
(> 10 evV) chafged particles with resolving power
about 170 is constructed.

3). Accurate energy distribution function for each
épecies afe obtained with these ahalyzers.

4). The technique described here makes possible a more
definitive study of the ion extraction mechanism from
the plasma: the energy dispersion of the ion beam
effused from the plasma is inversely proportional to
the angular frequency of the RF field, inversely pro-

portional to the root of the ion mass and proportional



5).

to the amplitude of the time-varying componeﬁt of

the plasma potential, respectively.'

It also makes possible é more definitive inférmation
about the microscopic properties of the plasma: the
presence of a double-hump in the energy distribution
function ieads to the electrostatic instability, i.e.,

particle—ane interactions can lead to instability.
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APPENDIX

§'A-l. Drift Waves42'43)

Drift waves occupy a special place in the speétrum
of collective plasma processes. Under laboratory condi-
tions, gradiehts in temperature, density, magnetic field,
and even impurity concentration are inevitable. Wherever
a gradient exists, a plasma current or particle drift
e#ists; drift waves are suppbrted by these gradients, and
_instabilities can tap the energy in the drifts. These
phenomena are important at plasma—vacupm and plasma-wall
interfacés.

The first drift instabilities were described by

Tserkovnikov.42)

He showed that in the presence of
temperature gradient in an inhomogeneous plasma, waves
propagating exactly across the magnétic field are unstable,
and that the phase velocity of these waves is similar to
the drift velocity of the particles. Following his work,
the stability of high—frequency modes, also propagating
exactly across thé field; was ihvestigated.76’77)
Stabilization of drift waves by RF electric fields
parallel to the magnetié field have been theoretically
predicted both at above the ion plaéma frequency and high

amplitudes,68’78)

and at frequencies comparable with the
frequency of the waves and smaller amplitude563) both in

collosionless and collisional plasmas. We report here



" the results of an experimental inveétigation on the stabi-
lizatioh of drift waves by an RF electric fields, in a
very wide ranges. o .

The experiments are performed in an RF plasmaAwhich is
shown in Fig:z. Diagnostics is made by means of radically
movable electrostatic Langmuir probéé. For detecting the
drift wave the prébe is biased in the ion saturation current
condition. The continuous RF electric field of frequency
varying from 300 Hz to.l MHz, and of amplitude 0 to 20 volts
- peak to peak, is applied bet&eeﬁ the Lisitano coil to the
ion saﬁplingvprobe.

In the present Ar plasma, spontaneously excited low-
frequency oscillations (1 to 15 kHz) are observed and identi-
fied as the drift wave instabilities, after making the impor-
tant correction for the finite ion inertia and for the plasma
rotation due to the radial electric field, which depends on

79) Radial profiles

the density and temperature gradients.
of ion saturation cu£rent (density); floating potential, and
the wave amplitudes are ﬁhown in Fig.30 (note that wave maxi-
ma are localized in the regionsvof important density and floa-
ting potential gradients).

In order to suppreése the wave, we applied an RF electric
field. The effects are observed in éﬁ appropriate RF fre-
qﬁency and field strength as is seen in Fig.3l. At the

condition of the drift wave suppression, increasing the RF

field strength, the different waves are excited strongly.



‘Figure 32 shows the stabilizing effects as a function of
RF frequéncy, at the given RF field strength. It.is éeen
that there are two regions where stabilization is effective
(suppression of the wave amplitude). One is at frequencies
near the frequency of drift wave, and the other~is of the
ion plasma frequency region, as were observed in Q-machine
plasmalao)
.Further results concerning the experimental and the-
oretical aspects of this work will be published elsewhere.

§ A-2. Chemical Reactions in the Plasma44)

Althbugh ﬁhe physicai properties of plasmas have
received considerable attention, the knowledge of collision
processes (in gas discharge it is generally the case that
ions in the plasmas suffer the strong coupled collisions
with neutral molecules, which lead to ion-molecule reac-
tions) occuring in. steady-state plasmas has advanced
relatively little. This is the result of}the complexities
involved in obtaining a represéntative sample of the ion
composition of steady—state discharge. The main purpose,
here, is to determine the relative densities of H+, H2+,
and H3+ ions as a function of electron temperature of the
vplasma (Fig.20).

Any process important to the formation of atomic ions

must compete with the hydrogen molecular ionization process,



+ ;
H2 + e - H2 + 2e. (A~-1)

Because of the distribution of electron energies, the rate
'aﬁ which any reaction proceeds depends oﬂ the onset énergy
'énd the cross—séction immediately beyond onset much more
sensitively than on the maximum cross-section. Since

reactions

H+e->H++H+e, -(A-2)

2

H2 + e » 2H+ + 3e, (A-3)

may be neglected, the atomic ions must be produced by a

. two-stage process. Possible processes involve the reactions,

H2+.+e+H++H+e, (A-4)

H2+e+H+H+e, (a-5)
and

H2+ + e » H + H. (A-6)

The number dénsity of molecule ions, however, is much
smaller than that of molecules so that the dominant process
seems to be reaction (A-5), i.e., dissociation, followed
by ionizafion of the atoms. By way of an example, Fig.33.
shows the decomposition levels of the hydrogen molecule.

The ion-molecule reaction,

+ +

H + H2 + H, (A-7)

2



-may contribute to the production of atomic hydrogen but
it is reversible. The most probable process for atomic ion

production is, therefore, reaction,

"H+ e ~» H+'+ 2e, (A-8)

which has é maximum cross—-section at an incident electron
energy of 40 ev and it is, thus, desirable that the mean
electron energy in the plasma should be as close as possible
to this value. This feature is almost certainly due to the
breaking up a fast molecular ions in collision with gas
molecules in the plasma, i.e., at higher electron tempe-

rature the collision induced dissociation,

Bt +m ~vt v m+w

- predominates. However, at lower temperature the ion-

molecule reaction,

+ + H, - H + + H, (A-7)

H, 2~ Hy

becomes prevalent as is seen in Fig. 20. This reaction is
exothermic by about 1.7 eV and is the most probable mode

of H3+ formation. The tri-atomic molecule Hy is unstable

against dissociation into H2 and H. Since the formation

of the H3+ depends on the concentration of both H2+ and HZ’

the percentage of H + falls as the percentage of H+ increase.

3
Use can be made of this to perferentially produce atomic or

1)

. . s . 8 .
molecular or tri-atomic ions, respectively. There 1is
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also a great interest in such ion beams as a means of study-

ing chemical reactions. . .

]
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Charge Species Number Density Percentage
Particles/cc Composition
electron 8 x 10° -
total ion 8 x 10° -
H 0.34 x 109 4.2 %
H,* 5.72 x 10° . 71.5 3
"t 1.94 x 10° 24.3 3

Table 1. Estimated densities of the charged species
present in the RF plasma at a pressure of
5.5 x 10"5 Torr and electron temperature

of 7.1 eV.
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Fig. 21 . Schematic drawing of velocity space with
particles confined to escape cone.of

half-angle 90.
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