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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 1.70) , and the quadrupole mass

filter with maximum r占solving power 100 for 300 eV ions

are described.

Accurate energy d土stribut土ons for each species are

obtained. 工on temperature and density ratio of each ion
●

species for steady-state RF plasma are also determined.

℡he technique described here makes possible to

obtain the def土n土t土ve 土nformation about the microscoplC
=

properties of plasma: if the energy distribution for ions

has no minimum (such as the Maxwellian distribution) ,

there is no instabll土ty. while the presence of a deep-

enough minimum, such as double-hump in the distribution

function, leads to an electrostatic 土nstabil土ty. AIso,

it makes possible a more definitive study of the ion

extraction mechanism from the plasma. which is described

in detail.

●
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CHAPTER 工

工ntroduction

The study of plasmas generally requires knowledge of

the plasma composition (土on土c species) and the state of

motion of the particles. One wants to know the abundance

of ions and their kinetic energy distributions. =t is

important to know them for understanding the microscopic
■

properties of plasma such as the plasma instab土1ities 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 particle energy･
･

=n the past few

years, energy- and mass-analysis for plasma diagnostics

has been given by several authorsrl-6) but these measure-

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

plasma･7,8) A composition and energy analysis of
･the

ion

out-put from the plasma are measured by ex-tractin9 the ions

through a small hole in a metal plane probe and subjecting

them to an 900 type electrostatic energy analyzer and a

quadrupole mass filter.7) 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:10･11) in the mass f土1ter′ such ion quantities
as

ener9y′ mOmentum Or Velocity are not variables of ion mass

separation. in contrast to the maコOr土ty of static and dyna一
■

●

mic spectrometers. which appears to be suitable for the

dependence of energy distribution on ionic mass.

でbe technique described here makes poss土ble 七o obtain

the definit土ve 土nformat土ons about the m土croscoplC prOper-
●

ties of plasma such as the electrostatic 土nstabilitles
12.13)

and the chemical reactions. '工t makes also possible to

explain the mechanism of ion extraction from a plasma′

which is important to determine the energy distribution in

the plasma.8)

でhe theory of plasma 土nstab土1it土es ba£ been treated

extensively during the last two decades, and recently a

number of excellent monographs have been written on the

subject.14-18) There exists, however, no comprehensive

discussion of the experimental results. This may be partly

attributed to the fact that the existing theoretical

- 2 -



analysis are incapable of including the complicated condi-

tions under which plasma 土nstab土1ities generally occur･

This is particularly true in the case
-of･self-excited osci-

llationsr which abound in many plasmas for wave-propagation

exper土ments･ such ins七abil土t土es are much harder to describe

theoretically than externally excited
waves.

Zn the following chapter we shall describe in detail

the basic elements of the system. namely. the quadrupole

mass filter, the electrostatic energy analyzer and Langmuir

probe. 工n chapter 3′ we shall repわrt on energy anomalies

of ions effused from an RF plasma. which seem 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, thらn also calculate the spatial

dependence of the energy dispersion of ions, since it is

of interest 土n many experimental appl土cat土ons. F土nally.

the energy distribution function Lof ions of the plasma

will be presehted. We shall describe some results not

previously published: particle-wave 土nteract土ons can lead

■

to damping, amplification, and instabilities.

J
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CHAPTER ==

Description of Measuring System

S 2. i. Outline of Measuring System

We shall describe the experimental set-up used for

the determination of the energy distribution functions

with respect to eacb 土on species and collision processes

in an RF plasma. A schematic diagram of measuring system

is shown in Fig.i. Plisma is produced by an RF power.

で九e pos土tive 土ons 土n 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

i.0 rum in diamet占r. 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. =nst. Plasma Phys. Nagoya Univ･, =PPJ-T-5 (1970)I
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experience an
accelerating field. The ions are directed

into a 900 electrostatic energy analyzer and then into a
●

quadrupole mass filter.7) A Faraday cup or Daly type
■

detector19) is set at the exit aperture of the mass filter

and is connected to a high speed pICOammeter and then to an
■

X -

Y recorder. CylindricalL Langmuir probes capable of

radial displacement are used to determine the radial profile

of electron tempe土ature. density, and space (that is, plasma)

potential. Low-frequency oscillations ar占detected by

analy2:ing the frquency spectrum of the ion saturation

current. Schematic diagram and photograph of the experi-
●

mental apparatus are shown in Fig.2.

The f,ollowing 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 土n this experiment.

i 2. 2. Quadrupo1占Mass Filter7)

℡he instrument used for mass analysis 土n this work is

●
●

a quadrupole mass spectrometer orlglnally described by

paul et al..20･21) The following serves as a brief expla-

nation of how an elec七rostatic quadrupole field can be

used for mass 岳eparation.

The electric potential, *o･ which is applied to the

poles of the mass filter has the form

- 5
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*o
= U +Vcosut, ●(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 土s

○(Ⅹ･ y･ z･ t) - (u+vcosut)(Ⅹ2
-y2)/ro2･

(2-2)

Where ro is the axis-pole spacing･ From this potential

we 9et the equation of motion for a cbar9ed part土cユ.e′ Ⅴ土z.′

m& dt2

d2y
m

-
-

J_-

dt2

and

ニ ー 2e(U + VcosLOt) ∴ ′

≡ 2e(U + VcosLJt)
i

ro-

d2z
m

二

■ニーニ

dt2

0 ′

Ⅹ

ro

2
′

(2-3)

(2-4)

(2-5)

Where m
and e are the mass of the ion and its charge,

respectively･耳quation (2-5) indicates that the ions

move along the z-direction with a constant velocity.
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The equations in x and y are identical except for the sign
●

in the second term. ェf we define α ≡ α

β≡ βⅩ=-βy′where

and β
4eV

-

α abd
y

2 2
mro u

(2-6)

then we can Writs both equations in the canonical form of

the Mathieu equation:

含･ (α - 2βcos2y)u - 0. (2-7)

where u represents x or y and y
=

ut/2. For the x direction

ve have a direct correspondence between the normal Mathieu

equation and the equation of motion. Wben β = 0. we have

the ordinary harmonic oscillator
''α" being the spring cons-

tant. The cos term introduces a time dependence of this

spring constant and it is obvious that if 6 is small compared

to α, stable osc土11at土ons will result′ otherw土se the time

dependent termLwill dominate and render an unstable solution･

For the y direction we have to replace α by -α to obtain

the stability diagram. =n order 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 α- and

β-values for stable particle orbits in the quadrupole.

- 7 -



Referring back to the definition of α and β we have

(except constant factors and frequency) α
-

ロ/m and
=

β -

Ⅴ/m,･ that is. α and β can be adjusted by changing the
●

dc and ac voltage (with frequency (山 held constant).

ェn a practical instrument one operates always in the

upper corner of the stability diagram and with a constant

ratio u/v ≡`入.でhis corresponds to a straight line in

the stability diagram (Fig.3). The value of ^ is chosen

so that only one mass number gives an α and β pair which

is inside the stability region. By varying the magnitudes

●

U and V simultaneously keeping A constant, one can lTpush'.

●

different masses in the stability re910n and 土n this way
●

use the instrument as a mass analyzer. We can change the

resolution by varylng 入1. Lowering 入means that the mass

sc?n line intercepts a wider portion of the stability

●

re910n and allows stable orbits for more th.an･one mass

nunber. This instrument can be said e/m analyzer since

neither the energy (like in the electrostatic analyzer)

nor the momentum (which appears in the magnetic analyzer)

I enters 土n the equation of motion.

Thus the distinct operating characteristics of this
l

apparatus for the present work are

(1); the operation of the mass filter is independent of

the energy dispersion for the ions and their 土n土tial

velocities. provided that the transit time of an ion

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

_ 8 _



of the ac field.

(2).･ the resolving power is easily varied= it has.a very

high transmission eff土c土ency. .

(3)= it is capable of operating at considerable residual

pressure ln the analyzer. allowin9 the plasma to be

sampled at relatively high pressures.

(4】三 nO Stray ma9net土c fields are 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 quadrupole rods are 30 cm in length-and
●

0.8 cm in diameter which are made from stainless-steel.

This is op.Crated at a frequency of 2 MH2: With a variable

voltage for scanning between i and 100 amu･ The operation

of the mass filter requires both a dc and an ac voltage to

be applied simultaneously to the quadrupole: The electric

circuit is shown in Fig.4. The signals must be 180o out

of phase. The components are selected so that the generated

voltage ranges from 0 to i 850 volts at a frequency 2 MH2:.

The dc potential Proportional to an ac voltage is obtained

by diode rect土f土cat土on. でhe symetr土cal variation of the

dc potential required by each pair of rらds is achieved by

an accurately ganged potentiometer. Mass scanning is acco-

nplished by manually varying the screen grid potential of
●

the amplifier. The ac/dc generator is des土9ned so that its

frequency土s stabilized to better than one part in 103.

-

-
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Through the use of feedback techniques the ac and dc

amplitudes are stabilized to better than one part in 104･

●

■

Such a precision are required implicitly by the stability

diagram for a satisfactory operation of the mass filter.

For the best results also the rods must have an extremely

uniform cross-section and must be pos土t土oned 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 土n order to し11; m土n土m土ze the effect of mass

discrimination present at high resolution, and (2) ,･ maximize

the transmission eff土clency. A typical spectrum from an

air gas discharge is shown in Fig.5. Prominent peaks are

obtainedよt m/e
= 14, 16, 28, 30, 32, 40, and 44. presum-

ably corresponding to N+, 0+, N2+ and CO2+, NO+I o2+, Ar+,

and N20+ and CO2+, reSPeCtively･ The mean kinetic energy

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

ref.7.

§ 2.L3. Electrostatic Energy Analy2:er

Hughes et･al.22,23) were t.he first to demonstrate the

particle-focusing properties of cylindrically symmetric,

electrostatic potential fields･ Later applications appear

in the 土on or electron energy Selector.

Zf a charged particle moves along the center line of

- 10 -



the analyzer, the equation of motion is given by
●

~

eE

2
mV

= ■■■■■■■■`■~■■■■~

r ro
(2-8)

where e 土s the electric charge, E the radial component of
r

the cylindrically sy-etr土c electric field′ ro 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

1 2

T
mV =E･ (2-9)

where E Is the energy of the ion.

The relation betwe9n the analyzer potential V and the

ehergy of the ion is obtained as

E-

2l.;r2rl･
(2-10)

where rl and r2 are the inner- and outer-radius- of the

deflection plates′ respectively･工n the present ease′ rl

and r2 are Set at●6･7 cm and 7･3 cm′ respectively･ Equation

(2-10) then becomes

E = 6.50 V.

- 11 -
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℡he resolving power RP of the analyzer with an

●

exit slit width s is given by
●

RP
E

AE土

r
= ･-･･･････････････････････････････････-

S
(2-12)

where AE. is the energy half width (energy dispersion)
1

■

of the instrumental function, which for a give.n beam

energy is the limit of energy resolution of the ana-

1y2:er. =n the present experiment, s and rrare set 0.35

rum and 70.0 mm, so that RP is about 200.

●

=n operating the energy analy2:er for low energy

charg･ed particles attentions are paid to the following-

points: (i) to avoid'the slitting 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 electrode岳 and adjust the

slit potential equal to the potential on the center line

of the analyze工■.

calibratibns for absolute energy and resolving power

are done by means of an electron gun. The analyzed beam

is collected 土n a'Faraday cup. でhe incident electron

beam at the entrance sl土t 土s.mono-directional and its

intensity is low enough to neglect the spaci'charge

effect inside the analy2;er. Th占observed beam energy

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

- 12 -



broad占r than the actual energy dispersion.because of the

finite resolving power of the electrostatic analyzer.
●

The apparent energy dispersion AE can be'represented by
a

AEa2-AEi2･AE2-

(i)2･AE2
, (2-13)

where AE is the actual energy dispersion and is independ-

ent of beam energy. Both the instrumental function and

the actual electron energy distribution curve are roughly

Maxwellian, and when they are folded together the result-

ant half width is given by Eq.(2-13).
.According

to the

Eq･(2-13), a plot of AEa2 vs･ E2 should give a straight

line having a slope of (i/RP)2 and an intercept equal to

AE2. such a linear plot is shown ln Fig･7 f- data taken

from a series of X-Y traces of the electron energy dis-

tribution curve for various beam energies. From the

slope of the line, RP is found to be 172. The agreement

is goodt in view of the considerable uncertainty in the

measured slit dimensions. The value of AE obtained by

extrapolation is 0.i eV. Energy dispersion of the

electron beam cau苧ed by an oxide cathode temperature

is of the order of 0.i eV. Thus, the energy resolving

power at least 170 for 10 eV electrons is obtained under

these conditions.

ー 13 -



5 2. 4. Langmuir probe24,25)

Cylindrical Langmuir probes (diameter - 0.i rnm¢.

1ength = 2 mm) are used to determine the electron density,

temperature and plasma potential. Figure 8-(A) shows a

●

typical recorder tracing of the voltage-cur工･ent Charac-

teristics with a probe situated n占ar the axis of the

plasma column. Figure 8-(B) is a plot of the logarithm

of the electron current as a function of probe voltage

used in determining the electron temperature. The ele-

ctron curren`ヒ 土s deduced from the total probe current

by subtracting the ion current obtained by a straight

line extrapolation (shown dashed in Fig.8-(A)). =n

Fig･8-(B) we see a straight line behaviour ov占r早Imost

two decades of electron current. This suggests strongly

that the velocity d土str土bution of electrons 土s close to

¢

a Maxwellian distribution. The election 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 radlus土s much small compared with the

ibm Larmor radius. theories for ion coliectidn in the

absence of a magnetic field should be applicable. More-

over, the probe radids is small compared with the electron

Debye le:1gth, thereby permitting the use of Langmuir-i

orbitaトmot土on tbeory･ Accord土叩tO this theory. the

- 14
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current 工 and the applied voltage V are related as follows:

2kTl i/2
Z =

2erLN(
m.

1
kT

)i/2【l

_三笠E)】l/2'.
(2_l･4)

e

Here r and L are the radius and length of the probe, N

the ion density, T･ and T the ion and electron tempera-
1 e

tures. m･ the 土on mass. and V the plasma potential
l p

(measured relative to ground potential). From Eq. (2-14)

we see that =2 should vary linearly with V. The intercept

of the straight line at Z - O yields the plasma potential

●

(with T known from Fig.8-(B)), and the slope of the curve
e

gives the density N.
●

- 15 -



CHAPTER ===

★

Energy Dispersion of =on Beam

§ 3. 1. 工ntroduct土on

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
●

Ⅳ fields acti叩directly on the ions.8′26-33)仙e ob-

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

than the applied ion extraction potential.8,26-33) 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ー,

_ibid..

28 (1970) 269. and ibid..

29 (1970) 187, Oyo-Butsuri, 38 (1969) 1114 and Res. Rep.

=nst. Plasma Phys. Nagoya Univ. =ppJ-87 (1970).
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the mechanism of the sheath formation and the ion beam

extraction and in determining the ion energies in 'the
●

plasma.
一

While the ion beams extracted from the plasma have

been used with positive accelerators and-or isotope sep-

arators′34′35) 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 h去ve as small dispersion in energy as possible, since

low energy beams are usually employed. =n this chapter

this situation ls studied 土n detail. .

§ 3. 2. Exper土mental Procedure

℡he experimental equlpment uSed 土s shown scbematic-
●

ally in Fig.9. An RF gas discharge is driven by RF

generators (10 - loo MHz) supplying a maximum power of

50 watts. The discharge tube is 20 cm in length and 6 cm

in d土ameter′ and ls made from Pyrex tube.

The positive ions in the plasma effuse from a fast-

flow system into a high vacuum (5 x 10-7 Torr) through

an ion sampling probe with a sampling orifice of i.0 rum

in diameter. other features of the apparatus have been

described in § 2. 1. already.

ー 17 -



§ 3. 3. Conslderat土ons of Experimental Techniques

工n view of 七he fact that electrons are much more

mobile than 土ons. we see a plasma must have a positive

potential with respect 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 accelerated through

the poten七土al. 工f a small hole 土s drilled on the probe′

the accelerated ions at that point can pass through the

hole and be energy- and mass-analyzed.
I

This ion sampling probe behaves as an electrostatic

aperture lens. Consequently, ions having different

●

ener91eS When they effuse from the sbeatb are focussed

on an axial focal line. The ions leaving different points

on this line have 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 axュs of the or土fエce lens. When the sheath thick-

ness is much greater than the orifice diameter, howeve-r,

the focussing propertie-s of the orifice lens are expected

to be small′ since the hole subtends a very small solid

angle at the plasma-sheath boundary, and accepts only

those ions wb土ch approach the or土flce close to normal

incidence.

- 18 -



§ 3. 4. General Behaviour of =on Energy Spectとum

Varylng the potential of the energy analyzer, the
●

energy spectrum can be obtained as shown in Fig･10･ =t

is evident from the figure that the wall of the sampling

probe 土s covered by an lonlc sheath such that the positive

ions experienc色 an accelerating field, and the electrons

experience a retarding field on effusing through the ori-

fice of the probe. 工n this case the sheath potential

corresponds to the peak value in the ion.energy spectrum.

●

The curve gives the differentiated translational energy

dis七ribut土ons 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

theory.25) so, we give here a physical interpretation

for such phenomenon･8,35) Due to the presence of a cer-

tain capacitance between the sampling probe and the plasma

and between the RF exciting electrode and the plasma, the

plasma potential is fluctuat占d by RF voltage applied to

discharge･ These capacitances act as a voltage divider

of capacity. でhe behavior of the sheath 土n the RF dis-

charge, therefore, can be illustrated by the equivalent

circuit as in Fig･.ll.で九e fluctuations of sheath poten-

tial is seen from Fig.ll to be

- 19 -



Ⅴ=vcl
Cl十C2

･Ⅳ空音ⅤⅣ-vs

●

(3-1)

where the capac土tances Cl and C2 represent the capacltance

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

ing electrode and the pla-sma, respectively･ VRF is the

RF voltage applied to discharge･ V is the dc component
S

of the sheath potential of the RF discharg･e due to a

rectifyl叩aCtlon of Dl between the plasma and the sheath･

Rl is the resistance in the sheath･ Therefore, the ex-

●

planatibns of the following experimental results of the

anomalies about the sheath potential (excess energy) ;

(a) the excess en-erg.y increases according to the magnitude

of the impressed power of RF oscillator128,31) (b) the

insertion of 七he elec七r土cal sb土elding screen decreases

the excess energy,30) (c) the excess energy incre?ses

according to the increase of the diameter of discharge

tube29) and (a) the excess energy iヮcreases according to

the decrease of the discharge pressure･33) ar早aS follows.

Phenomenon (a) is the increasing of VⅣ, (b) is the

decreasing 0f C2′ (c)土s the increasi叩Of C2 and (a)土s

the decreasing of Cl, reSPeCtively･
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●

§ 3. 5. Descr土p七ion of でheory

3. 5. i. Physical situation ･

=t 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 po七en七土al is f土rs七to drive
elect≠ons away

from七he electrode. creating a posi七土ve ion sheath, and

then to ac七on the 土ons. Because of 七he smallness of 七he

mass of the electrons compared with th?t of the ions a
■

first assump七lon is 七ha上 土he electron movemen七occures

on a much fas七er 七土me scale 七han 七ha七 of 七he ions, and

providing the rate of change of applied potential is not

too ねs七. movemen七of the elec七rons under 七be applied

forces may be considered instantaneous.

A七any glVen土ns七anモモhere wエ11 be a七rans土tlion
● .

region at the edge of the plasma in which the electron
●

density is steadily decreasing ove土a distance of the

order of the Debye length. This leads into a region

almost entirely devoid of electrons and in which the

movemen七will be dominated by ionic space-cbarg･e. 工n

practice the magnitude of applied lpotential will ensure

that the thickness of the i?nic sheath will be very much

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

一 21 -



boundary between the purely ionic sheath and the plasma.

●

within a distance of the order of the Debye length.

The energy of the ions at the plasma'boundary will

depend on the dynamic situation;土n a steady state they

will have a velocity of the order of the Bohm velocity

(kTe/m)i/2･･ in a rapidly changing situation field pene-

tration of the. plasma will not have acted for sufficient

tim与 for them to acquire this velocity. and a value of

(k℡i′m)1/2′ the thermal veloc土ty′ is more appropriate･

The minimum value of applied. potential of 土nterest 土s 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.

=f. the applied potential (plasma potential) ri?es

rapidly with respect to time the electrons move back into

the plasma leaving an ion sheath of thickness s given by
●

direct application of Poisson's equation to a region Of
●

uniform charge density en as
e

s-'三;崇'l'2
.

e

- 22 -
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Zn terms of the Debye length

入D=(
∈ok℡ 1/2

一

(3-3)

(^D- 0･6mmatT= 5eVandne=1010/cm3 )

we have

L-

(せ)入D

2eV 1/2
(3-4)

ェn the worst case at the mln土mum plasma potential this

●

is of the order of ten.

The electric field in the transition region Will be
●

of the order of kT/elD･ The average field strength in

●

･the sheath is given by.

.Ⅴ
こ__ヱ=

S

･e掛l'2-骨恩,l'2
･ (3-5,

Hence the average field strength in the ionic sheath

is at leastr several times that in the transition region.
●

3･ 5. 2.I Formulation of the problem8,31)

工n the analysis physical and mathematical assumptions

?re as follows:

(i) The ion velocity is modu1'ated by a time variation of

- 23 -



the plasma potential,

vp(t) =u+vcos(ut+ ¢)∫ (3-6)

where U, V and u are the dc component of the plasma

●

potential,.
･the

amplitude of the time varying COmPOnent

of the plasma potential and the angular frequenpy of the

RF field which ls applied to the discharge. respectively･

(2) The thickness of the ion sheath is not displaced.

(3) Zn this region the space'charge field can be neg-

lected 1.e.′ vacuum.
●

So tba七 土t can be assumed that dc and ac potential

applied between parallel plane electrode in the vacuum

as illustrated in Fig.12. The instantaneous electric

field strength in th占 gap is

E(t'- Y'-i.{u･vc.s'ut･.'},'3-7'

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

equation of motion for an` ion 土s then

藷±-fS{l･αcos(ut･･,,･ (3-8,

where e/m 土s 七be ratio of charge to mass and the

fluctuation α
=

Ⅴ/U is the ratio of the peak ac voltage

- 24 -



to the dc voltage, which is smaller than unity. Letting

●
●

2; 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.

忠-慧(t･号sin(ut･中)一号sinO)･Ⅴ.(3-9)

z芦芸(与t2-rc｡s(wt･¢)
α

u

-且ts叫1
+ vot√

u

and

α

-ごて COS¢
W

(3-10)

where it is assumed that the ion is emitted at 4) with

initial velocity vo and zero initial d土splacement･でbe

transit time of the ion T Wh土ch 七raverse over the distance

s is determined by the following equation.

T2-2(%sin.一慧Ⅴ.'T一蜜-o
, '3-ll'

where it is assumed that (山T is very large. Therefore the

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

･ニーsinO一首Ⅴ.･ ((%sinO一面Ⅴ.)2
α mS mS

u

- 25 -
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The velocity of the ioh across the sheath v is, then,

defined by
●

告I上=て-思{T･号sin'ut･¢'一号sin･}･vo･

(3-13)

substituting Eq. L3｣12) in'to Eq. (3-13) results in

v-･慧【号sinLuT･0)'･((号sinO一首,..)2
mS

･蜜}l'2,.
く3-14)

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

E

-+mv2

ee

eu･去L雷sinO)2
･

2
mvo

｣......=

2

･怠卜嵩sin(uT
･ ¢))2

孤
I

S(山

_ご虻sinOSu

+

L%U)1/2一生sin(wT+¢)【 1'+‡2.
ヱ旦旦-

sinゅ2m s(山

.2

望eU.皿. 2

2eU eV

T -SinLuT +¢)･
Su
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Finally, we obtain the energy dispersion of ion AE as
■

follows.

AE = E
maX.

eV

,
Lコ

ニ~~二==_.二=二二===二こ::::コ

SW

2eV

WS

-

E .

mln●

sin(uT
+

4')ImaX●-mln●

(3-16)

The energy dispersion therefore is inversely proportional

to the angular frequency of the RF field, inversely

propo土tional to the square root of the atomic mass and

proportional to the amplitude of the time-varying COmPO-
●

neat of the plasma potential.

S 3. 6.. Results and Discussions

3. 6. 1. Dependence on an RF､excit土ng frequency

A study is made for the energy dispersion of the

positive ions effused frdm an RF plasma △E 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 i/f

when the plasma. source is adjusted for optimum operating

conditions. The mean kinetic energy of the ions I is

lO2 eV. Tbe expected relation between △E and f, based

on the assumptions descr土bed 土n § 3. 5. is △E ∝ 1/f.
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This relationship is also shown in Fig.13. Experimenta1
●

and theoretical results are in good agreement at constant

●

mean kinetic energy of the effused ions.

3. 6. 2. Depehdence on ionic mass32)

エon土c mass analysis 土s made by the quadrupole mass

filter.' Several distinct operating characteristics of

the mass filter make it well suited for the dependence

of energy disper岳ion on ion与c mass as described in § 2. 2.

To conduct ni/e dependence studies. satisfactorily,

one must first establish the same discharge COndltion.

As the most convenient method, we use the RF discharge

produced in air which is a familiar example of mixedl 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 analy2:er
■

and measuring the corresponding ion current. The depend-

ence of the energy dispersion on ionic mass is shown in

Fig.14. The mean kinetic energy of the ions is 124 eV.

℡hese values aエーe expected to be土nv甲Sely proportional

to the square root of the mass from Eq.(3-16). The pre-

dicted dependence is also shown in Fig.14. Theoretical

and experimental results are in
-900d agreement at constant

I- 28 -



mean kinetic energy of the effused ions.

3. 6. 3. Dependence on fluctua七土on of sheath potential

=n Fig.15, we show the dependence of the energy

dispersioh △E for N2+ ion oりthe sheath potential, when

the discharge pressure P is varied from 5 x 10-5 to

8 x 10-3 Torr. According to Eqs.(3-i) and (3-16), the

energy dispersion is proportional to the excess energy

and it is coincident with Fig･15 at low pres苧ure (P ≡ 7

Ⅹ 10-4 Torr). Where the mean free path for charge trans-

fer is relatively large, many of N2+ ions manage to transI

verse the she-ath with no. collision with the ambient gas

molecules･ Thus the high energy N2+ ions are able to

reach the probe and ion kinetic energy approaches the

full sheath potential. =n comparison, however, at higher

pre甲ure (P ～ 3 Ⅹ 10-3 Torr)I Where the energy of ions is

lessF and high energy N2+ ion groups disappear from the

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 beav土1y influenced.
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S 3. 7. Conclusions

An ion extraction model for plasma-sheath system

from an RF plasma and 土ts equivalent circuit are presented.

All phenomena about the energy anomalies with this model

are qualitatively fully explained.

We also proposed here that the energy dispersion of

pos土tlve ions effused from an RF plasma, under･ the assump-

tion that the ion velocity is modulated by a time varia-

土ion of plasma potential. is 土nversely proportional to

the angular frequency of the RF field. ■inversely propor-

t土onal to the square roo七of the ionic mass and proportional

to the amplitude of the time-varylng･ COmpOnen七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.
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CHAPTER 工Ⅴ

Energy D土stribut土on Function of 工ons

§ 4. 1. 工ntroduct土on

.I

A characteristic feature of a plasma is the existence

of a spectrum of collective osc土11at土ons or plasma

waves･13-15･38) The frequency and velocity of propagation

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 reflection of the fact that all of the particles 土n

●

the plasma are particlpate 土n the plasma oscillations.

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

tions, however. the role of particlpation is different.
●

I
℡也e main part of this chapter was publ土shed 土n phys･

Lett.. 32A (1970) 279, and Plasma Phys., 13 (1971) 71.
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Growth (or dampingl is determined by the Tlfine detai1'T of

the particle d土str土but土on 土n phase space′ for example′ by

the derivat土ve of the velocity distribution function; this

situation reflects the specific role played by resonance

particle? Li･e･'particles for which the following condi-

tionis satisfied: uk-一茄-nuc
: n- o･ 1･ 2･ ---･･ here

u妄and妄are the frequency and wave vector that characterize

the
wave･言is the particle velocity･ and uc主eB/m)･ These

particles are capable of exchanging energy With the waves
●

and can thus amplify or damp it. To investigate such

phenomena′ knowled9e Of the ion velocity distribution
●

function f(Ⅴ)土s required. 工n this chapter. fくⅤ)土s deduced.

and the relations between 土t and the electrostat土c 土nsta-

bilities are described.

§ 4. 2. Exper土mental procedure

t 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 IJisltano

type coil,39･40) which consists of a. slotted cylinder of

3.0 cm in diameter and 10 cm in length fed through a coaxial

input connector wltb a O 七o 100 watts RF power (CW) at a

frequency of 2.45 GH2:. 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･16･
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The coil can be regarded as a slotted microwave antenna

folded onto a conducting metal cylinder (stainles.s-steel)

so that the electric field across the slot lies in a plane
●

perpendicular to the coil axis. A･ conductin9 Cylindrlcal

shield is placed coaxlaly over the slotted cylinder to

prevent out-ward radial power loss. Then, power can

radiate only as TE or TM modes inside the slotted cylinder･

One end of'the slot is one-quarter wave-length long to

isoILate from the power feed. The rest of the slot, Which

is folded onto the coil and feeds the energy to the plasma

have the length with a nonintegral number of half-wave-

●

1engths to avoid an impedance mismatch where the power is

fed into the coil. Even 土n 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

coax土al trans土t土on to the 土nput gap Of the slotted line,

no impedance matching device is necessary. =n absence of

the plasma the reflected power is large, because the trams-

mission line, slotted over the interior tube of the･co11,

is shortcircu土ted at the end of the line. However. 1n

presence of the･ plasma an excellent impedance match 土s

obtained. The slotted lin声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

90o electrostatic energy analy2:er. To identify the

- 33 -
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plasma ionst the quadrupole mass filter is used･ The low-

frequency oscillations are detected by
analyzingモhe spect-

rum of the ion saturation current drawn by Langmuir probes.
●

The electron temperature and the electron density are measur-

ed by Langmuir probes.

S 4. 3. Some Features of the Plasma

4. 3. 1. Plasma Striations

I

we observed the formation of plasma striations ln this

plasma.10) At a constant RF power and back9rOund pressure′

●

we change the magnetic field slowlyl and approach to the

ECR condition. Then we put the field corresponding to the

exact ECR field･Bo･ When the position of Bo is in a region

i in Fig.16, we observe a single plasma striation along the

magnetic field lines (Case 1)･ The location of it is off

the magnetic axis and a2:imutally near the input point of the

RF power. An rms voltmeter with a frequency range 10 Hz

to i MH2: is used in the measurement of the persentage of

fluctuation 土n the 土on and electron saturation currents to

the probe
'( (A=/I)ion･ (△=/I)electron) and in the floating

potential fluctuations
eAO/kTe (normalized to the electron

energy). The observation･at the pressure of 2･5 x 10-5

Torr, these values are 10 %, 8' %r and O･3 %r respectively.

Further increase of the magnetic field strength, Bo is

in a region 2 in Fig･161 Causes multiple striations･
●

- 34 -



with-further increasing of the field strength, Bo is

in region 3 in Fig･16r we obtain a well-developedt i･-e･
I

●

●

quiescent plasma. Then rms fluctuations of the plasma, at
■

the pressure of 2･5 x 10-5 Torrt above values are l･6 %r

1.3 亀′ and 0.1亀. respectively (Case 2). At higher pressure

(p >巴10-4 Torr) however, the plasma is noisy (Cas弓3)･

we find that transitions between the different number

of striations are very sudden. S土nce we can change the

number of-striations at a constant RF ■power and pressure.

the observed str土at土ons can not simply be related to the

coil, which has 12 slots 土n this experiment.
工t is more

●

conceivab1占 that different modes
are preferentially excited

by the coil as the plasma temperature and density change･

As ve change the magnetic field strength, the rate of power

transfer changes. Thus, the temperature and density of

plasma can be changed with the magnetic field strength･

At the same time, because of the strong interaction between

waves and the plasma through heavy damping and the consider-
●

able change in medium characteristics, the RF field excited

by the coil changes modes with different magnetic field

stren白th.

4. 3. 2. Electron Temperature and Density

･Langmuir
probes are used.to measure the electron

temperature and electron density･ The plasma properties are

- 35
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measured as a function of position and the ex七ernally

controlled plasma conditions, such as RF power, pressure,

and magnetic field.
●

The probes consist of a tungsten wire, of 0.i rum dia-

meterr insulated by a drawn-down quartz tuber except for an

exposed length of 2 mm. The radius of the cylindrical

probe is less thanl the Debye length and much less than the

ion IJarmOr radius, so that the measured probe curves can

be interpreted by using the orbital theory of ion collection

in the absence of a ma9net土c field. Deta土1s of the data

●

analysis are given in section 2-4.
●

Fi9ure 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

potential for various flow rate. The average temperature

decreases with increasing flowr while the electron density

increases substantially as the flow increase･ The profile

appears to be radially l土mlted by the co土1土nner radius

(i.5 cm). Electron temperature varies from 3 eV to 25 eV,,

and electron density from 3 Ⅹ 108 to 6 Ⅹ 1010

ing oh the coupled RF power and the pressure.

are carried out in H2, He, N2, and Ar gases･

cm-3′ depend-

Experiments

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 amplエー

tude in the central region of the plasma column,ll) -and
the
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second dominant one lies between 1 to 15 kHz at the Case 3.

Zt is localized with a maximum wave amplitude mainly at the
●

boundary of the plasma.column･ The first wave presents a
■

frequency dependence on the ion mass and on temperature

which is characteristic of electrostatic sound waves′ whlch

will be described in detail in the next Section.ll) The

behaviour of the second kind of waves 土s peculiar one of

the drift waves,42) which will be described in an Appendix

A-1.43)

4. 3. 3. plasma Compos土tlon (土on土c species)

●

The fragmentation pattern of hydrogen is illustrated

in the mass spectrum of the observed ions H+, H2+, and H3+

are shpwn in Fig.19. The individual ion densities may be

estimated if (i) the singly charged ions detected make up

the total ion population in the plasma (H+, =2+I and H3+

are the only 土ons detected w土七h the mass filter). (2) the

each ion has an equal ion temperよture, and (3) the instru-

meュt has an equal over-all 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))I ==+
I ==2+ : =H3+of i : 12 I 3･l･

The ion density ratio is found from the relation

n=+ i n=2+ : nH3+
= (=ml/2)=+ : (=ml/2)=2+ = (=ml/2)H3+ to

be l三17 : 5.7. where m is the mass of the ion.
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℡he composition of the beam of ions extracted from the

plasma at low electron temperature 土s.七berefore. mainly
●

molecula. Estima七ed denslt土es of the charges present in
●

the hydrogen plasma at a pressure of 5 x 10-5 Torr and an

l

●

electron temperature of 7.i eV are given in Table i. De-

pendence of the 1.ndlv土dual土on currents on the electron

temperature is shown in Fig.20. =n general, fragmentation

is enhanced at higher ion masses are more aboundant at

lower RF power and higher pressures. i.e.′ at low electron
I

temperature. More detail discussions Will be presented

in Appendix A-2■.-44)
●

The observed dependence of the phase velocity on

plasma density as will be descrlbed 土n Section 4. 5. 2

can be explained by the fact that H+, H2+,and H3+ ions

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

ferent masses ml′ m2′ m3′
--

With densities nl′ n2′ n3′

~~-

(∑ni = i) the phase velocity is given by

vph.
α (kT)1/2(nl/ml +

n2/m2
+

---)･ (4-i)

℡也e variation of frequency with RF power. wb土ch at first was

not understood, i.e., by increasing the RF power at higher

temperature 土s acb土eved but 七he frequency of osc土11at土ons 土s

higher than the expected ones from'on the temperature, is ex-

plained byーan土ncrease of七h.e density of H+ relative to the

densities of H2+ and H3+･ Obtaini叩a reliable informa七土on

about the micrqscopIC Properties.of plasma, some knowledge
二

of the plasma composition are', thus,･ required.
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5 4. 4. Determination of Energy Distribution Function

(Maxwellian Distribution Function)
●

As far as we know.there was no experimental evidence

of the existance of 七he distrlbu七土on func七土on and tempera-

ture for each ion species. we now use a simplified model.

and describe七he experiments carried out土n the quiescent

and collisionless RF plasma (i:ase 2). We.compare the ex-

perimental results with the pred土c七ions of the model.

I.et us now assume that the ions at the entrance of the

ion sampling probe obey the山axwe11ian distribution of ve-

●

1ocities along a･radius in velocity space, and are Tisotrop-

icl within a cone in velocity space of half angle Oo (Fig･21)･

エt is also assumed 七hat七he velocity distribution is axト

symetric about ¢. th白azimuthal angle in velocity. space.

セhis is equivalent to th色assumption that the particle motion

in the magnetic field is･ .adiabaticT 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 Tescape comer angle Oo is not a function

of particle energy･ =n order to make possible an analytical

study, it is assumed that the magnetic field lines, electric

field, and analy2:er axis are parallel. The source of this

plasma is assumed七o floa七a七 some potential V with respect
p

to the grounded zero reference of potential at which analy2:er

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

plasma and the analyzer.
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The plasma at the analyzerr according to the stated

assumptionsr will
have a dis-tribution function in.velocity

space given by Loeb,45) .

no
v2

dn(VFO,.i-
-

-7exP卜瑞'2,sinOdvdOdO･¶3/2● vo

O≦0≦Oo (4-2)

where v and vo are the particle speed and most probable

speed m/see, respect土vely･ no is the particle number

density of source particles/m3. The most probable speed

vo is given in terms of the kinetic temperature kT =

eVo
■

by

Vo=
2kで

こ=■■｢

m
(4-31

where k is Boltzmann constant. T is kinetic temperature ox,

vo is the particle k土net土c temperature eV′
･and

孤 is the

ionic mass. With the aid of F土9.21.. the speed v may be

written in terms of the velocity vz along the analyzer

●

aXIS′

Ⅴ
三 V SeCO.

2:
(4-4)

=f Eq. (4-4) is used to change the variable of integration

from v to v in Eq.(4-2), and an integration over the
2:

azimuthal angle 0 ≡ ¢三2Tr is performed, one obtains,
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dn(vz･0)

¶1/2vo3

exp 卜(

v secO
2:

vo
)2】sec2otanodv dO

2:

℡be differential current density in amperes per square

● ●

meter of particles implnglng On the analyzer is

dj(vz･0) =

evcosOdn(Ⅴ.0)
=

evzdn(vz･0) ･ (4-6)

(4-5)

where j is the占urrent density. A/m2. substituting Eq. (4-5)

into Eq.(4-6) results in

2noe

,vz
ヽ′

dj(vz･0)
=て研｢

(
vo

)3 exp卜(

~

2noe

dj(vz) =

vo Tr

v secO
2:

vo
)2】sec2otan8dv dO

2:

(4-7)

Integrating this velocity distribution over the cone in

velocity space which contains the particles O三0三Oo

yields 1_ _
_A

v secO
2:

Vo
)
2】

sec2otanodOdv

ーO

V

【exp{-'肯'2,
-

exp{-'e

T1/2vo

v secO
2:

vo

(4-8)

When the analyzer is set at some potential V i vp･

the total transmitted curren七of positive ions to the collec-

tor is given by integrating Eq. (4-8) over the range

<
v ≦ cD, Wh占rev2:'0 -

2:
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v2:0 I

and therefore the total ion current density ls

j -

2Tl/2v

▼

2vztexpト母2,
-

exp{-(

v secO
2:

Vo

く4-9)

(4-10)

performing the integration and.substituting Eqs･ (4-3) and

(4-9). one obtains, for the collector current as a function

of analyzer potent土al′

E]
Fj

noevo

2T,1/2

Ⅴ - Ⅴ

[exp{-'#''-cos2oixp{-

Ⅴ ≧･Ⅴ

(Ⅴ･- vp)sec2oo

(4-ll)

The maximum possible current available to the早nalyzer

occurs when V ≡ Vp′ because all particles emitted by the

plasma are collected. This current is then given by

ー
J

jmu.

-瀞sin2o.･
(-12,

エf the velocity distributipn 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.,

各- vf'v'怠v2sinededO-幣p(-k%i'･
'4-13'

where dj/dE 土s energy distribution of ion current′ whlch

O

is measured by.means of the 90 electrostatic energy'ana-

1y2:er, f(Ⅴ) is the velocity distributiop function in the

plasma, sinOdOd4)
is solid angle in the velocity space,

kで･ is土on temperature土n the plasma and E ≡

eⅣ
-

Vp)土s
l

the thermal energy of ions･ The plasma potential Vp is

equal to the measured cut-off energy Of the spectrum.
46)

Figure 2字is a plot of the logarithm df the dj/EdE as a

function of ion energy used in determining the ion tempe-

rature, which agrees with the energy corresponding to the

peak in the spectrum. We also see 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-

well土an~d土str土but土on. F19ure 23 shows the measured 土on

temperature as a function of the applied RF power at

constant pressure. The ion temperature is, thtis, smaller

than that of electron.
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5 4. 5. Electrostatic ェnstab土1ity

bon-Maxwellian Distribution Function)

4. 5. 1. ･工ntroduct土on

Collectlve 土nteract土on between plasma part土cles 土n

electrostatic waves is known to Landau growth or Landau

damping.47) =n order to understand well such･phenomena it

is necessary to know the veloe土ty d土strlbutlon functions of

plasma particles. During the last few years this subject

has ･been investigated experimentally with some success.48～50)
●

Control the d土str土but土on funct土ons 土s more desirable for

this purpose･ For studyl叩a tW?-Stream土on土nstab土11ty

Gabovich et a1. produced two-ion beams flowing in the same

d土rect土on with different veloc土七ies.51′52) Andersen et al.

reported to have a double-humped 土on velocity d土str土but土on

function so as to investigate Landau growth of ion acoustic

waves.53)

℡he existence of土on ac.oust土c waves excited spontane-

ously or externally. has been discussed by several authors.

However, the ionic energy distribution function in a plasma

has not been examined. 工n this section. experimental

confirmation of the effects of the energy distributions of

54-62

ions on the ion waves is described. With strongly non-

Ma3Ne11ian distribution, the ion acoustic wave is excited.12,13)
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'One of the problems in fusion research in resent years,

●

while. has been the possible correlation between the

●

presence of f土n土te-amplltude 土nstab土1it土es and anomalous

diffusion in the plasma. Most fusion experiments are
1

●

designed so that the effect of such a correlation is mini-

mi2:ed. The usual method of achieving this object
is by

using complex containing magnetic fields. Another way,

however, has been proposed′ in wb土ch a feedback me七hod 土s

employed in order 亡o stabilize the instab土1土ty 土n the plasma

system.63-69) The method essentially relies on being able

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 constra土nt 土s applied to the

plasma in order to damp out the instability. This technique

has already been demonstratid fairly successfully on drift

instability (Append土Ⅹ A-1). We report here some experimental

results obtain from employing the new method on an ion acou-
●

5tic土nstabj･1土ty.12′13)

4. 5. 2. Results and D土scuss土ons13)

The low-frequency oscillations can be found under the

certain conditions. A few typical examples which we observ-

ed about the relation between the frequency sp.ectra and the

profile of energy distribution functions for. the ions are
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as fo11ows･ When 'the position of Bo is in a region 1, as

●

described in section 4. 3, we observed a single striation
▲

in a cold plasma along the ma9netic field lines･ Then the

low-frequency osc土11at土ons are excited spontaneously as

shown in Fig.24 - (i-a). =n this case the energy distri-

bution for the ions is as Fig.24
-

(i-b). The distribution

function consist of two parts, one is a Maxwellian-like and

the other is beam-like uniform higher energy. =ncreasing

of the magnetic field intensity caused multipule striations,

and the complicated oscillations and the d土str土butions for

■

ionic energy are observed･ When Bo is in a region 3, no
●

oscillations- are observed as shown in Fig.24
- (2-a), and

the energy d'istribution for the ions consists of a single-

hump which is a Maxwellian-like distribution as shown in

Fig.24
-

(2-b). Thus, it can be regarded that the energy

distribution function for 土ons 土s related to the modes of

the plasma and the str土at土ons′ and the presence of a double-

humped distribution function for the ions leads to the-

instabilit土es.
･

with the 土ncrease 土n the intens土ty′ we

observed the broadening of oscillation spectrum and complex

beam-ion energy distribution function. Measurements of the

beam distribution function show that the instab土1ity土s

●

heavily damped at high plasma densities and exhibits a

maximum at intermediate densities. These phenomena based

- 46
-



on the m?gnetic field intensity also have hysteresis･

･
The observed low-frequency oscillations are inter-

preted in the following manner,･ the fixed frequency is

assumed to be determined'by a standing ionic sound wave,

as giverl by54)

f-.十(
Yk(Te

+ Ti)

】m.
1

ll/2. (4-14)

where f lS the. observed frequency 土n cycles per second.

入 the wave-length, y is 3, k is Bolt之mann■s constant

in ergs per oK, T and T. are the electron and ion tempe-
e 1

rature in oK,
and m. the ionic miss in grams. The wave

l

extends along the plasma column, parallel to the magnetic

field. Fort the fundamental mode of oscillation, the

Wave-length is twice the length of the plasma column in

centimeters. Therefore, for a given length of the plasma

●

column, keeping Te, Ti, and m･ constant, the wave-length
l

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 mi

as f does. The waves, detected by means of a negatively

biased Langmuir probes are coherent, almost sinusoida1.

℡わe frequency and amplitude of the 土on wave are measured

in several 1engths of the plasma column L. =t is notice-
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able that the f.requency decreases as the axial wave number
●

(Tr/L) increases. The predicted dependence of frequency
●

on the length of the plasma column appears to be correct･

=n Fig･25 the.temperature calculated by means of Wave

frequency measurements versus temperature measured directly

by Langmuir probes and the electrostatic energy analyzer

(see See. 4. 3. 2′ and See. 4. 4) are plotted･for hydrogen.

helium, nitrogen, and argon plasma. Good agreement of

mea'畠ured values with calculated ones are obtained, where

the compositions of. plasma are considered as descr土bed 土n

●

See. 4. 3. 3. Thus, the frequency of each system agree with

those predic'ted by the ion acoustic wave formular in terms

of temperature, the ion mass and the d土mens土ons of the

system. We can conclude′ therefore, that the observed low-

frequency oscillations in our plasm? can be regarded as ion

acoust土c 土nstabi工ity.

℡be ･ampl土tude and the frequency of tbe 土on wave. a七

a fixed magnetic field, can be controlled by varying the
■

pressure. As the pressure 土ncrease the ampl土tude 土ncrease′

reaches a maximilm and then decrease,･ at the same time. a

certain decrease in oscillation frequency 土s observed.

Figure 26 shows the dependence of amplitude on pressure.

The ion wave strongly damped by unioni2:ed gas present in

the plasma. Gas damping occurs because collisions between
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the plasma 土ons and the 9a-S atoms rob tbe 土ons of their･

coherent ion wave motion. A large energy loss occurs in
=

the collision by two kinds of energy loss effects. The
●

first one is due to the slowing down of ionic energy.

℡わe second one 土s due 七○ 'the angular deflect土on of the

ions. only the parallel momentum to the ion wave motion

correlate to the sound wave. Thus, the scattering of an

ion elastically through a right angle by a much heavier

gas atom would not reduce the ionls kinetic energy appre-

ciably′ but would deprive the ion sound wave of almost

all energy.
●

エn order to suppressed these 土nstabil土t土es′ we applied

a cusped magnetic field as shown in Fig.27. =ncreasing the

cusped field, 0 to 300 Gauss, the double-humped energy

distribution function for the ions changes to the single-

humped one′ and the 阜nstabilities are suppressed gradua11y･

●

Typical examples which. we observed about the relations

b占tween the frequency spectr畠of probe 3 and the profile

of the energy d土str土but土on function for tbe 土ons (1) withouモー

and (2) with-cusped field are 畠hown in Fig.28. As is seen

in this figure, there is a strong stabili2:ation effect.

=t may be'noted that in addition to the fundamental fre-

qpency山I also the harmonics山2 are SuPPreSSed･ Therefore,

it is considered possible that the effect of the ion energy

distribution shows dec土s土ve influence′ the motion of ions
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is randorpized by the passage of the cusped field, i･e･, the

plasma beam passes through the field/ some of the.axial

kinetic energy of the particle占in the pl.asma may be chang-

ed into the fOtational energy, so the energy distribution

function changes to a Maxtqellian-like distribution.

ェn sumarry′ 土f the energy d土str土butlon function for the

ions has no minimum, i.e., single-humped distribution

function,

.such
as a Maxwellian distributiわn. t'here is no

instability, while the presence of a deep-enough minimum,

such as double-hump in the distribution function leads to

the elect-rostatic instability. zt is important, therefor,
●

the cond土t土ons necessary for stab土1土ty are less restrlct土ve

than the sufficient condition: df.(v)/dvr < O for･a11 the

species.

4. 5. 3. Theoretical Considerations for Data Evaluations

=t is well known that a system consisting of a plasma

and a beam of charged particles that passes through the

plasma can be unstable under certain conditions.70-75)

This is so-called e1.ectrostatic instability.

エn analyzing the interaction of a beam with the plasma,

w'e 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
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of ion superimposed on
,the main group of thermal ions.

As we know, such a velocity distribution is unstab'1e:

LangTnuir waves with phase velocities in the region Where
●

df(Ⅴ)/dv 'O will in°.Tease with t土me･ since the number of

ions overtaking a wave and 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

9rOup Of wave will be built up, the phase veloc土t土es of

which cover the whole interval where df(Ⅴ)/dv > 0.18)

=f.the number
-of'resonapce

particles is small, i.e..

the particle density of the thermal土ons. the growth rate

of the waves y will be.considerably smaller'than the fre-

quency 山. For
y/u

<< i, the interaction between the waves

can be neglected and we can use the quasi-linear approxi-

nation, in Which the only non-linear effect considered is

the reaction of the osdillations on the --background'' the

averaged distribution function. The quasi-linear theory

can be find the energy loss of the beam and to determine

the shape of the spectrum of plasma waves ln the system.
18)

エt is. thus. considered possible that the development

of the observed 土nstabillty causes some of the k土net土c

energyd≡ the striations to be converted into the plasma

Wave energY･
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CHAPTER V

Conclusive Remarks

●

We conclude the followings:

1). The quadrupole mass filter with maximum resolving

power of 100 for 300 eV 土ons is constmcted.

2). The electrostatic energy analyzer for low-energy

(> 10 eV) charged particles with resolving power

abou七170 is constructed.

3). Accurate energy distribution function for each

species are obtained with these analy2:erS.

4). The techniqpe described heie makes possible a more

definitive study of the ion e女traction mechanism from

the plasma: the energy dispersion of the ion beam

effused from the plasma 土s inversely proportional to

the angular frequency of the RF field, inversely pro-

portional to the root of the ion mass and proportional
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to the amplitude of the time-varylng component Of

●

the plasm? potential, respectively.

5).工t also′makes possible a more def土n土tiveエnformat土on

●

about the microscopic Properties of the plasma: the

presence of a double-hump in the energy distribution

function leads to the electrostatic instability, i.e.
,

part土cle-wave 土nteractions can lead to lnstab土1ity.
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APPEND =X

§ A-1. Drift Waves42′43)

Drift waves o?cupy a special place in the spectrum

of collective plasma processes. Under laboratory condエー

tions, gradients in temperature, density, magnetic field,

and even impurity concen七ra七土on are inevitable. Wherever

a･ gtadient exists, a plasma current or particle drift

exists,･ drift waves are supported by these gradients, and

instabilities can tap the energy in the drifts. These

phenomena are important at plasma-vacuu血and plasma-wall
●

interfaces.

℡he first drlf七 土nstab土1土t土es were described by

Tserkovnikov･42) He. showed that in the presence of

temperature gradient in an inhomogeneous plasma, waves

propagating exactly across the magnetic 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 the fieldl Was investigated.76,77)

Stabili2:ation of drift waves by RF electric fields

parallel to the magnetic field have been theoretically

predicted bo.th at above the ion plasma frequency and high

amplitudes168,78) and at frequencies comparable with the

frequency of the waves and smaller amplitudes63) both in

collosionless and collisional pla?mas. We report here
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the results of an experimental investigation on the stabi-

1i2:ation of drift waves by an RF electric fields, in a

very wide ranges. .

℡he experiments are performed in an RF plasma wh土ch 土s

shown in F.ig･2･ Diagnostics is made by means of radically

novablel electrostatic Langmuir probes･ For detecting the

drift wave the probe is blased 土n the 土on saturation current

condition･ The continuous RF electric field of frequency

●

varying from 300 Hz to i MHz, andLof amplitude 0 to 20 volts

peak to peak. is applied between the 工一isitano coil to the

ion sampling probe.
●

エn the present Ar plasma, spontaneously excited low-

frequency oscillations (1'to 15 kHz). are observed and identi-

fied as the drift wav.e instabilities, after making the impor-

tant correction for the f土n土te ion inertia and for the plasma

rotation due to the radial electric fieldl Which depends on

the density and temperature graqients■.79) Radial profiles

of ion saturation current (density) , floating potential, and

the wave amplitudes are 芦hown in Fig.30 (note that wave maxi-

ma are localized in the regions Of important density and floa-
■

ting potential gradients).

エn order to suppresse the. waver w占applied an RF electric

field･ ℡he effects are observed土n an appropriate RF fre-

quency and field strength as is seen in Fig.31. At the

condition of the drift wave suppressionr increasing the RF

field strengthr the different waves are excited strongly･
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Figure 32 shows the stabilizing effects as a function of

RF frequency, at the given RF field strength. =t is seen
■

that there are two re910nS Where stab土1土zat土on is effective
●

●

(suppression of the yave amplitude) ･ One is at frequencies

near the frequency of drift wave. and the other ls of the

ion 'plasma -frequency reglOn, aS Were'observed in Q-machine
■

■80)
plasma.

･Further results concerning ･the experimental and the-

ore七土cal aspects of this work will be published elsewhere.

i A-2. Chemi･cal Reactions in the Plasma44)

Although the physical properties of plasmas have

received considerable attention, the knowledge of collision

processes (in gas discharg声it is generally the case that

ions in the plasmas suffer the strong coupled collisions

with neutral molecules. wb土ch lead to ion-molecule reac-

tions) occuring in.steady-state 'plasmas has advanced

relatively little. This is the result of the complex土t土es

involved 土n obtain土n9 a representative sample of the 土on

composition of steady-state discharge. The main purpose,

here.土s to determine the relative dens土t土es of

and H3+

H+∫ H2+∫

ions as a function of electron temperature of the

plasma (F土9.20).

Any process important 七○ 七he forma七土on of a七om土c 土ons

must compete with the hydrogen molecular ionization process,
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=2+e-2++2e･ (A-1)

Because of the distribution of electron en9rgleS. the rate
=

●

at which any reaction proceeds depends on the onset energy

and the cross-section irnpediately beyond onset much more

sens土t土vely than on the maximum cross-section. s土nce

reactions

H2+e十H++H+e,

H2+eす2H++3e′

･

(A-2】

くA-3)

nay be neglected, the atomic ions must be produced by a
●

two-stage process. possible processes involve the reactions'

H2++e→H++H+e′

H2+e十H+H+e,

=2++e-+H･

and

(A-4 )

(A-5 )

(A-6 )

℡わe number density of molecule ions′ however.土s much

smaller 七han that of molecules so that the dominant process

seems tO be reaction (A-5)I i･e･.I dissociation･ followed

,by

ionization of the atoms. By way of an example, Fig.33･

shows the'decomposition levels of the hydrogen molecule.

℡也e ion-molecule reaction,

H2++H2十H3++H′

- 5フ ー

(A-7)



may contribute to the production of atomic hydrogen but

it is rever岳ible. The most probable process for atomic ion

production ls, therefore. reaction.
･

H+e+l=+･+2e, (A-8)

which has a maxi'mum cross-section at an incident electron

energy Of 40 eV and 土t is′ thus′ des土rable that the mean

electron energy in the plasma should be as close as possible

to this 寸alue. 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 co11土s土on 土nduced dissociation.

H2++H2+H++H+H2′ (A･づ)

predominates. However. a七1ower temperature the ion-

molecule reaction.

H2++H2+H3++H′ (A-ワ)

becomes prevalent as is seen in Fig. 20. This reaction is

exotbermic by about 1.7 eV and ls the most probable mode

of =3+ formation･ The tri-atomic molecule H3 is unstable

against dissociation into H2 and H･ Since the formation

of七he H3+ depends on the concentration of both H2+ and H2′

the percentage of =3+ falls as the percent- of H+ increase･

Use can be made of tb土s to perferent土ally produce atomic or

molecular or tri-atomic ions, respectively.81) There is
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also a great interest in such ion beams as a means of study-

ing chemical reactions. .
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ChargeSpecies NumberDensityPercentage

Particles/ccComposition

占1ectronJ

totali○n

H+

H2+

E3+

8ユこ109I

8Ⅹ109_

o.34Ⅹ1094.2亀

●

5.72Ⅹ10971.5亀

1.94Ⅹ10924.3亀

Table i. Estimated densities of
the charged species

present 土n the RF plasma at a pressure of

5･5 Ⅹ 10-5 Torr and electron temperature

of 7.1 eV.
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RF Oscillator Electrostatic Energy Analy2:er

Fig. 9. schematic diagram of experimental apparatus

.
for studin9 energy dlspers土on of ions.
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Fig. 21. Schematic drawing of velocity space with
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