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Symbols and Commonly Used Constants

Symbols
Cg= ion sound speed

KT
|:| e
M

E = particle kinetic energy

E}, = beam energy

1., I: = electron, ion saturation current

es’ 118
K = Boltzmann's constant

M, m; = ionic mass

T}, = ion beam temperature equivalent
Te, Tj = electron, ion temperature

V4 = discharge potential

V,, = grid potential

g
V= floating potential

Vg = plasma space potential

a. = electron thermal speed

€

aj = ion thermal speed

—_— e

M

e = electronic charge

f,(v) = beam ion velocity distribution
fo(v), fj(v) = electron, ion velocity distribution functions

k = wavenumber

m, m,= electronic mass

n, n; = electron density, ion density



ny, = beam density

V}, = Bohm (Tonks-Langmuir) speed

— KT@
\ M

Vi, = beam velocity

V., = average magnitude of electron velocity (3 dim)

_ /8KT€
m

Vg = group velocity
Vp = phase velocity
z, = axial plasma position

AD> Ape = electron Debyelength
_ | KT,
4mme’

0 =ion/electron temperature ratio

w = frequency

W, Wpe = electron plasma frequency

_ |4mme®
\' m

oop i~ ion plasma frequency

_ /4777162
M

w = normalized wave frequency

w

W,

0, = charge exchange cross sections, e.g. O ~5x 105 cm2

Ar+-Ar

(velocity dependent)



Physical Constants (CGS)

Boltzmann's constant K=1.3807 107'%erg/°K
Elementary charge e =4.8032 107'% statcoulomb
Electronic mass m=9.1095 10728 gram
Hydrogen atom mass M, =1.6734 _ 1072% gram
Speed of light in vacuum c=2.9979 x 10'° cm/sec

Temperature associated with 1 eV = 1.1605 x 10* °K

Atomic Masses for Typical Plasma Gases

Gas Mass (AMU)
He 4.0026

Ne 19.9924

Ar 39.9624

Kr 83.9115

Xe 130.905



__Chapter I: Plasma Production
A plasma source which possesses the desirable characteristics of quiescence and uniformity has
been developed at the UCLA Plasma Physics Laboratory and is now being used in many parts of the
world for basic plasma research. Because this source is economical to build and simple to operate, it is
ideally suited to the undergraduate or graduate plasma laboratory. All the experiments to be described in
this text can be performed in this one device.

1) The D.C. Discharge

Plasma can be produced by electron bombardment of a neutral gas in an otherwise evacuated
vessel. In the D.C. discharge, a current is passed through a set of filaments (tantalum or thoriated tungsten
wire) to heat them by joule heating. A significant number of electrons in the hot filament can have an
energy greater than the work function and are emitted. These electrons, called primary electrons, are
accelerated by an external D.C. electric field such that they have sufficient energy to ionize the neutral
gas. The minimum energy required to remove the first valence electron from the neutral atom (the first
ionization energy) is in the neighborhood of 20 eV for commonly used gases at room temperature. A
discharge potential above this energy must be applied between the filaments (cathode) and the chamber
wall (anode) to obtain a discharge. The removed valence electron is called a secondary electron and is
scattered with less energy than the corresponding incident primary electron at any given time; most

electrons in the plasma are secondaries.

The probability of an ionizing collision (ionization cross section) generally has a broad maximum
for electrons with energy about 100 eV as seen in Figure I-1. The D.C. discharge is typically operated
with a potential of 30 to 100 volts between the cathode and the anode wall. Doubly ionizing collisions can
also occur when the primary electrons' energy exceeds the second ionization energy however, the
ionization cross section for double ionization is usually much smaller than for single ionizations. The
first and the second ionization energies of several commonly used gases are listed in Table I-1. Schematic

diagram of the D.C. discharge system is shown in Figure I-2.
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a) Space charge limited emission: In the presence of an insignificant number of neutral atoms

(as in a vacuum tube) only a small current can flow between the cathode and the anode. This current
limiting is the result of space charge due to electrons that accumulate near the cathode and repel some of
the newly emitted electrons. The space charge limited emission current is given by the Child-Langmuir

Jawl:

3/2
O
J=2.33%x10°x e E(%Bmcmz

where V 4 is the discharge potential in volts and d is the distance between anode and cathode in cm. For

instance, ford =15 cm, V4=40V,J=2.6 x 10 ® A/em2.

b) Temperature limited emission: In a plasma device, the initially small space charge limited

discharge current ionizes some neutrals. The ions produced partially neutralize the space charge allowing
a larger discharge current which produces more plasma. Eventually a sheath is formed around the

cathode making the plasma the effective anode. This reduces d to a few Debye lengths. For n= 10" cm?

and T, = 3 eV, the Debye length is about 1072 cm and the space charge limiting current density, J = 5.9

Alem?,

The total emission current is, however, limited by the filament temperature. The temperature

limited emission current is given by the Richardson law: J = AT?e™W/KT A/cm? where W and T are the
work function and temperature respectively of the filament metal. The theoretical limit for A is 4
meK?/h3 = 120 A/cm? — K2, In actual practice, A varies from 30 - 200 A/cm? - K °2. For tungsten, W =

4.5eV, A=60 A/cm? - K °2, and the melting temperature is 3650° K. The Richardson law gives for

tungsten at 2000° K, J= 1.1 x 1073 A/cm?.

Comparison of the temperature and space charge limiting processes shows that in the presence of
the plasma, Jspace charge™>Jtemperature discharge current, which is just the emission current, is, then, a sensitive
function of the filament temperature.

One method of producing a high % ionization is to heat the filaments to a high temperature (white
hot at 3000° K) by high current pulses (50 amps for a filament of .030" diameter, 3" length). In this

3

manner, plasma densities exceeding 1012 ¢m3 can be achieved while preserving filament life span.



GAS FIRST IONIZATION LEVEL (eV) SECOND IONIZATION LEVEL (eV)
H 13.59s ) -
He 24.481 54.403
Ne 21.559 41.07
Ar 15.755 27.62
Kr 13.9 26.4
Xe 12.127 21.2
Table 1-1

Source: CRC Handbook of Chemistry and Physics, 1967 Edition (Page E-56)
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c) Balance between production and losses: The plasma production and losses can be

represented by the following rate equation:

o
at at production at 0SS

T, B

production

In the steady-state, we have:

where N is the total number of plasma particles (electron-ion pair) in the system. Let O represent the

ionization cross-section of the neutral gas to be ionized by electrons of energy eV ;; n the density of

neutrals; /. the average total distance a primary electron travels before it is lost from the plasma

effective path length) n.vq4 the primary electron flux through a surface of area A enclosing the filaments
p g evgthep y g

and ) = L the ionizing collision mean free path for primary electrons.

n,a
Then, in the D.C. discharge

d-1)

N I ischarge
%E = n001 err(neVdA) = n00'| eff : ; :

production

in the limit A>>| .For simplicity, imagine a primary electron discharge surface of area A as
ff plicity g p ry g

targets

nVg——p A
¢ N EO ° 6 o0 ©° Ooa( Neutral atom
e}

0 Og, 0 o)
6 9070 9007

the end of a cylinder of length filled | g With neutral targets, recognizing the product

(n )(l it A) above as the number of primary electrons per unit volume times the total volume of
e
neutral atom targets accessible to the primaries. We can now understand (I-1) by rearranging it as

%Qp = (ngl errA)(Ng0Vq)s

roduction

and identify nl A asthetotal number of ionizi ng primary electrons available within the plasma
volume at any giveninstant of timeand 7,0V, astherate of ionizing collisions by asingle primary
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electron. Thelimit A no Loy states that the ionization mean free path is sufficiently long such

that the primary electrons are uniformly distributed inside the plasma volume. Under this condition of
uniform probability of plasma production over the entire volume equation (I-1) isvalid.
There are generally three types of major losses of plasma particles.
1 Loss to the chamber wall.
2. V olume recombination - secondary electrons engage in low velocity
collisions with ions to produce neutrals.
3. Lossto prabes, filament supports, any other obstacles, insulators or
conductors which become plasma sinks through surface recombination. Thetotal plasma

PNy
Oty T

where V isthe volume of the system, n isthe plasmadensity and T isthe plasmalifetime. In asystem

loss can be expressed by:

whereions can flow to the chamber wall fredly, the plasmalifetimeis
wherev; is L theflow velocity of ionsand L is the scale length of the system. Using this

T=
gLNQ UnviA
ot

0ss

. v, .
expression, we obtain

where A isthetotal plasma surface area.

2) Discharge in Magnetic Multipole Machines

To increase the efficiency of the plasma source, lines of permanent magnets (B ~ 1.8 KG at the
surface) are installed on the surface of the chamber wall to form a multi-mirror surface field (multi-
magnetic cusps), as shown in Figure I-3. Particles can be reflected from the magnetic field region into the
center region of the system that is almost magnetic field free. The advantages of this magnetic multipole

machine can be out-lined as follows.

a) Longer primary path length, l.;r : Because primaries can be bounced back and forth in the
multipole system rather than flowing freely to the wall, their effective path can be much longer (up to two
hundred times of the system length has been measured”). Thus the production rate could increase
substantially.

b) Reduction of effective loss surface area A: The surface fields set up by the permanent

magnets prevent the direct flight of plasma particles to the walls. Instead, escaping particles must either

diffuse across the magnetic field (region 1 in Figure I-3) or be lost through the small cusp surface (region



2). The condition for reflection from a magnetic barrier is the variation of magnetic field in one cyclotron
orbit be small as the particle approaches the surface. This condition is much more likely to be satisfied by
electrons than ions. The dimensions of the loss area can be 10% - 103 times smaller than the total wall
surface.

c) High percentage ionization: By increasing the efficiency of the primary electrons and

reducing the loss, high fractional ionization rate can be achieved by a D.C. discharge in the multipole
machine. A high density, highly ionized, uniform and quiescent plasma can be produced.

An improvement over the cusp confinement by permanent magnets has been found which uses

two layers of internal surface conductors with oppositely directed currents,3 as shown in Figure [-4. This
configuration creates a surface magnetic layer of closed magnetic field lines. The spatial variation of
magnetic fields can be made sufficiently gentler than that using permanent magnets such that ions can be
reflected by the surface. Plasma particles are lost to the chamber wall and current carrying conductors
only by diffusion across the magnetic barriers. The diffusion velocity can be two to three orders of
magnitude smaller than the ion flow velocity in a system without the surface field.

3) Experimental Procedure

a) General familiarization: Leak in enough Argon to raise the neutral pressure to about 107 torr

and turn the filament power supply to a minimum voltage with the switch off. Then the switch is turned
on, and the filament voltage is carefully turned up until the cathode wires glow red hot. The discharge
power supply is set to the desired value (about 40 V) and then the filament voltage is turned up until the

desired discharge current (1) is obtained. Notice that as the filament voltage is turned up, the discharge

current increases rapidly (emission limited current flow). Be very careful in the adjustment of the
filament voltage, since when the filament is hot enough to emit electrons, it is on the verge of melting.
The filament biased negatively with respect is slowly to the plasma destroyed by ion bombardment and
must be replaced periodically. The filament’s life span will be shortened if it is subjected to a large surge
of current. Thus, always vary the filament voltage slowly will be shortened until the discharge current is
obtained. The neutral gas pressure can be read off an ionization gauge. Pressure adjustments are made
with a leak valve. Some typical operating conditions are listed in Appendix B.

b) Saturation electron current and ion current measurement: Locate the radially movable probe

in the center of the chamber, connect the probe to a power supply and apply about +100 volts to clean the

probe surface by electron bombardment. Use a resistor in series to limit the cleaning current to 200 mA.









The probe s disc surface should glow dull red. Set up the simple bias (+3 volts) circuit of Figure

*
I-5 to draw electron saturation current |gg = —N€ VA where n is the electron density, v, is the
4

average
2
gk Te (¥
velocity of the electrons collected by a planar probe, Ve = , ,and A is the probe
mm H
surface area. Make sure the value R of the termination resistor you choose satisfies [, (R << V.. yet

produces a large enough voltage drop for oscilloscope or x-y recorder measurement. Calculate the

electron density n by choosing KT, [J1 €V, the typical electron temperature of the discharge.
Set up a negative bias (-45 volts) circuit to obtain the ion saturation current, I... Check to see that
current is positive (if not, increase bias). Compute the ratio I_/I,.. Does this ratio depend on the plasma

density? How should this ratio depend on ion mass?

c) Dependence of plasma parameters on external parameters: Measure the electron saturation

current as a function of:
1. Discharge voltage (with chosen neutral pressure and filament current).
2. Discharge current with chosen discharge voltage and neutral pressure). This is
adjusted by varying the filament current. Be careful not to turn the filament current up

too high and destroy the filaments.

3. Neutral pressure (107 - 1073 torr, at fixed discharge and filament currents)

To make the results of these measurements more accurate, the electron saturation
current and the electron temperature should be measured by displaying the full Langmuir probe trace on
an oscilloscope. The student should look ahead to Chapter II, pages 43-49 for an explanation of the
Langmuir probe method.

Determine the dependence of plasma density on the discharge voltage. How does this dependence
relate to the variation of ionization cross section with electron energy (Figure I-1)? Compute the
fractional ionization, nonneutral for at least three different pressure settings. Does the fractional
ionization remain constant for a constant discharge current?

d) Plasma lifetime measurement: A flat stainless steel plate is placed in the magnetic field-free

region and biased at -75 volts with respect to the anode. This induces additional ion loss such that in the

* The factor _ arises from the following:
_ - Due to plasma at edge of sheath surrounding probe being composed of particles with velocity
0 — oo toward probe face only.
to the probe plane.
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steady state, the balance equation becomes:

PN v
6t§p T e

roduction

where n; is the plasma density when there is an ion current [; extracted by the plate. The plasma
production rate may be expressed in terms of the discharge current 1§ and the effective electron path

length /. as:

roduction

N I
%H} =0(eVd)no I(:'!ff Ed

If we withdraw the plate from the plasma, the balance equation becomes:

N _ oV
ot @p T

roduction

If the production rate and the lifetime of the plasma does not change for the second case,® we obtain:
NV _mV
2= =" lort=(n, - mv-
T T " e I
1) Using the saturation electron current to obtain the plasma densities, and
measuring the extracted ion current I, compute the lifetime.
i) Estimate the effective path length of the primary electrons, o¢f, and express it in
terms of the system diameter.
ii) A more direct method of measuring consists in suddenly terminating the discharge and measuring the

decay of the plasma density.



o(nv) =-nvA or 1 =V
ot VA

Introduce different areas of loss surface A and check the dependence of T on A.
Experimentally the discharge current is repetitively pulsed on and off by a simple transistor
circuit as shown in Figure [-6. Plasma characteristics such as density and temperature can be sampled

with a boxcar integrator or an intensity-modulated scope to be described in Chapter II.

e) Radial density profile: Obtain the radial plasma density profile by monitoring the electron

saturation current as a function of radial position. Observe a uniform density in the center region and a

steep density gradient in the magnetic field region near the wall. Calculate
the density gradient length: L = =——— .Can the steep density gradient be explained in terms of
plasma production, particle reflection or plasma loss?

f) Quiescence: Monitor the density fluctuations by recording the fluctuations I about the mean

electron saturation current [ . This can be accomplished experimentally by displaying I on an

oscilloscope and measuring the percentage signal fluctuation. This should be done with a 50 ohm

terminating resistor. (Explain)
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4) Appendix A: The Vacuum System*®

All vacuum systems used in the plasma physics laboratory employ a water-cooled oil vapor
diffusion pump backed by a rotary vacuum pump, as sketched in Figure I-7. In the normal mode of
operation, valves 1 (high vacuum valve) and 2 (foreline valve) are open and valve 3 (roughing line valve)

is closed. In this mode, the diffusion pump is pumping on the system and the rotary (or mechanical pump
is pumping on the diffusion pump. The base pressure of the system may be as low as 1076 torr (mm Hg)

and the foreline pressure should be in the range 1 - 50 microns (1 micron =1073 torr).
The oil diffusion pump cannot pump gases at pressures greater than a few hundred microns.
Attempting to operate the pump at pressures greater than this will result in the cracking of the diffusion

oil and possibly in the contamination of the system. Never expose a hot diffusion pump to pressures

greater than a few hundred microns. If the system is at atmospheric pressure, it must be pumped down to

less than 75 microns before the high vacuum valve is opened. This is accomplished by opening valve 3

(with valves 1 and 2 closed) and allowing the mechanical pump to pump the system through the roughing

line. When the system pressure is below 75 microns, valve 3 is closed and valves 1 and 2 are opened.
Valves 4 and 5-control neutral gas pressure in the system. Valve 4 functions as on-off valve,

while the leak valve controls the gas pressure. The two gases used most frequently in our laboratory are

Argon and Helium, and typical operating pressures range from 2 x 107 torr to 2 x 1073 torr.
Valve 6 is used to bring the system to atmospheric pressure when it is desired to open the plasma
chamber.

Pressure Measurements

The wide range of pressures to be measured necessitates the use of two different types of pressure
gauges. The Hastings gauge, a thermocouple type of gauge, can read pressures from about 1 micron to
atmosphere. The Hastings gauge serves two purposes in our vacuum systems. When roughing out the
system, the Hastings gauge determines when the pressure is low enough to open the high vacuum valve
connecting the diffusion pump to the system. When the system is in the normal operating mode, the
gauge is used to monitor the foreline pressure.

In the normal operating mode, the system pressure is too low to be read with a Hastings gauge,

and an ionization gauge must be used. The ion gauge reads pressure accurately from about 1073 to 1078
torr. Operation of the gauge at pressures above a few microns for any length of time will severely shorten
the tube life. Be sure to turn off the filament of the ion gauge tube whenever the possibility of its being
exposed to higher than recommended pressures exists. AC power to the ion gauge, as well as to the
Hastings gauge should be left on at all times.

The ion gauge operates by ionizing the gas in the tube and measuring the collected ion current.
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Therefore, the sensitivity of the gauge depends on the ionization cross section of the gas. The gauge is
calibrated for dry air and the correction chart for various gases appears in Table I-2.

Operating Procedures

When the system is in the normal operating mode only the gas control valves, 4 and 5, need be operated.
Valve 4 is opened and the leak valve is adjusted to obtain the desired neutral pressure. Close valve 4
when the experiment is completed.

Except in the event of a major leak, or for maintenance purposes, the diffusion and mechanical
pumps are never shut off. If the pumps must be shut off, steps 1 through 4 in the shut down procedure
should be followed. To put the system back into operation, follow steps 1 through 5 in the turn on
procedure.

The plasma chamber is left under high vacuum except when it is necessary to bring the chamber
to atmosphere in order to replace filaments or make other changes. In this case, steps 1 and 2 in the shut
down procedure are followed. To resume operation, follow steps 4 through 6 of the turn on procedure.

Turn On Procedure

1. Turn on water cooling for diffusion pump. Shut all valves.
2. Open valve 2 and turn on mechanical pump.
3. When foreline pressure reaches 50 microns or less, turn on diffusion pump. The diffusion

pump will take about one half hour to reach operating temperature.

4, When the diffusion pump is hot, close valve 2 and open valve 3 to rough out system.

5. When the system pressure goes below 50 microns, shut valve 3 and open valve 2. Slowly
open the high vacuum valve (1), while monitoring the foreline pressure. Do not allow the
foreline pressure to go above a few hundred microns. If the foreline pressure does not
drop below 1 hundred microns after a few minutes, there is probably a large leak in the
system, and the high vacuum valve should be shut.

6. The ionization gauge filament may be turned on after the high vacuum valve has been
open a few minutes.

Shut Down Procedure

1 Shut off ionization gauge filament and close high vacuum valve. (Valve 2) should be

open and valve 3 closed.)

2. Open valve 6, bringing the plasma chamber to atmospheric pressure.
3. Shut off diffusion pump heater. Allow one half hour for the pump to cool.
4, When the diffusion pump is cool, the mechanical pump and the cooling water may be

shut off.
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5) Appendix B: Construction of Plasma Sources

Two double plasma device' configurations will be described here. One uses permanent magnetic
dipoles while the other does not. The choice of configuration depends upon the experimental

requirements. The following table summarizes the advantages of each configuration.

TABLE I-3
Simple DP DP with Surface Magnetic Confinement
1. Te can be varied with the 1. High % ionization can be achieved
“Maxwell Demon”. using fewer filaments.
2. Spatial density inhomogeneity 2. Lower neutral pressure needed to
can be easily adjusted. Achieve a given plasma density.
3. Plasma potential is controlled 3. Little or no cooling required because
by the anode. of low filament dissipation power.

4. Suitable for afterglow studies.

a) Simple DP device: As illustrated in Figures 1-8 - 1-10, a vacuum chamber and filament structure are

the only components required to construct this device. The vacuum wall may serve as the discharge
anode whenever the plasma source desired is only a single plasma, Figure 1-11.

The concentric inner grid of Figures I1-9 and 1-10 becomes the plasma anode when the device operates as a
double plasma source. In that case, the two plasmas are isolated from each other by a launching grid of
fine meshed wire. The potential of each plasma can be controlled independently from the potential of the

other.

These sources are called Double Plasma or DP devices because two sources are usually used
together in wave experiments.
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b) DP device® with surface magnetic confinement:

i) The simple double plasma system described above can be converted into one with surface
magnetic confinement by permanent magnets if the wall is made sufficiently thin. (The wall must be
thick enough to withstand atmospheric pressure.) A non-magnetic stainless sheet (.090" thick) has been
rolled into a 14" (35 cm) diameter chamber. Access ports are welted into the 10 cm diameter holes on the

sides. Ferrite magnets (Crucible Magnetic Division 2.2 cm diameter by 2.5 cm long B ., =~ 2 kG) are

held in place on the surface with stainless steel straps as shown in Figure 1-11. The placement of
permanent magnets on the outside surface prevents contamination of the vacuum system by impurities on
surfaces of magnets. This arrangement has the added advantage that in confinement experiments students
can check the effectiveness of surface magnetic confinement by removing the magnets. Optimization of
the spacing between adjacent rows of magnets can be easily achieved without reopening the vacuum
system.

ii) An economical method of producing this plasma with clean vacuum uses a non-magnetic
stainless steel restaurant vessel. Figure 1-12 shows a 24 liter thin walled (0.92 mm of 1/32") vessel with
30 cm diameter and 33 cm length. For conversion into a plasma device, the vessel is covered with an
aluminum flange in which a groove is cut to vacuum seal the system by means of an 0-ring as shown in
Figure 1-13. Filaments and probes are inserted through this end flange. Radial probes as well as glass
windows are installed on the side of the vessel, using swageloks as illustrated in Figure 1-14. By simply
tightening the nut on the inner side of the vessel the 0-ring of the swagelok makes a good vacuum seal

against a flattened portion of the cylindrical wall. Using a 2" NRC oil diffusion pump and an Edwards

(ED-100) mechanical pump, an effective pumping speed of 285 liter/sec and a base pressure of 6 x 1077
torr have been obtained.

The single vessel system with an external arrangement of magnets described above is easily
joined with another similar size vessel to form a double vessel system. In this case, the rim of the first
vessel is attached to the O-ring of flange A as seen in Figure 1-16. The bottom of the second vessel is cut
away and then placed inside a deep O-ring groove of flange B. The two flanges are then clamped
together with another O-ring in between. Obviously a long multi-vessel system can be constructed by
applying this technique.

iii) Typical operating parameters for three representative D.C. discharge devices suitable for

introductory plasma experiments are summarized in Table I-4.
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Figure [-11.

A useful single plasma source showing exterior permanent magnets,
diagnostic ports and ¥acuum apparatus.



TABLE -4

OPERATING CONDITIONS FOR THREE TYPICAL REGIMES (Reference 3)

Device Characteristics:

24 liter volume, 30 cm diameter, 33 cm length, .92 mm wall thickness

5 tungsten wire filaments, .013 cm diameter (3 mil), 10 cm length

Discharge voltage = 60 V, Argon neutral gas

Surface Magnetic Plasma Density Neutral Pressure Total Discharge Current | Filament Heating
Confinement Current

(per filament)
None 2x10°cm? 10-4 torr 1 amp 3amp
Exterior surface 6 x 10" cm-3 10 torr 1 amp 3amp
Permanent magnets
Exterior surface 1x 10% cm? 4 x 10* torr 10 amp 4 amp

permanent magnets
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Gloss window

VACUUM

O-rings Mut

Glass tubing

Langmuir probe

Swagelak

Vessel wall

Figure I-14,

(after K. M. Leung)
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Figm 1'15-

Magnet Arrangements on End Plate (after K. N. Leung)



Aluminum flange B

-

. Stainless steel
O-ring grooves

j vessel walls

Aluminum flange A

Figure I-18&

(after K. N. Leung)
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Chapter II. Basic Plasma Diagnostics

One of the most important and frequently used plasma diagnostic techniques is the Langmuir
probe method. This method, which was first introduced by Langmuir' about fifty years ago, can be
used to determine the values of the ion and electron densities, the electron temperature, and the
electron distribution function. This method involves the measurement of electron and ion currents
to a small metal electrode or probe as different voltages are applied to the probe. This yields a curve
called the probe characteristic of the plasma.

Another important technique, using microwaves, is frequently employed to measure plasma
parameters, especially in situations where it is difficult to insert probes into the medium. An
interferometer method is used to determine the phase shift of the microwaves transmitted through
the plasma and the average electron density is deduced from the amount of phase shift.

By combining the microwave or ratio frequency method with the probe technique, we can
measure the density to better than 1% accuracy. Electromagnetic waves propagating along a density
gradient with frequency , excite electron plasma waves at the critical density layer z, for which , =
»(Z,), where ; is the plasma frequency. Since the propagation of these electron plasma waves is a
sensitive function of the density profile, a careful mapping of the electron plasma wave propagation
characteristics will reveal the density along its propagation path. This more advanced method is
described in Chapter V.

1) Langmuir Probe

The fundamental plasma parameters can be determined by placing a small conducting probe
into the plasma and observing the current to the probe as a function of the difference between the
probe and plasma space potentials. The plasma space potential is just the potential difference of the
plasma volume with respect to the vessel wall (anode). It arises from an initial imbalance in electron
and ion loss rates and depends in part upon anode surface conditions, and filament emission current.

Referring to the probe characteristic, Figure II-I, we see that in region A when the probe
potential, V,, is above the plasma space potential, V,, the collected electron current reaches a
saturated level and ions are repelled, while in region B just the opposite occurs. By evaluating the
slope of the electron I-V characteristic in region B the electron temperature T, is obtained, and by
measuring the ion or electron saturation current and using the T, measurement, the density can be

computed.



The current collected by a probe is given by summing over all the contributions of the

various plasma species:

| = AE na Vi

(1)

where A is the total collecting surface area of the probe; Vi = the average velocity of species I, and

Vi

1 ro.r :
= — f Vi (V)dv for unnormalized f (V). It is well known in statistical mechanics that collisions
n

among particles will result in an equilibrium velocity distribution f given by the Maxwellian function:

1 r
-3/2 (_fma|v|2\
fa(\g):n(anTa) EXDZ—J
m KT

a a

(2)

This distribution function is used to evaluate the average velocity of each species.

We will first consider a small plane disc probe which is often used in our experiments. When
it is placed in the xy plane, a particle will collide with the probe and give rise to a current only if it
has some v, component of velocity. Thus, the current to the probe does not depend on v, or v,.

The current to the probe from each species is a function of V ° V, - V.

1 1
1/2 (imvz\ 1/2 (fm VZ\
o 27KT 2 @ | 2aKT 9 @'z
(V) =ngA[ dv, « Exp| &<——|[ dv. = Exp| ¢——
A s oy e e o
1 \
1/2 (im vV 2\
f dv,v, 2, Exp| 2——
Vinin ma KTO{
(3)
The lower limit of integration in the integral over v, is v, since particles with v, component of

1/2

2qV
m

a

velocity less than V,,, = ( ) are repelled, Figure II-2.

The integrals over v, and v, in (3) give unity so the current of each species is just
1
00 ( n mOtVX2 \

I(v) = noA[" dvxvx( 27:1:1‘) ExpL ZTJ

(4)
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a) The electron saturation current, I.;: In this region all electrons with v, component toward

probe are collected. We obtain the electron saturation current
-1/2 12

w0 1 2
l = —neAf dvxvx( ZnKTe) Exp(—2 MYy ) = —neA( KT, )
0 m, KT, 27m,

(5)
Similarly, in region B and C where V,, <V and electrons are repelled, the total current is
-1/2
° 27KT, ~imyv?
I(v) = Iis—neAf dvyv,| —= Exp AL
Vimin me KTe
(6)
Substituting $myV, > = €V, (6) becomes
1/2
KT. eV
[(v)=1.-n £ Exp| —
2mm, KT,
(7)

since V <0 in region B and C. Equation (7) shows that the electron current increases exponentially
until the probe voltage is the same as the plasma space potential (V =V, - V = 0).

b) The ion saturation current, I;;; The ion saturation current is not simply given by an

expression similar to (5). In order to repel all the electrons and observer I, V, must be
negative and have a magnitude near KT,/e as shown in Figure II-3. The sheath criterion®
requires that ions arriving at the periphery of the probe sheath be accelerated toward the
probe with an energy ~KT,, which is much larger than their thermal energy KT;. The ion

saturation current is then approximately given as
12

3( 2KTe)
Iis =N
(8)

Even though this flux density is larger than the incident flux density at the periphery of the

collecting sheath, the total particle flux is still conserved because the area at the probe is smaller than
the outer collecting area at the sheath boundary.*”

c) Floating potential Vi Next we consider the floating potential. When V = Vj, the ion and

electron currents are equal and the net probe current is zero. Combining equations (7) and (8), and

letting [ = 0, we get
1/2

v, - - KT, n(L)
e 4,
9)

d) The electron temperature, T, : Measurement of the electron temperature can be obtained

from equation (7). For I;; < I we have
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Afe

repelled

collected

Figure II-2,

Electron Velocity Distributi
All electrons with energy |eV| greater than o v . *

. are llected,
min oo d



KT, 12 o) o
0o St

dnl e

dv KT

(10)

(11)
By differentiating the logarithm of the electron current with respect to the probe voltage V for V <
0, the electron temperature is obtained. We note that the slope of Inl vs. V is a straight line only if

the distribution is a Maxwellian.

e) Measurement of the electron distribution function, f.(v,): The electron current to a plane

probe could be written in a more general expression as (again neglecting the ion current)

00

= noAf” v (v, )dy, = %* [ Havydav)
2
4 tav) -
d(av)

where q = -e, the electron charge. This is a very simple way of obtaining the electron energy
distribution function. If we measure f(v,) as a function of plasma position, we can obtain the phase

space distribution f(v,,x). A further refinement is to observe the distribution at a given time t after a

certain event using a sampling oscilloscope. This results in the complete description, f(v,x,t), of the

electrons in a given system.

2) Double Probes™™®
A double probe consists of two electrodes of equal surface area, separated by a small distance
and immersed in the plasma, Figure 1I-4. One probe draws current I, while the other is drawing
current I,. To find the electron temperature of the plasma, we consider quantitatively the current to
the probe for various potential differences between the probes, Figure II-5. Since the probes are
floating at V; of the plasma, i.e., the double probe circuit has no plasma ground (anode) connection,
the total current in the probe circuit must be zero. From (7) and (5), the current collected by probe
#1 is
=1 is-1, es Exp(%)

e

(13)
Using the definition of the floating potential with (7),

e W),
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(14)

| Potential

lons

Figure II-3,

Sheath potential as function of distance x from infinite plane probe.



hence (13) becomes

I1=I1B[1—Em{f§i)

KT,
(15)
In the same manner we get
. eV,
I, =1,is|1-Exp| —=%
? ? |: p( KTG)
(16)
If the probe areas are equal, then (8) implies
lis=1,is=1
(17)
Zero net probe circuit current motivates the definition
=1 =-I,
Combining this with equations (15), (16), and (17) yields
I -1
—Is —Exp &y
-1 -1 KT,
(18)
where the double probe potential is defined by ¢ =V, —V,. Solving equation (18) for I
| = -1 tanh| =¥
2KT,
(19)
Differentiating equation (19) with respect to y at =0
dl e
du |v-0 s %Chzzﬂ = 0(2—)
(7 KT, y KT,
(20)
i.e., electron temperature is related to the slope of the double probe characteristic by
a (e
dy *\ 2KT,
(21)

The double probe can collect a maximum current equal to the ion saturation current and does
not disturb the plasma as much as the single probe with its anode connection. However, the small
amount of detected current (microampere range) does warrant a much more sensitive detection
circuit, as in Figure 11-4.

The student is required to compare the electron temperatures and plasma densities obtained

with the single and the double probes.
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3) Microwave Interferometer’"”

The basic idea behind this diagnostic scheme is as follows. The plasma acts like a dielectric
medium to electromagnetic radiation, and a wave propagating through the plasma will suffer a change
in phase

A¢ =LL(Kacuum - kplasm)dx
(22)

where L is the path length of the plasma, k..., = W/c is the free space wave number of the
electromagnetic waves, and kj,sm, 1s the wave number of the wave propagating in the plasma, which
is given by the dispersion relation

’ ,\1/2
(02 - w,?)

c

k

plasma =

(23)
1/2

4ane’

Here w is the wave frequency, @, = ( ) , the electron plasma frequency and c is the speed of

light. If the plasma density is uniform over the distance L, we obtain from equation (23) for the

phase shift

A¢=%(1—(1— a)pzz)l/z) .

w
(24)
a) Density measurement by phase shift: When w,. << w (note this restriction) we obtain a relation
between the phase shift and plasma density
2
_0 (10 |
c\2 o®
(25)
. . . 4me’ . .
Defining the critical density by = " we can express equation (25) alternatively by
n 2A
——=——£nmmaemms——
nC K/acL C
(26)

Since all laboratory plasmas have a certain degree of inhomogeneity, i.e., some density
gradient, the phase shift Df is an integrated quantity as represented by equation (23). However, the
density profile can be obtained by relative density measurement using movable probes. If we write
n(x)=n,f(x), where f(x) contains the spatial variation in the plasma density, a relation similar to

equation (26) can be achieved using
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Figure

II-3.

Current vs. voltage characteristic of a double probe.



_ 2nA¢
=——= "
e, ()0l
(27)
Thus with the help of the radial probe measurement on the relative density profile, the microwave

interferometer technique could be used to obtain the absolute density at any radial position.

b) Observation of cut-off: For w= w, the relation given by equation (26) or (27) is no
longer valid (why?). One must use equation (23) or (24) directly and the relation between Dy and n

becomes quite complicated. However, when w = w,, the wave number becomes purely imaginary and

pe»
no propagation is possible. By observing the cut-off, we can calculate the maximum density in the
plasma, n,,,, = n,, where n, is the critical density defined above. The student is required to compare
this microwave method with the Langmuir probe result.

4) Experimental Procedure

a) Follow the procedure as described in Chapter I to obtain a D.C. discharge. Clean up probes
and set up a sweeper circuit as described in Appendix A. Observe a Langmuir characteristic curve by
using the oscilloscope. For recording, the single sweep mode must be used with sweep rate of 1 to 2
seconds per cm, such that the mechanical movement of the recorder pin can follow the changes of
the signal. The manual sweeping circuit of Figure II-7a is a possible substitute for oscilloscope and
automatic sweeper when recording the Langmuir curve graphically.

b) Details of the probe characteristic: Take several single probe traces using the probe

sweeper circuit and the x-y recorder. Replot each trace on semi-log paper and subtract out the ion
saturation current to obtain the current contributed by the secondary electrons. At low neutral
pressures the primary electron current will appear as a long, high temperature (gently sloping) tail
with negative current in the ion saturation region of probe bias. In this case, subtract the primary
electron current (as well as the ion saturation current) from the total probe current to obtain actual
secondary electron current. (Primary electron current collected for a given probe bias can be
estimated by extrapolating the straight-line primary tail.) Obtain the electron temperature from the
slope of the curve and the density from both the ion and electron saturation currents.
Experimentally determine how the ratio I./I;; depends on the mass ratio.

You will find that the primary electron current usually overshadows the ion current.
However, the ratio of primary electron to ion current can be reduced significantly and the ion
saturation current can be observed by simply raising the neutral pressure to about 107 torr (explain
why).

c) Double probe: Set up the double probe manual sweeper circuit with the x-y recorder and

obtain a double probe trace. Compute the density and electron temperature and compare the result
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with n and T, obtained from a single probe characteristic at the same time in the same region of the
plasma.

d) Microwave interferometer: The X-band microwave interferometer set-up is shown in

Figure 1I-6. Microwave signal generated by the oscillator is split into two paths, one propagating
through the plasma, V, cos (wt + 0;), the other through a variable phase shifter to provide a
reference signal, V, cos(wt + 0,). The signal propagating through the plasma is received by a pickup
horn on the other side of the vacuum system, and then added to the reference signal by the magic
tee: Vgm = Vi cos (wt + 0,) + V, cos (wt + 0,). This signal is then fed into a crystal detector, which

produces a current signal I V7. By taking a time average of the current I from the crystal,

(1) <V 2> = 3V + 3\, + VLV, cos(g, - ¢,)
(28)
For a given plasma density, f; is fixed. Vary V, with the variable attenuator and f, with the phase
shifter to obtain a null (f; f, =p). Be careful not to overattenuate the reference signal V, as this
will result in a phase independent signal [V, = 0 in (28)].

The crystal diode output signal is so small that a high gain amplifier must be used.
Furthermore, the microwave signal should be gated on and off (i.e., square wave modulated output) to
avoid confusion over D.C. shifting of the output signal in the high gain amplifier.

Turn off the plasma (by turning off the discharge), find the null again and record Df. In
finding the null, large errors can develop. To minimize these, plot <V,>> versus f, for the case
where the plasma is present and the case where it is turned off to obtain two cosine curves offset by
phase Df. Although this procedure is tedious, it is recommended for improved accuracy.

Calculate the plasma density using equation (26) and compare the results with those obtained
from the probe measurements. If the density is non-uniform, try to correct the result by measuring
relative density profile using a movable Langmuir probe. Difficulties arise whenever the dimensions
of the plasma container are comparable to the wavelength of the microwaves. In this case, the
waveguide horn is not large enough to sharply define the microwave beam and unwanted cavity
modes are excited in the vacuum chamber as a result. These modes have multiple paths through the
plasma and can drastically alter the measurement of Df. Hence, steel wool has been placed near both
the sending and receiving horns to attenuate these undesirable multiple path signals.

e) Density Measurement via Plasma Resonance: The most accurate local density

measurement in an inhomogeneous plasma is achieved by exciting the local plasma resonance ,(x).
An oscillating electric field of frequency w, is externally excited in the plasma by a capacitor plate

oriented to give an electric field along the density gradient as shown in Figure 1I-7. Where ever the
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external frequency matches the local plasma frequency , = ,(Xo), the amplitude of the external
electric field is found to be enhanced by an order of magnitude or more. This resonance is best
detected by noting the deflection of an electron beam traversing the resonant location (Figure I1-7)
in a direction perpendicular to the density gradient. (A detailed description of this electron beam
diagnostic is to be presented in Chapter V.) Since the external oscillating field frequency , can be
precisely measured, the plasma density can be determined to better than 1%. A Langmuir probe can

be calibrated using this technique.

Questions

1.  Why does the ion saturation current depend on kT.?

2 If there is an excess of primary electrons in the plasma, what kind of effect can one see by using
(1) single probe, (2) double probe, and (3) microwave interferometer? Can you measure the
density of the primary electrons?

3. For a plasma consisting of positive and negative ions of equal mass, draw the probe
characteristics, carefully labeling the quantities I, I, Vyand V,. How do you deduce T, and T.?

4. What processes determine potential difference between the plasma and the anode?

5. When a fine conducting grid (called "plasma demon") is biased to some positive potential, it was

found that the electron temperature increases by a factor up to 2-3. Can you explain this effect?



5) Appendix A: Description of Probe and Circuitry

a) Langmuir probe: A typical disc Langmuir probe in our laboratory experiment is spot welded
onto a 0.010" diameter tungsten wire extending from the end of a glass insulating tube which is
surrounded by a ceramic support sleeve, [c.f. Chapter I, Figure I-14]. A circuit diagram which is
useful for plotting the current-voltage characteristics on an x-y recorder is given in Figure 1I- 4.

The probe voltage is obtained from a stabilized power supply (0 to 100 V), or better still a large
battery, and can be varied in polarity and magnitude with a potentiometer. The probe voltage is also
monitored on the x-axis of an x-y recorder which is easily calibrated with a voltmeter. As in Chapter
I, the probe current is found from the voltage drop across a small resistor. The y axis is most
conveniently calibrated by replacing the probe with a known resistor. More sophisticated circuits
which electronically generate a voltage ramp may also be used to obtain probe I-V characteristics.
One of these is shown in Figure I1-8b.

The Langmuir characteristic is obtained by sweeping the probe voltage slowly between the
negative and positive limits so as to include all the important regions of the curve.

¢) Double probe: The double probe used in these experiments consists of two planar discs

separated by a small distance. An alternative circuit to that of Figure II-4, suitable for
measuring the double probe characteristic is the same as shown in Figure II-7, except that
the ground (anode) is replaced by the second probe. No part of this circuit should be
grounded. Each component probe of the double probe should be cleaned in the same manner

as the Langmuir probe.
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Chapter 1II Energy Analyzer

While a simple plane probe yields information on the electron density and temperature, an
ion energy analyzer using additional electrodes to eliminate the electron contribution is required to
measure the ion temperature. In this chapter we will discuss its design, practical applications as well as

its limitations.

1) Energy Analyzer Design

One design of an ion energy analyzer as depicted in Figure III-1 has been found to possess
adequate resolution for the study of ion distribution functions. It consists of two mesh grids (Gl and
G2) and a collector plate (P) located behind the grids.

The first grid is left at the plasma floating potential so that it repels electrons but allows
most jons to pass through. The second grid', called the discriminator, is biased positively in order to
retard those ions with energy per unit charge less than its potential ¢, measured with respect to the
plasma potential. The collector plate, which is biased very negatively (typically ~60 V), repels the
residual high energy electrons which penetrate through the first grid and collects all the ion current.
A schematic of the relative potentials of different electrodes is shown in Figure III-2. The
placement of the analyzer and the physical connections to its various electrodes are depicted in
Figure I1I-3. The sawtooth output of a scope is used to provide a ramp for a electronic sweeper
which drives the discriminator. A display of the collector current vs the sweep voltage is shown in
Figure I11-4.

' Do not overbias the discriminator grid. The large electron current it collects can burn
out the fine mesh.
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Potential distribution in the three-electrode analyzer for studying
ion component of plasma current, Gl is left at the floating potential to
retard electrons. This minimizes disturbance of the plas=a by the analyzer.
GZ, the discriminator, is biased to repel icns with energy less than its
potential ¢ (relative to V_). P, the collector, is biased negatively to
repel all the electrons and collect all the iens which pass the discriminator,
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a) Placement of ion energy analyzer in double plasma machine.
b} Schematic diagram for the measurement of ion temperature.
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a) Typical current-voltage characteristic, I vs. 4. (T4 = 0.7 eV.)} The
exponential behavior of the curve for ¢ < 1/2 Volt is a (spurious) probe effect.

b) Differentiated current-voltage characteristic, Fiv) wvs. E.

e¢) Ion welocity distribution fumctiom, F(v) vs. v, obtained from scaling
the energy axis into its ion welocity equivalent.
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Ideally, the electric field inside the analyzer should point axially along the direction in which
the velocity component is to be analyzed. To achieve this, the hole size h of the mesh forming the
grid and the spacing s between adjacent electrodes must be of the order of 1 - 10A,. Each grid then
forms an equipotential surface with the discriminating electric field oriented perpendicular to the gird
surface. At higher plasma densities or larger mesh sizes such that h, s > > Ap, the plasma in between
grid wires shields out the potential of each wire, giving rise to short-range radial electric fields
between plasma and grid wires. Particles going through the grids no longer see an axial discriminating
electric field and poor resolution of the ion distribution results. The finest mesh presently available
satisfies the above size criterion up to a plasma density of 10'*/cm’. If the first grid is made of such a
fine mesh it lowers the plasma density inside the analyzer by as much as two orders of magnitude and
increases Ap there by an order of magnitude. As a result, the allowable mesh size of the second grid is
somewhat larger. The lowering of plasma density inside the analyzer is a desirable feature, as long as
the collector current is within the limit of detectability, since the plasma behaves more like a
collection of single particles whose trajectories are easily predicted. If the ion energy exceeds 10 eV
sputtering and secondary emission from the electrodes must be taken into account. A fourth grid
might have to be introduced in front of the collector and biased slightly more negatively than the
collector in order to repel secondary electrons released from the collector surface due to ion
bombardment. If allowed to escape from the analyzer probe, this secondary electron emission will

result in a stray, positive collector current.

2) Analysis of Measurements

After the electrons have been screened out by the discriminator grid, the ion current reaching
the plate collector of area A is given by

() = eAI;@d/z VF(v)dv

Om DO

(1)

_en - MVD_ e - L
- J—Zeqam1 F(V) dD 2 B M L{pF(V)dEWhereE = 2|\/|V

Om O

Differentiating (1) with respect to @, we get an expression for the velocity distribution function F(v)

or G(@) in terms of the first derivative of the current-voltage characteristic, I(®) vs @, namely

M di
FV)=——~-—
V) eAdy

(2)
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Let us consider a typical characteristic of I(q) vs @ as in Figure I1I-4a. The derivative d obtained by
do

methods mentioned below is represented in Figure 4b. This gives us the ion distribution as a function

of energy. If the velocity distribution function F(v) vs v is desired the abscissa must be re-scaled

according to the relation V:\gzﬂp, as in Figure 4c. It should be pointed out that the I(Q)
‘' M

characteristic should not be taken seriously at very low discriminating voltage @, when the electric
fields introduced by the analyzer grids are comparable to the fluctuating fields inside the analyzer. In
practice the shape of the distribution is taken to be the curve starting from the right side in Figure 4b
and rising to a maximum near @= 0 V. The left side of the maximum is discarded on account of the

poor resolution of the analyzer.

Ion Temperature

If F(v) is a Maxwellian function then, according to (1). I(@) =

1I(@)= (constant) Exp(- i) or
KT

i

InI(@)= (constant)- i
KT,

1

The plot of
In I(@) vs. @

should be a straight line ant the inverse of its slope gives the ion temperature KT; directly.

Plasma Potential

The analyzer also measures the plasma potential, i.e. the potential at which all ions are

. . e . Lo ) .
collected. Experimentally this potential is given by the value at which -— reaches a maximum.
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a) Différeqtquing circuit using high gain operational amplifier A.
b) Schematic diagram for the measurement of ion distribution functions,
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3) Experimental Methods of Differentiation of Current-Voltage Characteristics

Ion distribution functions can be obtained from electronic circuits which differentiate the
normal current-voltage characteristic of the analyzer with respect to @, Figure III-4b.
Experimentally, this differentiation can be carried out in two different ways: with a simple R-C
differentiating circuit, Figure III-5a, or a more sophisticated method using a lock-in detector, Figure
I1I-5b.

i) R-C differentiation

This method requires a very linear variation of the discriminator voltage @ with time t. With
the R-C differentiator synchronized with the discriminator voltage ramp, differentiation is carried
out with respect to time and therefore indirectly with respect to @. The advantage of this method is
ifs fast response and instant display of the distribution function.

An oscilloscope plug-in unit which has an operational amplifier differentiation circuit is used.
When the analyzer's collector signal V; is put into the circuit, shown in Figure III-5a, the output is
simply

v. o rC
ar

ii) Differentiation by synchronous detection

In this method a small sinusoidal voltage @, cos wjt is applied to the discriminator grid biased at
potential @, and the synchronous variation of the current as a function of energy selection potential

1s measured. The current collected is

I(¢) = %A [ G(E)E

(5)

Adding a small amplitude modulation @, cos wyt to the linear variation of discriminator bias
we define

Q=@ + @ cos wWyt, with @, << @,.



-67 -

Then expanding (5) in a Taylor Series about ¢, produces

(@, cosewpt )’ d’l
Fi d(pz'wo

dl
1(9)_1(9) % (90 ) 7ol +

(6)
By looking at the coefficient of the ti i ¢ ¢ find 4E|, and h
y looking at the coefficient of the time varying component @; coswt we can find 7 lp, and hence

the distribution function G(e@,) according to (5).

Figure II1-5b shows a schematic diagram for the measurement of ion distribution functions with
the aid of a lock-in detector.

A lock-in detector is a ultra-sensitive instrument, capable of detecting a small signal (signal-to-
noise ration as low as 40 db), provided this signal varies at the same frequency as a known reference
signal. It is generally used to multiply some input signal 3 A cos w,t by a reference signal B,cos w;t

and then time-average the product: the lock-in output signal S is then
S=<(%,4,c08w,Y[ B,cos(w,t+V)/ >

(7)
=< 4.B,c08(,t)cos( g, t+6)>

: 1.7
= _lim —f A B, cos’ w,t cosfdt
T o I

) 1 7 . }
- lim = cosw.tsinw.tsin@dt
Llim [, AB coswtsinw,

This final term time averages to zero, hence

_AB,
S cos 6. )



- 68 -

The final result is proportional to the signal strength at the frequency w, and is related to the angle 6
between the reference and its corresponding harmonic in the input signal. All other frequency
components do not maintain a constant phase relationship with the reference signal and are time

averaged to zero.

dl
To relate this lock-in output S to the measurement of 7@ 'win (6), write the reference

component in (7) as B, cos w,t = @, cos Wyt and the input signal as 2 A, cos w,t = [(¢). According to
(8) the detector output

_ @ dl
S= 2;%;% O(eq,)

is proportional to the ion energy distribution function.

4) Experiments with the Ion Energy Analyzer

Perform each of the following experiments in the double plasma (DP) device described in
Chapter 1, Appendix B.

a) Ion temperature measurement: Monitor the probe characteristics on both sides of

the DP device and
vary the known bias between the two chambers to balance the plasma potentials' so that ion beams
are not present in either chamber. Obtain an analyzer I-V characteristic for at least two different

neutral pressures. Replot the characteristic on semi-log paper and determine the ion temperature.

. . . . L d ,
Determine the plasma potential according to the potential @ at which s reaches a maximum

[Figure I11I-4(b)]. Compare this measurement with the one made by the Langmuir probe.

b) Observation of ion beams: Bias the source chamber positive with respect to the target

chamber to launch an ion beam. The beam energy is determined by the difference in plasma
potentials between the source and target plasmas. Record an [-V characteristic to determine T; and
T,, the temperature of the beam, from the slope of a semi-log plot of this data.” An example is
given in Figure I1I-6, 7 in which the I-V characteristics ant the corresponding ion distributions are
depicted. When a beam is directed into the analyzer, all the beam ions are collected whenever the
discriminator potential @ is such that e@< E,, where E, is the beam energy. For

e > E,, the beam ions are repelled so the I-V characteristic has the step function shape as in Figure

"Because of slight density gradients near the DP interface, plasma potentials are most
easily balanced when each Langmuir probe is placed about 10 cm from the launching grid.

’See Appendix A
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III-6b and III-6¢c. When the I-V characteristic is differentiated to obtain the ion velocity distribution
function, F(v) vs. E, the ion beam appears as a bump on the tail centered around the beam's energy as
in Figure III-7b and III-7c.

Obtain similar ion velocity distribution functions for beam energies such as 2 eV, 4 eV, 10 eV,
using the operational amplifier plug-in for R-C differentiation. Verify the beam energy obtained
from the analyzer against the potential difference between target and source chambers.

In preparation for the next chapter, monitor the density fluctuation (dn/n) in the target
chamber with a Langmuir probe and see if there is a correlation between the fluctuations and the
beam energy. What beam energy and corresponding ion beam velocity maximizes the amplitude of
the fluctuations?

c¢) lon beam decay-measurement of the charge exchange cross-section: The ion beam decays
spatially due to charge exchange collisions' and elastic collisions with the background neutral atoms.
To derive an expression for this spatial decay, we note that a decrease dI, in the beam current in a
distance dx at the point where the beam current is I, is proportional to -N,Iydx, where N, is the
neutral density. The proportionality constant is the charge exchange cross-section, 0, which may be
visualized as the effective area a neutral atom presents to an incident beam ion for undergoing a

charge exchange collision.

'When a beam ion A” collides with a cold neutral A, the ion A” may capture an electron
from the atom A in accordance with

A" + A - A + A"
(fastion)  + (slow neutral) — (fastneutral) + (slow ion)

resulting in a fast (beam) neutral and a cold ion. This charge-exchange process is utilized in
current plasma fusion studies where intense neutral beams are produced from fast ion beams for
the purpose of injection heating.
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Thus
dl, = -I,Nyodx
Integrating we have
In I, = In I, - NyOx
or
I, =1y Exp (-Ny0Ox).
9
The beam current therefore decays exponentially. The cross-section can be computed by simply
measuring the e-folding decay length of the beam with the energy analyzer and assuming the cool
neutrals to be at room temperature.
Experiment
Vary the axial position of the analyzer for one beam energy and plot the spatial decay of the
beam for at least two different neutral pressures (10 and 8 x 10™ torr for example). Use (9) above
to measure the collision cross-section for the beam energy you choose and compare it with the cross-
section for both elastic and charge exchange collisions in Reference 8 or 9. According to your data,

which collision process dominates?
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5) Appendix A: Jon Beam Temperature in Double Plasma Device

The ion beam-plasma system is formed in the DP device by biasing the source chamber anode
positive with respect to the target chamber anode. This results in a source plasma space potential
which is higher than the potential of the target plasma. If the difference between the source and
target space potentials is ?, then we have the situation shown in Figure III-B, where the space

potential is'

0 x<0
o(x) = Px) O0<x<L
- x2L

Because the dynamics of the accelerated beam ions is of interest, a kinetic treatment (rather than
fluid theory) is appropriate. We start with the collisionless, steady state (gj;-: 0) Boltzmann

equation given by

6f+qE 6f=0

Vy e —
“ox  m Oy,

. — _0p . . . . C .
for each component plasma species, where E=- . This equation is satisfied by the distribution

function

mvz_qqa(x)
2KT KT ~

with C = constant, as can be verified by direct substitution.

Jtx,v)= CExp(-

In the source chamber, the plasma ion distribution function is just a Maxwellian (Figure I11-9a):

£,(v)= CExp(- ZMV )
KT

From Figure III-8 it is obvious that only those source plasma ions (near the plasma-grid sheath
interface at x = 0) with v, > 0 can enter the grid sheath to become accelerated beam ions hence,

the restricted velocity distribution of Figure III-9b.
As these extracted plasma ions proceed as beam ions down the potential "hill" plotted in Figure

I1I8, they will all gain the same amount of energy E,, where E, = €. Because of this, the beam ions

arriving at the end of the sheath (x = L) will have a minimum velocity v, given by

'Source plasma potential is chosen as ground reference to simplify the mathematical
analysis which follows.
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Also,
N = [CBeg
=C Expg‘lé—?i@’: Expgszéjv
-ca e e
where

2 o
erfc(2) E?I Exp(—u®)du
N TTI2
V,
with z denoting the minimum beam ion velocity normalized to plasma ion thermal velocity z=-2..
KT=<mv-v) >
L v =) f(W)av
N IV1 ’

(10)
where v, and v, are the lower and upper velocity limits, respectively; the normalization factor, N, is

given by
N = IVZ f(v)dv

and the average velocity, V | is
V=1 v (v)dv
N .IV].

In the source chamber, plasma ions have v, = -c, v, = +c0 and

1

OMv? O

(V)= g B
T H KT

Equation (10) yields an identity for this case.
However, for the accelerated beam ions at x = L, we have (referring to figure I1I-9¢) v, = v, v,

= 400, and

OMV? 0

where C is a constant.



| f(v)

x<0
-
lf't."l'}
x 20
—am Y
L flv) o
:
I
: x2L
! v

2q¢

Figure III-9,
a) Velocity distribution function of source plasma ions.

b) Velocity distribution function of beam ions near x = 0,
e} Velecity distribution function of beam ions for x > L.
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We also need to find the average beam ion velocity \; before KT, can be computed from (11):

- _C Ov,2 —v?O
Vb = N, Ivov Expgiai2 %dv

C 1
= —Exp(Z®) [, =a? Exp(-y)dy,y =
N, P(Z) [ " Bxp(-y)dy.y

2
- fLExp(ZZ)Exp )

b

V2
a?

&

_ Exp(2)
CJTerfez)
With the definition
Exp(-z2)
Jmerfe(2)

(2=

we proceed to evaluate v:
=— EX
<=L BegT
@ 0 v O
> EXpT—
LV B e

a T erfc(2)

Changing the variable in the last integral to w=-and integrating by parts gives
1 %
<y>=_gltyveaé( )
2-a 0 a;

. . < (V _ —)2 > . .
Using these expressions we can evaluate Vb in (11) above by noting that
S(-p ) Z=<yt - vty
=<y?> 25, <v>+ 7
=< 2> \7;'
Thus according to (10):
1 V v
KTh:M[Z_af+ voa§(2)-1a$( )]
a; a;
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- 24_20[1+ 2:8(2)- 28 (2)]. (12)

The low ion temperature T; typical of DC discharges implies that
a; << v, or z>>1.

The following asymptotic expression can be used:

Jmz Exp(Z) erfc(z) ~1+ i 1[BIEMMER ~1)

(22°)
Keeping only the terms of order 1/z* or larger in the denominator we get:
z 47
(@ =
]- N 47°-27+3
2z 4z

Placing this expression for &(z) into (12) gives
8,+28,%-12,7°4+9 .
(424—222+ 3)Z

KT,= KT, [-

(13)

(Since z is large, the term inside the brackets is clearly positive, as it should be.) Note also as z - o

we get

KT, (KT

kT, ~ KL= KT
v 22 L0 O 2eq '
0,/AD

Hence the temperature of the beam is less than the source temperature KT; and
approaches zero as Vo _ .
&
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Chapter IV. Ion Acoustic Waves

In this and in the following chapters, we are going to examine the excitation and propagation
of plasma wave modes. In a plasma with no applied magnetic field, the wave phenomena are
particularly simple because such a plasma has only two electrostaticnormal modes--ahigh and a low
frequency mode. The high frequency mode is one in which the electrons oscillate rapidly about
stationary ions and is called the electron plasma wave. In the low frequency mode, ions and
electrons oscillate in phase producing longitudinal density perturbations called ion acoustic waves.
They were first predicted in 1929 on the basis of a fluid analysis by Tonks and Langmuiral' who
found, for frequencies well below the ion plasma frequency and for isothermal changes, that the

phase velocity v, should be given by
e + i
V2 0 KT MKT )

These waves differ from ordinary sound waves in that the coupling betweenelectrons and ions arises
from electric fields resulting from small charge separations. More recently, a number of authors*?
have shown on the basis of the collisionless Boltzmann (Vlasov) equation that ion waves can exist
in a plasma even in the absence of collisions. The collisionless equations also predict an interesting
feature of the ion waves namely, that they should be damped by interaction with ions moving with
velocities close to the phase velocity of the wave.* This damping, which was first predicted by
Landaus for electron plasma waves, is strong in the ease of ion acoustic waves even for wavelengths
large compared with the Debye length, if the ion and electron temperatures are comparable.

Ion acoustic waves can be excited by producing a density perturbation with a conducting
launch grid immersed in the plasma. Two commonly used techniques are described as follows:

i) Absorption method:® Consider a grid immersed in the plasma as shown in Figure IV-la.

If the ion-collection region (approximately 10 Ay) is a significant fraction of the interwire spacing,
then a modulation of the grid bias will produce a varying amount of absorption, i.e., a small density
perturbation is created in the transmitter probe vicinity and propagates down the plasma column.

i1) Velocity acceleration: A second method uses velocity accelerations produced by biasing

the potential of one plasma with respect to another as shown in Figure IV-1b. The inflow of plasma



-80 -

l—ﬂé’fﬂfﬁffﬂﬁi?ffix’ﬂfj
- ) é

U w
U

b Ioen fleww

._____::::[IL_____-___“' §
(1b]

Figure IV-1,




-81-
particles from one chamber to another sets up a density perturbation. In this case, a floating wire-

mesh grid defines the interface of the two plasmas.

Most excitation schemes create a propagating density perturbation by a combinationofthese
two methods. However, there are more advanced methods which do not require grids in the main
region where ion waves are excited and detected. For example, a slow electron drift can cause ion
waves to grow spatially from one end of a device to the central region by an order of magnitude a
large amplitude electron plasma wave excited by electron beams or externally imposed
electromagnetic waves can decay into an ion acoustic wave ant another electron plasma wave of

slightly lower frequency. These advanced methods will be treated in Volumes II ant II1.

1) Physical Description
Ion acoustic waves derive their name from the similarity they bear to sound waves in a gas.
Sound waves are longitudinal density oscillations in which the compressions and rarefactions are

driven by collisions among the gas atoms. Ion acoustic waves are also longitudinal density
oscillations, but they are driven by collisionless effects--namely, the electric fields that arise from
the space charge developed by the slight displacements between ion and electron density
perturbations. Since the ions and electrons oscillate in phase, the ion space charge, which would
normally tend to push the ion compressions apart, is neutralized or shielded by the electrons.
However, due to their thermal motion, some electrons overshoot the ion charge clouds hence the
shielding is incomplete and an electric field is developed which then drives the wave. The higher the
electron temperature, the more incomplete the charge neutralization and the greater the wave electric
field and the phase velocity.

If the electron-to-ion temperature ratio is such that T./T; >> 1, a condition that can be met
in laboratory plasma, the dominant driving force comes from the electron pressure, and the ion
acoustic speed is simply given by Cs = [y.KT/M]"%. The ratio of specific heats, Y, and y;, can be
assigned values from simple thermodynamic arguments. Since the frequency of the ion waves is so

low, the electrons move several wavelengths in one period and thus carry away any heat developed
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within that period. Therefore, the isothermal condition is valid for electrons, and y, = 1. The ion

compressions, however, are one-dimensional, Y; is generally assumed to be 3. A comparison of fluid
theory and the more exact kinetic theory (Appendix A) of ion acoustic waves shows that the above
values of Y, and y; give an excellent approximation to the exact result.

2) Simple Theoretical Derivation

a) Linear dispersion of ion acoustic waves: We will first present a very simple fluid model,

which reveals the wave motion carried by the bulk of the two charged species: ions and electrons.
Various refinements are then added to explain experimental observations. A more complete kinetic
theory, which includes interactions between waves and resonant particles as well as boundary
conditions at the exciter, is treated in Appendix A.
1) Elementary analysis: We shall first present a simple analysis of ion acoustic waves under
the following assumptions:
1) T;=0, which to a good approximation describes our plasma with T; << T, .
2) Assume charge neutrality n;= n, =n. This is a good assumption for low frequencywaves
in which ions and electrons move very nearly together.
3) lons provide the main inertia since M; >> m,. Neglect electron inertia.
4) One-dimensional analysis since our plasma has a large cross section and the excited wave
is very nearly a plane wave.

Ions and electrons are described as charged fluids according to the following equations:

dvi _

nM - nek (1)

nmdve = -neE - 9P, (2)
dt ()4

Adding equations (1) and (2), and using assumptions (2) and (3), we obtain:
dvi ap on
nM— = -—— = - e
dt ox VKT ox

where the adiabatic assumption p. [J n’, is used:

Y. = ratio of specific heats for electrons = (r+2)/r,
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where r is the number of degrees of freedom.

Using the continuity equation for ions, assuming small wave amplitudes and linearizing (making
use of n;/ny << 1, where n; is the time dependent density term, and neglecting second order terms),

we obtain the wave equation:

’n _ y.KT.d°n

0t? M 9x%

Assuming one-dimensional plane waves of the form Exp i(kx - wt) yields the following dispersion

relation:
w =k’CS,
where the phase velocity
C? = YeKTe
s M

i) Refinements:

1) Including the ion temperature and hence the ion pressure in equation (1) we obtain:

2

Q = CSZ = yeKTe + yi KT' (3)
k? M
2) Next we include the wave electric field from the Poisson's equation
oE
— = 4direqi ne). 4)
(004

Under the assumption of small electron inertia, equation (2) yields a relationship behsadrnthe
local plasma potentiag:

ern

KTe
Inserting the relation (5) into equation (4) we obtain

0°m ep
= 4je o EX .

oz = et no Exp [ D)

Writing n = n, + n,, and noting thaplasmadensity (1 k,,* >>1) justifieghe assumption@KT, <<

1, we have for the wave potential

1 (5)

Ne = No Exp[

4ren
k? 4+ Ko™

¢ = (6)

Now we include the finite ion temperature in equation (1) and rewrite it as



3 ov, OF °n
nM—(—') =n, e— K '
atlax) T e VKT gy
0°Q a°n,
=n e— - y.KT . 7
0 axz yl I 6X2 ( )
Again using the continuity equation,
o’n, _ n.eo’y . KT, a°n,
t’ M 0x? M ax?
Fourier transforming and using (6)
2
w° _ KTe ¢ 1 y. KT, _ c2. (8)

KM L1+(k%2)+ Mo E
De
which lacks the factoy, of equation (3) because of the assumption of equation (S)y.i=1.

This dispersiorrelation is plottedbelow in Figure IV-2. At low frequencies anémall
wavenumbers, the dispersion curviniear and has intercept@t=0 so that in this region the phase
andgroup velocities aradentical. Since wehave notconsidered any dissipatiqorocess in our
theoretical treatment so fdne wavenumber k igeal. Athigher frequencies andavenumbers, the

curve bends over and the wave becomes dispersive thatis, the phase velocity becomes a function of k
(it decreases with increasing k).

b) Wave damping:
i) Collisional damping by neutrals: Inageakly ionized laboratorglasma wheréhe neutral

density is much higher thahe plasma density, trdominant damping mechanism of ion acoustic
waves is ion-neutrabllisions. Wemay derive amexpression fothe spatial damping rate by including
a collision term in the equation of motion for the ions,

Mn; (% + vi% + Mn v, v, = enkE -
ot ox

wherev,, is the ion-neutral collision frequency.

op,
_', 9
™ 9)

Using equation(9) to replace edation (7) in our previousderivationand solvingfor the
dispersion relation, we obtain for the weak damping case

cthw ooy, O
k== i38h (10)

Equation (10) shows that fareak dampinghe wavenumber has a real amdimaginary part. Since
the wavevaries inspace as Exp ikxhe imaginary part of the wamumber W produce spatial

exponential dampingroportionalto Expp;,X¥2CJ. The distance theavetravelsbefore itsamplitude
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is reduced to®of its initial value is then



*(@ouapuadap lsqumuasEm [Eal)] sasBm FPAEN00T UeT J0j UOTIE[aE uolsdadsiq

"E-A1 Bandty

- 86 -

2Cs/ Vin '

0=

and the number of wavelengths in this distance is
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where

k =k + ik
If v, <<w, &\ >> 1 and wexpect to semany wavelengths over thefolding distance. Iparticular,

if the frequency is raised, the collisional damping will effectively decrease.
i) lon Landau damping: Thetaldamping ofion acoustiavaves will not continue tdecrease

asw approaches), because the phase velocity becoosmaparable to theon thermalvelocity and

there argesonantwave-particleinteractions. lons moving slightly slowerthan thewave can be
accelerated and transégrergy out of thevavethus damping it collisionlesshgimilarly,ionsmoving

slightly faster than the wave can transfer their energy to the wave and make its amplitude grow.

Maxwellian plasma there are mamns moving slightly slowerthan thewaveand thenet effect is
damping. This collisionless damping due to the resowawé-particleinteraction iscalled Landau
damping and is named after ttiscoverer of @imilar effectfor electron plasmavaves. Kinetic
theory (Appendix A) shows that the ratieLandau damping iproportional tothe slope ofthe ion

distribution functionafo(v)/av

v evaluated at the phase velocity:
p

k. = (attenuation distance)] _01;(\:;) L,

v 2 —1Te§ W’ O
O Ex P 0O Exp——r1 -
v Bet L0 B SR o

where equation (8) has been used for the expression of thevetizsty v, The aboveexpression

holds only in regimes where the damping is wegk, k< 1; for example JT,>> 1, y >> a.
As the excitation frequenay approaches the ion plasma frequengythe phase velocity,v

Ina

is reduced (Figures IV-2 and IV-3) and moves closer to the region of maximum slope in the velocity

distribution function, giving rise to a larger ion Lanamping. Physically thisan be explained by
the increasing difference between the number of particles traveling shamehée wave (which takes
energy from the wave) and the number traveling faster (giving energy to the wave).

If theattenuation distance normalized to a waveledgthis plottecagainsto wewould expect
the collisional damping to decrease and &iddo increase linearlyith w until w approachesy,,
whereLandaudampingbegins todominate. Athat point &/A shoulddecrease. Thibehavior is

illustrated below in Figure 1V-4. It is worth pointing out that with a certain temperature rafige, T
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Location of the phase velocity v_ with reference to the ion and electron distribut

< 5, the electron Landau damping is smaller than the ion Landau darnpazyise thelope of the
electrorvelocity distributiorfunction athephasevelocity v, is nearlyflat (FigurelV-3) sincethe phase
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velocity is much less than the electron thermal velogity = (KTe/Me)"? << ae.

3) Experimental Method

The experimentalarrangemendsscribedin Figur®/-5. A grid made of stainlesgteel mesh
partitions the plasma chamber into two independent halvethis double plasmé@P) device, the
separation grid is negatively biased to prevent electrons of one half from going to the other half. To
insure that there is no ion beam in the target charnfigeplasma potentials actosely matched (as
observed by Langmuarobes ireach half). Thdriverchamber's plasnmotentialis maddo oscillate
at frequencyw relative to the target plasma potentiglapplying a signato thedriver anode. The
possibility of controllinghe plasma potential ijze anode lies in thiact that when thanode is biased
more positively than the plasma potential, it dravigrger electrorcurrent,depleting the plasma of
electrons anthere-by raisinghe plasma potentialVhen gpotentialdifference isestablishetletween
thesaurce andtarget chambers, plasma particles flivam onechamber intcanother setting up a
density perturbation.

The ion acoustic wave is then detectectsynall disc probe (approximately 5 mm diameter).
Since perturbed ion ardectrordensities in an ion acousti@veare verynearly equaldn, _ on,) and

the electrorcurrentdnev,, is much larger than the ion curreditev, by the ratio fm: , the most

sensitive detectioh of ion acoustiovaves by @robe isachieved when it ibiasedositively tocollect
electron saturation current. Another advantage of biasing the receiving probe at or above the plasma
potential is the resulting fast probe response the electron-rich sheath surrounding the probe permits
good communication between the plasma proper and the probe surfaseliagnostic techniques
which effectively discriminate between the wave signal and extraneous high and low frequency noise
are: tone burst time-of-flight measurements and signal interferometry.

a) Tone burst or time-of-flight method: In this scheme a short burst of rf is pulsed onto the
exciter grid to launch an ion acoustiavepacketo$everal cycles iduration. This travelingvavetrain

reaches a movable Langmpirobe (placed at a distancefrom the grid) in atime longer than the
duration of théourst to facilitate @ositive identification othe propagating signal. The phastocity

v, is computed from the time delay
Vp = y ,
p

'in an unmagnetized plasma only.
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where the time development of a selected peak in the wavetrain is followed
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Fipgure IV-5,

The double plasma device arranged to excite ion acoustic waves.
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to determing,
On the other hand, the group velocﬁ' is just
Vg = X/Ty,
wherert, is the time delaymeasured ahe center of thevavepacket. If the wave propagation is
dispersive y# v, i.e., theselected peak in theave-trairwill undergoa noticeablkghift in phasevithin

the packet. (The total phase of all cycles within the packet, however, remains constant.)
The real component of the wavenumbebkows from the above measurement of v and the



known excitation frequenay via the defin_it?gr_l of phase velocity ¥ wk.

Information about damping is also available in the tone burst data. The spatial damping rate
is the inverse distance over which the wave packet amplitude decays by e

The tore burstmethodhasthe advantags of: 1) Separatingvaves ordisturbanceswith
different speedghus reducinghe possible confusiorarising fromthe siperposition ofdirectly
coupled signals, ioacoustiandballisticeffects(seeAppendixB) 2) Separation tdmporabehavior
from spatial behavior, and 3) Direct observatiorwaleforms andgroup velocities. Theprincipal
disadvantage is that since iaipulsed technique, thdetection is more difficult if theignal is near or
below thebackground noise level.However, if the excitationis repetitively pulsed, electronic
processors such as the "box-car integrator” or sampling scopesvaewailablewhich can extract
signals out from the background noise (see data in Figure 1V-6d).
The set-up of equipment and sample data for the tone burst method appear in Figure IV-6.

b) Interferometer method: Instead of obsentimgresponse othe plasma to avavetrain
burst, we now apply a continuous sinusoidal signal via the exciter grid at the double plasma interface.
Again the positively biased probe detects the launicimeaicoustic wave only now other continuous
signals (directly coupled, etc.) are superimposed on it.

With the continuous signapplied, theelativephase of thdetected signal neasured point-
by-point in the plasma as the pradsteadily moved away from the excieid. Inorder to separate
the ion acoustic wave signal f(x,t) = A sin(ksot) from the direct coupled exciter signal f(t) = B sin

wt, a synchronous detection scheme similar to that described in Chapter Il is used.
In this method a mixer multipléke totalprobe signalvith the reference sigridrom the rf
oscillator to give the following output:
g(x,t) = AB sinwt [sin wt + sin(kx -wt)]*.
An R-C intgyratingcircuit (low-pasdilter) integrates thisomposite signal g(x,t) itimeproducing the
resultant space dependent direct current signal (frequency independent)
h(x) O A, (x) cos (kx +a),

on

' The two signals placed into the mixer must be of comparable, although small, amplitude

to avoid damaging this device. Usually the reference signal must be attenuated and the
probe signal amplified to achieve this condition. A 0.5V maximum tolerable input is

typical.
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where A (x) is the spatially dependent ion wave amplitude, kvx,2anda is an arbitrary constant

phase. This processsidnalh(x) isthe spatial profile of th@avemodedaunched in thelasma. This

is plotted on thehart recorddpy transducingxial detectinggrobe positionsito potentialsalibrated
to the x-sweep function of this instrument.
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his interferometer apparatusismmarized in Figure IV-&long with a samplaterferometer trace of

the ion acoustic signal h(x). Wavelengths and spatial damping rates are measured directly from such
recorder plots of(x) vs. x. This diagnostianethodholdsthe principa advantage of &ong time

constant in th&-C filter, which averagesut noisguncorrelatedignals) producing good signal-to-

noise ratio.

4) Experimental Procedure

a)

1)

2)

3)

1)

Tone burst: Set up the tone burst circuit of Figure V-6 using an rf source to generate an

oscillating potential between the component chamber of the DP device.

Before activating the tone burst,

Monitor the ion distribution function to make sure no ion beam is present.
Doublecheck the matclbf driver and target plasma potentiaisith Langmuir probes
positioned ~ 10 cm from the exciter grid.

Measure Tto verify T. << T,

Use the tone-burgenerator to launch a wavetrainsofusoidabscillations. Observe the
propagation of the waypacket withthe disc probe (biased tcollect electron saturation
current).

Measuredn/n by noting thelensityperturbation on a Langmuirace or bybiasing the
probeatafix edpotential abog the plasma potentahd monitoring the fluctuations in the
electron currendl /I, which is proportional t@n/n, assuminghere is no fluctuation of
temperature.

b) Measuredn/n by monitoringthe ionwave signal athe floatingpotential; V., using the

capacitive probe of Appendix F.

3)

Measure Y, the plasma potentiabing a sampling teague. Collect the entire Langmuir
trace at a particular phase in the oscillating ion signal. Obtaldiréttly from the shape
of the Langmuir curve.

iii) For a selected exciter frequency, find

1)

v,, the propagation velocity of the envelope of the wavepacket (group velocity), and

1

Convince yourself that if we assume the fluctuation of the floating potential is the same as

the fluctuating plasma potential, then

dnin_ @V JKT, eV/KT,

Check this relation for several valuesdofand V.

2

Both phase and group velocities are computed by displaying the applied exciter grid
signal and the received probe signal on the same scope trace and noting the time delay
of corresponding features of the wave form as a function of the axial distance between
the receiving probe and separation grid.
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2) v, thepropagatiovelocity of a giverpeak withinthewavepacketVheneverthisraveling

peakshifts phasgposition) within the propagatingpacket, y # v, (dispersivewave
propagation).

iv) Check the parametric dependence of the signal investigated in step
if):

1) Is damping getting stronger asapproaches),?

2) Compute the ion acousspeed Cby measuringJin the targeplasmawith theLangmuir

probe. Does this value agree with the experimentally measured speed?

v) Carry out step iii) over as wide a frequency range as possible so that you can plot

1) wvs. k, the dispersion relationship, and

2) wVvs.d/A, whered/A is the spatial damping rate of the ion acoustic wave.

vi) Repeat the procedure in step v) for several different neutral pressure settings.

b) Interferometer: Set up the interferometer circuit as shown in Figure NA@ain verify
that no ion beam is present and record interferometer traces with the continuous signal applied to the
exciter for a wide range of frequencies. Using this technique, replot the dispersion relasog,
and the spatial dampirgependencep vs. d/A, for severalneutralpressuresettings. Record any
irregular patterns ithe waveforms and attempt to ingest your data in terms of more than one mode
propagating in the plasma (see Appendices B and E).

Appendix A: _Landau Damping of lon Acoustic Waves

1) General Dispersion Relation

We shall describe a more detailed theorpnfacoustic waves whidhcludes theboundary
conditions at the excitation sourckan dynamics Wi be included inthis treatment tadescribe the
collisionless damping of ion waves.

In most experiments olwn acoustiovaves,the frequency is muchess thanthe electron-
electrorcollision frequency bugreater than #hion-ioncollisionfrequency. Wehall thereforéollow
the analysis of Jensan treating the electrons as a fluid but shall describe the ions by a collisionless
Boltzmann equation in the mannerfafed and Gould. The electronare characterized by amerage
electron density nand average velocity yand isotropigoressure P The equation of motion for
electrons is

ndee = —-neE 9P, (A-1)
dt ox

where R = nKT, and E is the totatlectricfield present at x gtme t. Theions aredescribed by a
velocity distribution function, fsatisfying the one-dimensional collisionless Boltzmann equation

%:%+V%+e_E%:O_ (A-Z)
dt ot X M ov
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A separateheoreticalanalysis’ has shownhat axiallypropagating ion acoustizaves are

insensitive toadial boundary conditions becausestieng shieldingpy electrongreatly reducethe
influence ofelectricfields atthe boundary orthe centrapropagatingegion. A onedimensional
analysis should provide a reasonably good description of the propagation of ion acoustic waves.
We shall linearize (A-l) and (A-2) by letting
n =+ ny(x,1)
and
fi(x.v,t) = (V) + f(x.v.1),

where {(v) is the Maxwellian ion velocity distribution function. Since no external electric fields are
applied to the plasmalume(except at thexciter Jocated orthe x =0 boundarydhe total electric field
E is just the self-consistent field due to the separation of the local plasma charges,

E =E (x,t).

Neglectirg electron inertigm/M << 1) and assumingathermalconditions in egation (A-l) and
linearizing both equation (A-l) ant (A-2), one obtains

0
No€E: = KT ek (A-3)
[3)4
%:V%+G_E%:O (A-4)
ot ax M ov

Next, Fourieanalyze ant Lapladeansformeach otthe first order terms i(A-3) and (A-4) into (ky)
space, as in the following steps, which involve integrations by parts:
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J._":Odt J.0°° dx ang(:, t) (kx - at) “’ dt é(kt” q X) elkx

- J’:dx(—ik) n (%, t) e
= - Ioatnl(o,t) e + iknu(k,w)
J,dtJ_d af(xvt) af(kvt)
= ot
=0 (See footnotd
= —iwf (k,v, w).

—|(kx - w) J‘dt

- fw dt i f1 (k,v,t) gi¢!

Solving the Fourier and Laplace, transformed versions of (A-3) and {é-4)(k,w) and f(k,v,0),
respectively, produces
ineE (kw)  iq(w)

mkw) = = A > (A-5)
and
fukvie) = oo : 5 @eaﬁz"w)afé"\f") vg, (@) (A-6)
where
q) = fm dtn (0,t) &
and

g(w,V) = f: dt{ (0,v,t)e.

Note that n(0,t) and f (O,v,t) arghe boundaryalues othe electroland ion perturbations tiie exciter

' This term is zero because f (ke)-= 0 and the excitation is turned on very slowly at t

> -c0; there is a very small positive imaginary frequency componentin, + id such
that the entire term vanishes at te. +
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(x=0), and o) and go,v) are their respective Fourier transforms.

The Poisson's equation,

0E S

oo = Ame(y - n) = atef dvp o (vt p g, (AT)
can also be Fourier-Laplace transformed to give

KEx(k, @)~ Ex0,0) = 41" dvno fu(k,v, &) nik, @ (A-8)

where E (Q) is the field at the exciter grid (x@. SubstitutingA-6) and (A-8) into (A-7) yields an
expression for the total electric field in the plasma

(] © VO
Ek®) = - Ei(0w) + angf”, YOI G (A-9)
ike(k, w) 7 i(kv — w) ik
Source Perturbed ion Electron density
electric distribution at perturbation
field source at source

whereg(k,w) is defined ashedielectric constarfor longitudinalwaves, whicldescribeshe collective
response of the plasma to excitations of frequenapd wave number k

4m & = fS(v)dv | 4m,&

g(k,w) = 1+ A-10
(k) Mk? Jewk - v k%Kt, (A-10)
2 O 2
4. w%'[ oy | ko’ A1D)
k? J= wk-v kK

ion contribution  electron contribution
The contribution of electrons (K/k?) to shielding is large (since k < kunder mosexperimental
conditions), as is expected from their high degree of mobility.

As indicated by ta form of(A-9), the dominantontributions tdhe total plasméwave) electric
field come from the set @b's and k's which satisfy the dispersion relagi()w) = 0. The solution
to g(k,w) = 0 contains terms similar to thadeeady derived ithe fluid theory (equation 8 &hapter
IV), plus an additional, imaginary part, which depends orskiape othe iondistribution function
f,,(v) and pertains to wave damping.
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To see this dependence, let us solve for the roots (zeros) of the dispersiona@abon 0

for a case of experimeniaterest, T>>T, and a<<w/k << g, consistent withemperatures typically
observed in the DP device. first, rewrite the ion contribution to (A-11), which is an integration along

the real axis, using the identity
1 1 .
= + (Jdk A-12
Wk v 'Ewk vg ek V) (A-12)

where P denotes the Cauchy principal valuedathe delta function. Substitution of (A-12) into (A-

11) gives us a more explicit expression of the dielectric constant:

() 2 w €. w 2 2
o(k) = 1+ 5 P _m—;;l'(("_)d"v - in 28 G+ 5 | a1y

valid for small damping;k< k. Solving fore(k,w) = 0 using the relation

© - BKTi -
pe fodv 1 g, "m0
(" wk - v w’/k? ooz/kzg

we obtain analytic expressions for the real and imaginary wavenumben ik

1
2 3KT;
5 4 ed

(,02
or
2 .
% g KTe(@ + 312'./TZ) (A-14)
K, M 1+ k“/koe
and

The phasevelocity calculatedfrom the kinetictheory essentiallagreeswith the result ofthe fluid
theory (equation 8 of Chapter 1V), since the wave masi@arried on by thenain plasma moving as
a whole. Thenew resulof thekinetic treatmerites in themaginary waveumber kwhichdescribes
the contribution of theesonant particlesaveling at the waveghasevelocity. For aMaxwellianplasma
fa(v) =102 g™ Exp (-V/a?),
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2

ki = — Exp E! w—ZED +
I 2 g w? T ETiD (Jopiz%ﬂ

and the attenuation distance normalized to one wavelength is:

3Ti
Te

\32  Ht. O
T.) Expre
[ ikr 0 (Te " i[l ‘*’IOIZ%1 %
A 2m k 3/25 202
o g mpizg
where the approximatlonl— =1 wzlwpiz has been used.

+ k2/Kpe?

0
s

(A-15)

(A-16)
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Appendix B: _Collective and Free-streaming Contributions to Propagating lon Acoustic Waves

When a grid isused tgproduce docaldensity perturbation arttiereby launch aion acoustic
wave, particles near the grid are accelerated and a perturbation on the velocity distribution function is
produced. This perturbationgarried by particles free-streaming contributi¥dhenthese particles
are collected by the detecting probe, their modulated velocity distribution makes a contribution to the
probe signal. This isalled the free-streaming contributkandistinguisht from the collectiveplasma
behavior in ion acoustic waves derived in a homogeneous plasma. In the following vatsshal
the collective and free-streaming behaviors in an experimental situation and their relative importance.
It is possible to distinguish one contribution from another through a systeraaditon ofplasma
parameters such as T, n, the concentration of lighter ions, etc. This series of tests is summarized
in a table at the end of this appendix.

1) Free-streaming lons and Spatial Landau Damping

In the laboratory, iowavesare detected by either collectiogs by a pobe or energgnalyzer,
or by monitoringhe waveelectric field by arelectron beam diagnostic technique dighimpedance
probe. As explained below, each detection method emphasizes different aspects of ion waves. First,
we shall consider a method in which ion flux is detected.

a) Detection of ion flux: If the receiving probe is biased negatively to detect ionfltixe J
spatialvariation ofthe detectedignal is obtainedia the inversetransform ofthe spatialFourier
spectrum of the current:

1 . 1 00 .
J(x,w) = o [ dk J (kw)ekx = o Jak [ dv v (ke,v) elkx
Cc C

where ¢ denotes the appropriate contour of integration in k space from the inverse Laplace transform.
Using the expression of (k,w,v) from equation (A-6), we obtatwo types ofcontributions to the
current:

2 Ey(K,w) iy 2nI V[ = 5=gi(@) ) € (B-1)

2T[.I J’CE(A; WM

1444 4)!1%2444444443 1444%442\)29444443
i) collective term i) free—streamin g term

i) Collectiveterm: spatial Landadamping. Irthe collectivéerm, thewaveelectricfield E; accelerates
the ions, ant together with the gradient of the ion distribution function produces and ion flow in the
velocity space. Integration over the entire velocity range& v <co sums up the contribution of ion

flow at each viecityto theoverallion flux. The collectiveffects areontaned in thalielectric costant
terme(k,w) of the expression for the self-consistent field E)kas given in equation (A-9).
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The collective term is calculated by substituting (A-9) into (B-1)

and performing the integration over complex k space:

64444404 444 48

J; collectivé*®) = E(0,w

|v
8
o
2T
2 2 S
QU
~
N
[
e
[

. ve w
'Mf?i(\’) Exp é — XE

+Ij°oodv v
OOEE%E,V[]
1444444241424 43
Type B
vg(ow,v) dv

+ similar terms with E(@)) replaced b)ﬁooo—i(kv omegta)

+ similar terms with E(@) replaced by q(Q). (B-2)
Here each boundagcpndition atx = O[E{0w), g(0wmV), and q(@)] is propagatetbward the detector
with a spatial phase Exp [ik], where k. is determined from the dominant roote(d,k) = 0. This
behavior is represented by the type A terms in equéiei?) and corresponds tthe wave-patrticle
interactiorproposed byandau. A second sjtbehavioExp [ikX] is obtainedrom the integration
of the type B terms. I¢ similar tothe phasenixing process to be discussbdlow excepfor the

plasma shielding tern@(m}Tv) in the integrand.

Let us now consider the physical pictofdree-streamingnd phase-mixing processes. We
shall presenan x-t diagranwhich illustrates thefree-streamindehavior of theperturbedparticle
distribution at the boundaryA simple argumengives agood estimate of theffective d&enuation
distance x = (k)™ due to phase-mixing among particles traveling at different velocities.

Consider an idealized grid which acts as a gateettieer letparticles go through or absorbs
them completely. In Figure IV B-1, the grid located at x = 0 allows short bursts of particles to pass
through atintervals oft. The lowest harmonic ¢fiismodulatiorcorresponds tthe frequency of our
exciter. The response of the receiver which detects ion flux I(t) as shown on the right is obtained by

an integrationover velocity, i.e., I(t) = q J’:o vf(v) dv. The velocity spread causes pafes to

overtake one another phase mix resulting inlass of the original oscillating signal. An estimate of
the effective attenuation distancgax which phasmixing begins to occur is made by computing the
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time At required by the fastest ion (velocity to overtake the slowest ion (velocity of a previous

cycle. Referring to Figure IV B-!:
VAT = v, (T +AT) = X,

This gives
v1 viva_ _ V& (Av/2)2 v 2m
At = —1 U x9 = T = T ——
Av Av Av Av
where
+
vm = 2 Y2 Av = vy vy
2
or
w Nv
k= (B-3)

21Ty, vy
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smaller the attenuation distance x,. As the frequency increases or the period shortens, the phase

mixing occurs over a shorter distance as expected. |If v, is replaced by the therma velocity g and
assuming avelocity spread Av _a/2 thenk; _ w/4ra,.

ii) Free-streaming term in the detection of ion flux. Returning to (B-1) we note that the second term
describeshow a perturbationof theveocity distributionfunction at the exciter,g(x = 0,w,v), propagates
out fromthesource. If the perturbedion distributiong(w,v) can be assumed to be Maxwellian, thefree-

streaming term in equation (B-1) takes on the following form:
X .
3 freestream (%,@) O (;)”3 [Exp (0/a)?® (1 iV3)]. (B-4)

The above expression gives an effectivedecay constant k; _ w/a, whichis similar to the result derived
from our physical model.
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DN

time

Figure IV B-1
Space-time trajectories of gated particles showing phase mixing that
causes spatial damping of ballistic ion perturbations. The probe
response at various distances is shown at the right.

1
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b) Detection of wave dectric fidldE,(x,w): If the fluctuation of plasma potential is monitored

by a probe technique or the wave electric field is directly measured by an electron beam method, the
detected quantity expressed in terms of the wave electric field E,(x,w) isjust the spatial transform of
equation (A-9):

1 i
E1(X,w) = o f dk Eq(k,0) e/kx
(o]

(0] - 0, , '
E1(0,w) + e[ v Sy G

]eikx_

1
T oom { okl ike(k, )

In using the residuetheorem to eva uate thisintegral, we noticethat thereare again two kinds of poles,
a"free-streaming"” pole at k = w/v and a" collective" pole k. derived from the solution to g(k,w) = 0.
Summing these residues gives

_ Exp [ikresX] O Do Q(wV)dv gw)H
EiX,w) = ———— [F,0w) +4Te[[__ > _
1( ) res%h(res 1( ) g_ml(kres ()J/V) Ikres|:D

_idre [ vav gi(w,V) e (wv)x
I—w wg(wv,v)

(B-5)

The first bracket contains the boundary conditions of the eectric field, perturbed ion
distribution function and perturbed el ectron density, which propagatetoward the el ectricfield detector
with the spatia phase variation Exp [ik,X]; the last term of (B-5) is the contribution of the perturbed
ion flux generated at the exciter; those particles with a given free-streaming velocity v propagate with
an equivalent wavenumber k = w/v. Summation over the entirevelocity distribution taking the electron
shielding into account through the dielectric constant £(wv,v) givesthe total contribution of the free-
streaming ions to the wave field.

An egtimate of the relative importance of the collective contribution and the free-streaming
contribution can be made. The former decays as Exp [-kx] ( where k, = Im k) while the latter
approximately as Exp[-(w/a)x]. For our experimental conditionsof high electrontemperatures T /T,
>> 1 and a correspondingly high phase velocity, the L andau damping is weak for w << w, andk; = Im
K. << w/a. The collectivebehavior thereforedominatesat distancesx > a/w. Since the wavelength of
ion acoustic waves is given by:

2
A= Zniﬁkm‘u >> i
W TiE w

we can safely state that at distances beyond one wavelength from the source the collective behavior
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makes the dominant contribution to the detected wave € ectric fiad.

2) Pseudo-ion waves
These are wave-like signals detected by the receiver probe, which are ion bursts emitted a
regular intervals by an excitation grid driven to large amplitudes (eg0/KT, >> 1 where @, is the

oscillating potentia of the grid with respect to the surrounding plasma).
Consider an exciter gridlocated at x = 0 with atypical sheath thicknessof 20 A in Figure IV
8-2. Particlesat thermal velocities (KT/M)"? enter the sheath region from below and are accelerated
if they encounter thecorrect phase of the oscillating eectric field E(t) = E, cos wt. The trgjectories of
certain particles are altered in such away that upon crossing the grid they are further accelerated to a
maximum velocity v, which can be estimated as follows:
1

5 Mvy? < 2eq

or

Vo < 2(e@y/ KTe)V? (KTe/M)Y2

We note that only at aparticular phase of the cycle are particles accelerated to the maximum velocity
v, proportional to (ep,/KT)"?. Thesefast ionscan becomethe dominantcontributionto aprobe biased
to collection flux. As can be easily verified in the diagram, there is an associated wavelength A =
2nv,/w. Unlikeion acoustic waves, the wavelength and hence the phase velocity of this pseudo wave
are strongly dependent on the exciter amplitude. The attenuation arises from phase mixing among the
bursts in a manner similar to that in the free-streaming contribution discussed previously for ion
acoustic waves.

3) Experimentd DifferentiationsBetween Collectiveand Free-streaming Contributionsto 1on

Acoustic Waves

These two mgor contributions to ion acoustic waves can be distinguished from each other by an
examination of their dependenceon variousplasmaparameters. By "free-streamingcontributions' we
imply both the small amplitude free-streaming mode and the large amplitude pseudo ion waves For
example, for frequencies near w,;, ion acoustic waves are strongly Landau damped, while balistic
contributionsand pseudo wavesare easily observed for w ~ ;. Another important distinctionis their

parametric dependence on the electron temperature. The collective behavior driven by electron
pressuresis more sensitively dependent on T, than the free-streaming behavior.

Aswe shall discussin Volume 11, whenthere isan eectron drift of velocity comparableto the
ion acoustic phase velocity, only the collective mode can grow spatialy there are more electrons
traveling faster than the wave than those traveling ower. The free-streaming contribution and the
pseudo ion wave do not undergo any spatial growth at al as they are not dependent on resonant
particles. Thisisan example of using an external free energy source to distinguish the collective ant
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free-streaming contributions These differences in parametric dependenceare summarizedin Table 1V

B-I.
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TABLE IV B-1

Experimental differentiation between collective and free-streaming behaviors.

ION ACOUSTIC WAVES

Collective Contribution

Free-streaming Contributi

Description

Ion density perturbation driven by electric

field, which is caused by charge
separation between ions and electrons.

Individual particles in perturbed

distribution f1(V) free-stream at tl
respective velocities from the sot
the exciter

Dependence on T./T;

Landau damping (wave particle
interaction) decreases with increasing

_ BKT; +KTe0"?

T/Ti Vo= =2

% does not depend on T; or T/

Apparent v, increases with T;;

Ooox DU?’

2
Vp = ﬁai%E .

@ Amplitude of exciter

V,, independent of @ in linear regime

V,, is independent of .

Effects of ion-ion collisions

Landau damping is decreased, because
ion-ion collisions prevent wave-particle
interaction.

Phase-mixing increases with Vj;.

Addition of impurity ions traveling at vyp.

Landau damping increased drastically.

Negligible change in damping.

Frequency range.

Waves cannot be observed near (y;
because of severe Landau damping.

Observable near and above Gy

Methods of detections.

Best observed if electric fields are
detected.

Best observed if ion current is de

% = damping distance normalized to the wavelenght

Vp = phase velocity
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Appendix C: Damping of lon Acoustic Waves in Presence of a Small Amount of Lighflons

The collisionless interactiortzetweenions and ion aousticwavescan be increased by the
addition of a lighter ion species whakermal velocity ilose to thaevave phasevelocity inother
words, the population of resonant ions can be controlled by varying the amount mirightlf the
amount of light ions is small, the wave phase velocity remains virtually the same, because the wave is
carried by the bulklasma. Theoreticallythe only addition to dielectricconstant in equation (A-13)
is animagnary termdue to thenewly added resonant ions:n—(w*pf/kz) * (w/k) where the *

guantities refer to the new species. Carrying out the same procedure as in Appendix A, we find

) 2 * M* o«
= =G k) * Ty el
r

contribution of light ions
If both the background ions and the light spebege Maxwellian distributions arate at the same
temperature, then

O

"0 ot TeM* g o?
O Ti M O oo%“%

= 1/2(,J<,k)p,-|—e xp szE\+ L
- RRT T gm

contribution of light ions
The massdependence in the exponentiatm can make theontribution oflight ions to
damping comparable to the background ions. For example, the addition of 3% Helium to an Argon
plasma of TT, _ 10 wouldapproximatelydouble thespatial damping rate. dualitativepicture of the
two iondistributiongogethewith thephasevelocity isdepicted irFigure 1V C-I, whichshows darger
number of lighter ions traveling near the wave velocity.
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Appendix D: _lon Acoustic Shocks

This sectionleals with a nonlineataté®* whichdevelops when the amplitudesieisity or
potentiaperturbationbecome large @T, orAn/n, = 10%). Itcan be lookedpon as gropagating
discontinuitywhich separates tweegions ofdifferent densities, potentialand temperatures. The
propagating speed diis shock, y is always greater thar, wf anion acudic waveand a Mach
numberM = v/v, > 1 is associated with a shazka givenamplitude. We shallfirst point out the
nonlinearity in a simple fluidreatment which isupplemented by kinetic argimentshowing the
importance of particle reflections from the shock front.

1) Theory
a) Fluid equations with nonlinear termis: obtaining the lineatispersion [equation (3)] for
ion acaidic wavesusingthe fluid gproximation, wehave nglected thenonlinearterm Vi% in

equation (1), the equation of motion for ions the inclusion of this term together with the equation of
motion for electrons gives:
%—M+ 0vj _ 1C6n

= Vi— = —Cs— D-1
dt ot "ox  n Sox (-1
for T,>> T and negligible electron inertia at ion frequencies.

When the fluid densitgnd velocity n, vare expressed &sction of asingle variable, u = xft,
a simple relation exists between them. Let us rewrite (D-l) in terms ofehis/ariable wsing the

i 0 —1d 8 _ ud.
transformations; - = ¢ = Yau

0 t du’ot
dvi dvi -dn _
- + — + — =0 D-2
nu du Vi du Cs du (D-2)
or
_ 2dn
(U vidvi = G e (D-3)

A similar analysis of the equation of continuity for ions gives:
dn
dvi = (U vj )7' (D-4)

Equations(D-3) and (D-4) have compatibleolutions if u = v+ C, is used in(D-2), andafter
integration one obtains:

n ep
Vi = Csln — = C . D-5
| S nO SKTe ( )

The Boltzmann distribution n =, iExp (ef/KTe) has ben used ithe abovexpression. Equation (D-
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5) stateshat the fluid velocity iproportional to the plasnutential or tdn (n/n0); inother words, the
larger is thepotential ordensityperturbation, théaster thdocalfluid element. Ashown in Figure 1V
D-1a, a largeamplitudeion wavecan steepen ttorm asharp frontbecause thaigherdensity or
potential region travels faster.
i) Second case: u=vi-Cs. The studsan verify thathis casedoes nowgive rise to a
shock formation; instead a rarefaction wave is developed.
The student will observe inthe laboratorythat ion acostic shocksmaintain
approximately constant shapes only cxeather limited distance on account of charge
exchange collisions, plasma inhomogeneities, and other processes.
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b) lon reflections from the shock front: The plasma in which a shock travels is composed

of ions of arange of velodies. lons argeflectedrom the shock front if therelative velocities, wyith
respect to the shock, are small enough such that 1/2 Mv2 £ gf0, where fO is the potential jump in the
shock, Figure IV D-1. Let us osider a frame moving witthe shock speed vs which theshock
front appears stationary. Those backgraand with v < vs irfront ofthe shock will appear flowing
toward the shock front, Figure IV D-1a, with a relative spéedvs - v. The ion distributiorf(v') in
the moving frame is depicted fin Figure IV D-tnich showsthe range otelocities ofions to be
reflected: 0 < V' < (2qf0/M)1/2. After reflection, ions move in a direction away frorsttbek front
as shown in Figure IV D-1dn the laboratoryrame, theséons travel faster tharthe shock by the
same amount as thesere travelinglower beforeeflection. Inthe experimenthe studentis expected
to observe a density burapthe footof the shock front as in Figure IV D-1cAn analysis of the
velocity distribution at thibump will show abeam-like dstributionconsisting offasterions. The
percentage of fagbns observed experimentally could be checked against a theoretical estimate which
integrates over the shaded velocitygawf Figure IV D-Ibpnce the an temperaturand theshock
speed yare measured. Since the number of reflegteticles is a sensitiienction of the location
of v, OM(KT /M) " with respect to the iodistribution, another experimentieck of he theory can
be made by measuring the number of reflected particles as a functiofif of T

c) Consequences oéflectedions: lonreflections fromthe shock frontresult in a net
extraction of energy from the propagating frolma plasma with infrequent collision, this reflection
process is the dominant dissipation process which leads to the formation of shocks (see the Sagdeev
potential of Chapter 8 in Chen's book, "Introduction to Plasma Physics".)

Secondly, the beam-lildéstribution that is formed by ion reflectiomem the shock front can
give rise to ion acoustimstabilities,similar to those in ionbeam-plasma interactionson wave
turbulence has indeed been observed In the shock front as a result of such intétactions.
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Shock front

$ A (’”l‘#

Background ions

_— e

_

Figure IV D-la,

In a frame moving with the shock from right to left, the potential
jump in the shock appears stationary and the background ions traveling
slower than the shock appear to be moving towards the shock front.
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Figure IV D-lc.

Immeqmt-&}}' after reflection at the shock front, the lons move in
the -x' direction, appearing as a bump just in front of the shock.
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2) Experiment

Adapt the tone-burst configurationtlined inFigure IV-6 to set-ugiagrammed ifFigure IV
D-2a. Along (~ 100 psec) pulse is applied between the two chambers. The capaatosE the
output of the pulser increases the rise tohthe pulse so #t a moregradual steepening difie ion
acoustic disturbance can be observed. The following experiments are suggested.

a) Vary the amplitude of the applied pulse and observe the plasma response. Verify that for
small density perturbationghe response idinear --thatis, thelaunched ion aagstic pulse has
approximately the same shape as the applied pulse. How large does the density perturbation have to
be before the edge of the pulse begins to steePpds@rve the plasma respofeseveral values of
initial density perturbation®n/n. Under the most optimum conditionshen thespatial steepening of
the shock front can be clearly seen, record the evolution by making several exposures on one film.

b) Launch a small amplitude, linear ion acoustic tonestandmeasure y Then launch a
shock ananeasurg¢heshockspeed, yas a function of thehockdensityperturbationPlot v, vs.dn/n.
find out the range of Mach numbeké,= v/C,, that can be obtained in the experiment.

c) Observe thbump in front ofthe shock. recordthe characteristics of the shock, as a
function of T/T;, giving special attention to ti®imp justahead othe shock. Use an ioenergy
analyzer and a sampling scope to record the distribution function at the location of this bump. Does
the number ofeflected particlesnd theshape of the distributi@ygree with the theoretical expectation?

Be as quantitative as you can.

d) Record theharactastics ofthe wave-traitrailing behindhe shock front. Study Chapter

8 in Reference 2 and explain the wave train in terms of the Sagdeev potential.



"HE={] Al m_..._”._u_“._”.._

0lada = o i
|F———to indy)
= mu:m._m.mmw_ .In____.:.___.__
: 34025
o e
v H
yno no by
- AN T ) L
-
Jojpiauag
as|nd




(1.5 Volrt)

Ton Acoustic Shock

Wave Amplitude § — 3y

10 usec/div E time ——
=p & trapped lons,

Figure IV D-2b,

Waveform of an ion acoustic shock. Observe the trailing wave train,
the "foot" in front of the shock and the low level of turbulence.
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Appendix E: lon Beam-Plasma Interactions in a One Dimensional Plasma
We have seen that in a magnetic field free plasma, with T, there exists a low frequenay (

>

© ©® N o O

<®,) normal mode, the ion acoustic wave, with phase velocity
Cs

(1 + kz}\Dz)]/z ,

If a cold ion bearwith velocityy, is injected intsuch glasma, we find, iaddition tahe background

ion modes, two ion beam modes. The dispersion relation for the four low frequency nupdes is
by the fluid theory as

vp =k = =+ Cs = (KTe/M)Y2,

_ Wy’ L1
w? (@ kvp ) KkZAp?

=0 (E-1)
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or

niCé nmp_ G
nevp2 ne (vp Vvb)?

1+ k2Ap2 - =0 (E-2)

Exercise:  Obtai equation (E-l) by treating the plasma dlsrae fluid system with, = T, = 0 and
proceeding in the spirit of the ion acoustic wave derivation given in Chapter IV.

The nature of the solution$ equation (E-2) will beliscussed for two casesioferest, y>> C, and
v, ~ C.

1) Case 1. y>>C

If the beam velocitys muchgreater than the sousgeedthe beanand background ions are not
strongly coupled. The background ions support slightly modified ion aceoustesand theberm
ions support ion acoustizaves whose phase velocities ardteliby the beam velocity. The velocity
distributions are sketched in Figure IV E-I.

For this case,approximatesolutions to egation (E-2) may be obtained by making the
assumptions outlined above lde justified a posteriori. A second order equation for the background
ion modesnay be obtaineflom (E-2) byneglecting y(<<V,) in the last (beanon) termyielding the
solutions:

(ni/ ne)?Cs

2
4 2 2 nb C52 DU
R
Ne Vp

vp =+ =+ CO° (E-3)

To obtain approximatsolutionsfor thébeam modes,ample transformation ine beanframe yields
an equation similar to (E-2) but with the roles aimd rj interchanged. The solution is:

2
(Vp _ Vb) -+ (nb/ I’le)]/ Cs > (E-4)
9- Ng \)b2

We see that the background ion modes no longer propagate with spleethith reduced speed
Cs' ~ (in)"> C, The acoustic waves carried by the beam are similarly modified. A full kinetic
treatment of the problem reveals that all four modes are weakly damped by ion Landau damping
when T.>>T, and y >> ¢,
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2) Case 2: y~C

—3S

When thébeanvelocity isapproximately equal to tleundspeed, thbeam andbackgroundions
are strongly coupté An unstablén wavegrows by absorbinfyee-streaming energsgomthe beam
ions. This "ion-ion instability” is amember of the importantlass ofelectrostatic two stream
instabilities;> which arise whenever a relative drift exists between two plasma components.

Figure IV E-2 illustrateypicalresults of aaumericakolution of the ion beam plasma dispersion
relation derived fromldiid theory, includinghe finite iontemperature. For\» 2C, thefast and slow
beam modes and thackground iomcoustiavavediscussed undease 1 appeaf:orbeanvelocities
below about twice the sound speed, 0. G < 2C, the slow beam wave and the backgrowasie
couple to forman unstable wave with a finggowth rate. The fast mode continues to exist in a stable
form.

The lower limitof y _ 0.7 G for the instability is a finitean temperature effect thgystem
becomes stabighen thdbeam and backgroumshsoverlapsufficiently invelocityspace.Below this
limit the fluid theoryis no langer adequatéor the coupled modwith phasevelocities 0 <y <,
kinetic theorie$; which take int@ccount wave particle interactioshpw that this mode is strongly
Landau damped.

3) Experiment 1 - Observation of Beam lon Acoustic Waves

In this experiment we shall observe the fast and slow beam waves discussed under,Case 1 (v
>> C) in the theory section. The double plasma device is adjusted to obtain a beam in the target
chamber, y>> C, and small-amplitude test waves are launched by varying the potentials between
the two chambers or by applying modulation to the separation grid. This excitation launches both
fast and slow beam waves so the tone burst method (described earlier in the chapter) must be used
to separate the responses. The two modes, traveling with different velocities, will become separated
in space away from the excitation point.

We may compute the propagation distances for complete separation of the responses, referring
to Figure IV E-3. A tone burst of lengthoccupies a spatial extefst = v, T.

The responses will be fully separated when the distanesslx travelled by the fast and
slow modes are separated&by
X = X = VT
which occurs in a time,
Vit -vi=WvT

\Y VKT
t= —BH 1= b

Vi — Vs 2(np Ing )2 C4
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Figure IV E-3.
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where the subscripts f and s refer to the fast and slow modes, respectively.
Thus the beam travels a distance

Vp2T
2(ny/ne)t2Cs’
Examination of (E-5) reveals the optimum experimental conditions for the identification of the two
beam modes:

a) tshort: Use a tone burst of a few cycles try one or two cycles at 400 kHz, or even a pulse.

X = vpt = (E-5)

b) n large: Adjust the source and target chambers to obtain the maxi-mum beam density.

c) v, small: Choose 3& v, < 5C to satisfy our criterion of a fast beam.
The beam waves will be strongly damped if the beam is scattered by ion neutral collisions, so the
neutral pressure should be kept as low as possible, preferably beéloovrl0

An example of tone burst detection of fast and slow beam waves and the background ion
acoustic wave is shown in Figure IV E-4. Note that the beam waves are much more weakly damped
than the ion acoustic waves. The student should compare his beam wave observations with the ion
acoustic wave observations made in a previous experiment. Relate the damping rates to the
observed background and beam ion temperatures.

The two beam modes may also be observed by interferometry using our excitation signal as a
reference. The two waves, with wave numbeanki k, form a spatial beat pattett.

4) Experiment 2 - lon-ion Two Stream Instabifitjv, _ C)

The purpose of this experiment is to study some of the characteristics of the ion-ion two
stream instability. Stability limits and growth rates will be determined by the test wave method.
The student should thoroughly understand the results of the ion acoustic wave and energy analyzer
experiments before attempting this experiment.

Set up the DP device for the interferometric observation of ion acoustic waves. A CW signal
source is used to apply an excitation to the separation grid. Position the energy analyzer about 3
cm from the separation grid and adjust the source chamber potential to obtain a beam of energy
about 10 V. Set the beam current to about one-tenth the background ion current by adjusting the
source and target chamber densities.

Now readjust the beam energy to zero by varying the potential of the anode and obtain the
propagation of an ion acoustic wave in the absence of a beam as a reference.

Apply a CW excitation signal at 1/3 the ion plasma frequency and obtain an interferometer
trace by moving the Langmuir probe (biased above the plasma potential) axially starting at the
separation grid. The excitation amplitude should be kept as small as possible to avoid nonlinear
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effects. An excitation amplitude of 10 - 500 ppshould be sufficient. This interferometer trace

should indicate the presence of a damped ion acoustic wave.

Increase the beam energy in steps of 0.25 V or less taking an interferometer trace at each step.
The student should look for the smooth transition (as a function of beam energy) of the ion
acoustic wave to the fast beat wave (refer to Figure IV E-2) and for the appearance of the spatially
growing wavée- Continue increasing the beam energy until the instability is no longer observed. An
example of interferometer traces in the range of beam energies<O’&\Eis given in Figure IV E-

5.

Plot the observed phase velocities and the damping or growth rates as a function of beam
velocity. Compare your results to Figure IV E-2 or to the experimental or theoretical results
presented in references 16 and 18.

5) Other Suggested Experiments

a) Spontaneous noise behavior: In the absence of a test wave, spontaneous density
fluctuations in the unstable frequency range@,) will grow in the direction of beam

propagation. Obtain unstable beam conditions and measure the spatial growth rate and saturation
amplitude of the noise by biasing the Langmuir probe above the plasma potential and measuring the
ac probe current fluctuations. If a spectrum analyzer is available, the frequency dependence of the
noise behavior may be studied.

c) lon velocity distribution: As the unstable waves grow, absorbing energy from the beam, the
beam particles are slowed down. The beam spreads in velocity space and eventually
merges with the background ions, saturating the instability. Use the energy analyzer to
study the spatial development of the ion distribution as a function of distance from the
beam injection point (separation grid). Correlate the behavior of test waves or noise with
the modification of the distribution. Reference 18 is highly recommended in connection
with this experiment.

d)

Note: The excitation amplitude should be substantially reduced when observing the unstable
wave to prevent nonlinear saturation of the wave and resulting erroneous measurement
of the growth rate.
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trace in a plot of phase velocity versus beam velocity is indicated in Figure IV



Chapter V. Electron Plasma Waves

1) Introduction

The electron plasma density oscillation is one of the most fundamental excitations in
plasmas. In the ssimplest approximation it is driven by electric fields caused by displacements of
electrons from the background ion distribution. Although it is easy to derive this mode
theoretically for uniform plasmas ( is the dispersion) the experimental verification of the simple
theoretical formulation is a rather difficult task. The electric field arising from the out-of-phase
motion between electrons and ions in electron plasma waves (hereafter referred to as EPW) is
significantly larger than that in ion acoustic waves in which ions and 2_ 2, 4
electrons move in near synchronism. This electric field makes the €@ ~ O» ™ K v.
wave characteristics very sensitive to the radial boundary conditions or how the E-field is
terminated at the wall. Wave reflections at the wall set up radial modes which complicate the
subsequent analysis.

Secondly, the collective behavior of electrons depends on the plasmadensity. The
propagation of EPW is very sensitive to the density profile or any local density perturbation,
created by probes for example. These considerations require a large plasma in which a good
density uniformity is maintained in the propagation region. In addition caution must be
exercised in the excitation and detection of these waves since the probe sheath itself, a density
and potential inhomogeneity, might play a significant part in the data, again making a straight
forward interpretation impossible. Special diagnostics, such as a collimated electron beam, are
used to measure the absolute amplitude of these waves, as an independent check on the
conventional probe diagnostics.

EPW can be excited along with free steaming modes at the excitation source. Electrons
streaming through a grid to which the excitation signal is applied can be modulated to form free-
streaming modes which propagate at the streaming velocity. If the excitation signal is large
bursts of electrons are generated at the grid similar to the ballistic mode discussed in Chapter 1V.

The experiments described in this chapter are designed to excite the collective mode,
commonly discussed in basic theories, while avoiding the other modes which can be excited at
the source. It is hoped that the experimental results thus achieved will be sufficiently universal
in character to be relatively independent of the characteristics of the particular experimental
device used. In the following an experimental method is described which emphasizes the
excitation of the collective mode and which produces waves in aregion many wavelengths from
the exciter.

Our experimental method takes advantage of the fact that among the possible electron
modes which can be excited by % K the grid, only the collective mode can grow
gpatialy in the presence of the ¢ >>KT., dlectron beam, Free-streaming and ballistic
modes decrease in amplitude as they move away from the source as a result of phase-mixing
among particles of different velocities; the spatial phase of each velocity class varies according
to exp (i whpg). It will be shown that the most unstable waves have frequencies and wave
numbers near the intersection of the dispersion curves (Figure V-1) for uniform plasmas

@)2 =wpe2 + 3KT, /mkzj and electron beams (w =kv, ) . for such spatially growing modes a

very small excitation signal can be used and the detector placed well away from the exciter,
thereby reducing the direct coupling between the exciter and receiver. In the plasma proper
where the density profile has the highest uniformity, we can measure the EPW wavel engths and
amplitudes using the interferometry technique and compare the results with the predictions of the
theory of EPW in a spatially uniform plasma.

2—2

2) Theory of Electron Plasma Waves in the Presence of an Electron Beam




The one dimensional dispersion relation governing the propagation of Electron Plasma
Waves (EPW) in auniform plasma has been derived in many texts! and given by

2 2 255 2
W=, +3KV,

To treat growth or damping of EPW in the presence of an electron beam we must resort
to kinetic theories which include the interaction of the beam with the waves. One such kinetic
description has been given by O'Neil and Mamberg? who started with the one dimensional
dispersion relation for a beam-plasma (assuming stationary ions)

voo ( Te \(H) +0 1 Mo gy
1+ (%) [ S o’ f—((jffv) -0
- - (1)

where fo and f, are the background and beam electron velocity distribution functions

respectively, (nb / n) Isthe ratio of the beam and background plasma densities, and all first order

guantities are assumed to vary as exp [i (kx- wt)].
To proceed with this theory we assume a Maxwellian distribution for the background

electrons and a Lorentzian distribution for the beam electrons®. Equation (1) then gives for our
dispersion relation

w)w — +'_|92=/&\w2
o £ (K,w) @ — kvy, +ikvs | ()@

where ¢ (k, ) is the background plasma dielectric function
d
A2
aV

e (kw)=1+ (“’kp) [t

—00

and Vv, =beam drift velocity, v, = beam thermal spread.

In the following we shall treat a variety of beam plasma interactions ranging from a very
fast beam with arelatively small thermal spread (cold beam) to a slow beam with a broad
thermal spread (warm beam). In our discussion we will restrict ourselves to the weak beam

limit, (nb /n) << 1. Inthislimit we can separately treat three cases according to equation (2):

(i) e, (k,w)=0, o ~kvy +ikv,[>>1
1 Chen, [F., Introduction to Plasma Physics.
2 O'Neil and Malmberg, Phys. Fluids 11, 8 (1968), p.1756.

3 fp=( @ lep (w2 ), fy = [(v-vp)2 + 2L



(ii) e, (k. 0)>> 1, (@ - kv, +ikv, )=~ 0

(iii) g,(k,)=~0 and (@ - kv, +ikv, )=0

(i) If &,(k,w)=0 and |w - kv, +ikv,|>>1, equation (2) describes an EPW propagating
in the background plasma according to the uniform plasma dispersion relation with phase

velocity w/k very different from the beam drift velocity v,. This wave is unaffected by the

presence of the electron grow since it does not couple to the free energy carried by the electron
beam.

(i) If e,(k,w)=0and|w - kv, + ikvp | >> 1, we have a beam mode traveling near the

beam velocity whose propagation characteristics are very different from the EPW in (i). Solving
eguation (2) for k, we obtain

— V, + 1V
(VD2 +Vb2) ( ° b)
Writing
1/2
(n, 1)
o Ek__J << 1, we have
ne,
(11 wpe£| |)
o vV,
= WV —
K b (VD2 +Vb2)
(\_/b +0)pe)| |
V, @
= WV —
5 b (VD2+Vb2)
for

‘sp‘ >>1 ¢, < 0
For our choice of notation on (exp [i(kx- wt)]) spatial growth of the waves occurs when kj < 0.
Thus the cold beam case (V, /v, ~ 0) yields weakly growing waves with

g
(iii)

We have seen that the two modes ¢, ~0 and (w - kv,, +ikv,) =~ O taken separately either under

go damping or do not grow significantly. If we wish to excite a mode which is easily observed
experimentally we must look for a mode which exhibits strong growth. Such a mode

corresponds to the third case, ¢, =0, (a) - kv, + ikvb) ~ 0 where the phase velocity of the beam



mode matches the phase velocity of the EPW of the background plasma as depicted in Region A
of Figure V-1. The solution of the dispersion relation [equation (2)] for this case can be obtained

by Taylor expansion in the region A about the intersection point (wo,k0 ) (see Appendix 1). In

this derivation a dimensionless parameter s has been found useful in describing the entire range
from warm to cold beams.

o =2
S= scaled thermal speed = i(eﬂ Vez)
VD nb VD

1/3

The cold beam case is represented by s= 0 and the warm beam caseby s= 0.

For comparison the qualitative behaviors of the solutions of the dispersion relation for the
limiting cases of warm and cold beams s=2, s=0, have been plotted in Figure V-2. (s=2 is
considered a limiting case since the numerical results are essentially unaltered when s exceeds
this value.) The regions where spatial growth takes place are cross hatched. The physical
significance of these two results will be explained in the following sections.

3) Physical Pictures of the Beam-Plasma Instability

Although it is difficult to describe a physical picture which is generally applicable to the
beam plasma instability it is possible to understand the physical mechanism of the instability in
two limiting cases corresponding to cold and warm beams.

The parameter s which characterize the beam conditions can be varied in several ways.

We will, however, concern ourselves with constant but small beam density n, /n <<1, constant

beam V, /v, and assume that s has variations due only to changesin

the thermal spread, v, /v, .

Warm Electron Beam
Figure V-2a summarizes graphically the numerical results obtained from the solution of
eguation (2) for awarm beam. The warm beam-plasma instability corresponds to the picture of

inverse Landau damping. When a wave has a phase velocity v, less than the beam drift

velocity, Vy, there are more beam electrons with v > Vp than with v < Vp (since the beam

distribution function has a positive slope for v < v, , see Figure V-3). There is a net transfer of
energy from the beam to the wave which then grows. This situation is also described in figures
V-1 and V-2a:. on the curve £, (k,a;)= 0, points with w > w, correspond to waves with phase

velocity v, =wlk<v, which are calculated to be growing waves according to equation (2).
Cold Electron Beam

For a very cold electron beam we take the beam thermal spread v, =0 and write
eguation (2) as

8p(a) — kVD)2 = %a)pe2

or
1/2

(o @ @f n/n )
VD

Vo  £,(kw))
Since the Fourier components of the electric field have been assumed to vary as exp [i (kx -
wt)], spatial growth will occur if k has a negative imaginary part corresponding to ¢ ) (w, k)< 0.

Referring to Figure V-4 we can understand the physical mechanism for the cold beam



plasma interaction as follows:

In the beam frame beam electrons in a density trough will experience a stationary electric
field due to the bunched electrons on both sides of the trough. If there is no background plasma
the vacuum electric field, 5, will be such that electrons in the trough feel aforce F = -eE, ¢

which is repulsive and tends to keep them in the trough. However, in the presence of a
background plasma characterized by the dielectric function ¢ the total field seen by the beam

electronsis E; =E, /¢e,. If ¢ isnegative Et isopposite to E, o in direction the electrons are

expelled from a trough causing further bunching of electrons at each side of a given trough.
Therefore, the initial perturbation on the beam grows under the condition that the dielectric
function of the background plasma s negative.

4) Experimental Apparatus

The experimental apparatus used for the study of EPW is the double gridded double
plasma (D.P.) chamber as shown in figure V-5.

In the D.P. device, the source and target plasmas are independently produced in separate
chambers by primary electron bombardment of a neutral gas. The potentials are arranged in such
away as to cause the target plasmato be at a positive potential with respect to the source plasma.
The target chamber wall and grid 2 are grounded. The source chamber grid (grid 1) is biased
negatively at -V With respect to grid 2. This negative bias on grid 1 inhibits the flow of

electrons from the source to the target chamber, thus permitting the establishment of two
different plasma potentials in the source and target plasmas. The wall of the source chamber is
not anchored to any external DC potential; it adopts a negative potential with respect to the
source plasma potential because electrons are lost to the wall at a faster rate than ions. The
source plasma then has a positive potential with respect to the wall and grid 1 but is negative
with respect to the target plasma. The resulting potential profile as depicted in Figure V-5b
accelerates electrons from point A to point B, creating an electron beam for our experiment. It
should be pointed out that only the tail of the source electron distribution can overcome the
negative potential barrier at A and is then accelerated in the region between the gridsto B.

The drift velocity, vy, of the beam is controlled by varying the voltage bias between the
grids. The ratio n, /n can be changed either by varying the target plasma density, n, or by

indirectly varying the beam density, n,, through variations in the source plasma density. The

thermal spread V,, of the beam is controlled by both the source temperature and the drift velocity
(or the bias V5g). The reduction of the thermal spread with increased drift velocity is the same
as described in Appendix A of Chapter 1.

Typical operating parameters are: n, ~108 - 109 cm3, V, ~ (KTe/m)ll 2 -6 _ 107
cm/sec, n, /n~(5-10) % and v, /v, ~(5-10), v, /v, ~10-50%. The plasma frequency liesin the
convenient range of 100-300 MHz where the standard laboratory test equipment is available.

As we have seen in the physical pictures, the beam-plasma instability is initiated by
modulating the beam density and thereby creating the associated spatially oscillating potential
along the beam. Experimentally thisis achieved by applying an oscillating voltage of the desire
frequency in addition to the DC bias between the grids. The RF and DC voltages are
independently applied to a grid signal mixer (GSM) which in turn applies the combined signal to
the grid. The function of the GSM is to provide isolation between the DC and RF supplies. The

typical applied RF signal strength is 0.1 V peak-to-peak and in general should be as small as
possible in order to avoid ballistic modes produced at the excitation grid.

5) Diagnostics
Three diagnostics are used in this study of EPW. They are the two-sided Langmuir



probe, the RF pickup probe, and the diagnostic electron beam. The two-sided Langmuir probe
consists of two, identical, separate metal discs (typically 5 mm diam., 0.5 mm thick) placed back
to back in the target plasma (see Figure V-6a). These discs are oriented such that one disc faces
the grids. The probe has separate electrical connections for each disc. Each disc can separately
be voltage-swept in the usual manner to obtain Langmuir characteristics. By means of electronic
differentiation (OP-AMP or Lock-in Amplifier; see Chapter 11) the electron distributions are
obtained. The distribution of the background plasma is obtained from the disc facing away from
the grids while the combined beam and background distribution is obtained from the disc facing
the grids. By electronically subtracting (Beam + Background) - (Background), we can extract
the beam-€electron distribution. This provides a method for the experimental determination of the

quantities n/n,, v, /vy, V, /v, and therefore the scaled thermal spread "s" for the experiment.

The experimental data for the EPW can then be compared with the theory using the same s’
value.

Experimental dispersion curve data are obtained using the interferometry technique (cf
Figre IV-7a). In this method the relative amplitude and phase measurements are carried out
using the RF pickup probe as shown in Figure V-6d. This probe consists of a shielded probe
shaft with a small ceramic insulator extending from the end. A small wire (5 mil. tantalum, 0.5
cm long) extends from ther ceramic insulator. Itssignal is amplified and mixed with a reference
signal to give the interferometry trace as the probe is moved along the axis, the direction of the
wave propagation.

When the absolute magnitude of the wave electric field is desired, a daignostic electron
beam may be used. A small electron beam (8-10 kv, 2 mmdiam., | <1 pA, see Figure V-6¢) is
directed perpendicularly to the direction of wave propagation in the region of interest. The beam
passes from the electron gun through the EPW electric field and is allowed to impinge on a
phosphor-coated (on vacuum side) glass window to produce an illuminated image which can be
viewed from outside. In the absence of EPW the image produced is a small, bright spot. When
EPW are present the spot is elongated along the direction of the detected wave electric field, (see
Figure V-6¢). With the knowledge of the diagnostic beam voltage, the wave frequency and
relative spatial profile of the wave intensity along the beam, one can deduce the magnitude of the
EPW electric field by measurement of the extent of elongation of the beam image spot. By

moving the diagnostic beam along k one can determine the spatial growth rate of the EPW
electric field. This method provides absolute field measurements and has the least perturbation
on the plasma. It is superior to metal disc or wire probes which can cause zeroth order changes
in plasmadensity. Since the propagation characteristics of EPW are sensitively dependent on the
background density, the usual probe diagnostics introduce errors in the measurements which
become significant when information about the absolute magnitude of the wave electric field is
desired.



Appendix A:  Approximate Solution to the Beam Plasma Dispersion Equation near (w,,k, ).

Equation (2) can be cast into a convenient form by following the procedure of Malmberg
and O'Nell. Since w - kv, +1ikv, =&, =0, wetaylor expand each factor on the LHS of equation

(2) about the intersection (w,,k, ). Writing dw = - w,, 0k =k — k, equation (2) becomes

— 2 2
[200) i) dolfie S\ o),
ok ook, K, ow ok, o

o, k V) K, w,) n
where use has been made of the fact that, since w, isred, w, =k v, . We can write this as
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where, for a Maxwellian plasma, f, = ﬁl_ exp[—(v/ve)z]
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We obtain a simplified form of equation (2) in terms of dimensionless variables

y(y - X +is)2 =1.
This cubic equation has an exact analytic solution as shown in Appendix B. For comparison
with experiment which measures spatial growth or damping rates, the above cubic equation is
solved for complex y and real x, from which complex k and real w are inferred.



Appendix B:  Solutions of the dimensionless dispersion relation equaiton (3).
_ To solve equation (3) numerically, one has at least two options:
A) Using a comples root finding computer code, one can obtain values of Im (y), Re(y)
for adesired range of values of x and s.
B) Write equation (3) in the form

y3+ay2+by+c=0

where

a=2(is- x),b=(is-x)2,c=0

One then may use the cubic format formula: (See Mathematical Handbok, M. R. Spiegel)

2 3
withy = 2-2 we dab-2a
54

1/3

1/3 —
U E(W+\/V3+W2) TE(R-W3+W2)

The three solutions to the cubic equation, for given a, b, c are:

1
y, =U +T—§a

Y, =—%(U +T)—%a+i§\/§(u -T)
Vs =—% L +T)—%a—i§ 3U-T)

With these formulas one can find the roots (y-values) for a given range of values of x and
s, aprocedure best carried out by straight forward computer calculation.
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Velocity distribution function for a
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