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Pulsed microwaves of frequency Ji.^3 GHz with 6 
ms in pulse width are launched parallel to the external 
magnetic field into a magnetized plasma in a mirror 
machine with mirror ratio of 1.27. The plasma is pro­
duced by the same microwave pulse by the method of
Electron Cyclotron Resonance using hydrogen gas. When

-5the hydrogen neutral pressure is about 2-3x10 torr 
and the incident microwave power is about 150 watts, 
large modulations on all signals were observed and have 
been investigated. We attribute the modulation to a 
relaxation type oscillation in the plasma.
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II INTRODUCTION
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There has been a great deal of Interest in using
electromagnetic waves for the purpose of plasma heating
for fusion. High power laser and high power microwaves
are currently used. Recently, there has been renewed

X ■■ &interest in Electron Cyclotron Resonance heating- 
Electron Cyclotron Resonance ( ECR ) is a well 
established technique for both production and heating

9.10 , . .. . .11,12of plasma . Anomalous absorption was reported
in an ECR produced plasma. It is interesting that in
these studies there is evidence of modulation effects
before anomalous absorption occurs. This thesis involves
an investigation of these modulations.

In our experiment, pulsed microwaves of frequency
2.^3 GHz with a 6 ms pulse width are launched parallel
to the external magnetic field into a magnetized plasma
in a mirror machine with mirror ratio of 1.27. The plasma
is produced in hydrogen by this microwave pulse by the
method of Electron Cyclotron Resonance. When the hydro-

_ 5gen neutral pressure is about 2.0 x 10 torr and the 
incoming microwave power is about 150 watts, we observed 
a large amplitude modulation ofA/70 KHz on all observed 
signals. These signals include optical signals, dia­
magnetic loop signals, reflected anil transmitted micro­
wave signals, and K-barid microwave interferometer . 
signals. Langmuir probe signals also show very pro.-



nounced modulations.
Both the integrated and the nninteprated diamag­

netic signals indicate 70 KHz oscillations. From the 
unintegrated signals, we Find that the oscillations are 
all in phase at all points. The amplitude of the oscil­
lation approaches a minimum at magnetic field maxima.
This indicates that the perpendicular plasma pressure 
varied periodically and in phase throughout the plasma 
and had nodes at the magnetic field maxima. Also, from 
the optical signals emitted from plasma taken from the 
end and from the sides of the plasma chamber, we found 
that all the optical signals are in phase. All these 
facts indicates that we have a standing wave.

From the spectrum analyzer signals, we found 
that the incident microwaves have one peak at H..H3 Clli'z 
but both the reflected and the transmitted signals have 
a center peak and symmetrically spaced upper and lower 
side bands. There seems to be at least two possible can­
didates to explain these observations : a four wave para­
metric process^J or a relaxation oscillation^^.

The parametric excitation of low frequency oscil­
lations in plasma by an incident microwave signal were 
observed in a number of experimental studies. Several 
of these observations have been explained as parametric 
coupling from the electron plasma resonances to low- 
frequency oscillation corresponding to a radial eigen- 
frequency of an ion acoustic wave excited in the



In an attempt to explain some of these experiments 
( eg reference 13 ), DuBois and Goldman developed the 
theory of a four wave parametric process to account for 
the incident, Stokes, anti-Stokes, and the ion acoustic 
wave. However, there was some doubt as to whether the 
observed spectrum was due to the four wave parametric 
process or due to a combination of ion acoustic mode 
enhancement and ordinary mixing.

In Mendel and Stern's relaxation experiment, 
microwaves of U.U GHz and 3*5 watts were sent in a C- 
band waveguide to a low pressure mercury d.c. dis­
charge. The pump wave is perpendicular to the axis of 
the non-magnctized plasma. They found a low frequency 
oscillation fj of approximately 100 KHz in the reflected 
and the transmitted microwaves from the plasma. They

r Vafound 7| ~  ~2 ^  where R is the discharge tube radius, 
and \ja is the ion acoustic phase velocity given by 

V * S tllR eloctron temperature, is
the mass of the mercury ion. They also found the emission 
of 10 GHz microwaves. Mendel and Stern explained this 
low frequency oscillation as relaxation. Their simplified 
model is the following, first, the plasma density rises 
due to higher ionization rate and the plasma continues 
to be heated due to microwave absorption at the broad ther­
mal resonances, until the density reaches the point where 
the pump power is almost completely reflected due to
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the strong coupling to the microwave system. The 
electrons then cool rapidly, thereby restoring the 
original well-defined Tonks-Dattner resonances. The 
density falls. The transmission of microwaves increases 
and the cycle is renewed. This type of relaxation oscil­
lation is very .siinil ar to our experimental observations.

In section III, we give a general description of 
the experimental apparatus and techniques. In section IV, 
we give the experimental results. Section V discusses 
the phenomenology of the oscillations in an attempt to 
explain the experimental results. Section VI contains 
a discussion and conclusion.



REFERENCES

1. S. M. Wolfe, 0. R. Cohen, it. J. Femkin, and K. 
Kreischer, Nuclear Fusion, 19, 1389 (1979) and the 
references therein.

2. P. Deluca, C. Maroli, V. Petrillo, Plasma Physics
2 1 , 1067.(1979).

3. I. Fldone, G. Granata, G. Ramponi, R. L. Meyer, 
Phys. Fluids, 21, (1978).

4. It. M. Gilgenbach et al, Phys. itev. Lett. 6^7
( 1980).

5. K . L. Wong, Phys. Fluids, 2JL, 2 1 0 8  ( 1 9 7 8 ) .

6 . P. C. Efthimion, V. Arunasalam, and J. C. Hosea,
Phys. itev. Lett. 39^ (1980).

7. A. A. Skovoroda and B. N. Shvilkin, Radio Enginee 
ring and Electronic Physics, J22, l48 (1977).

8 . A. I. Anisimov, N. 1. Vinogradov, and B. P.



18
9. d. A. Dandl et al , Nuclear Fusion, 344 (1964).

10. W. B. Ard et al, Phys. ^ev. Lett. JLO, 87 (1963).

11. K. J. LaHaye et a l , Phys. Fluids, J L £ ,  457 (1976).

12. U. J. LaHaye et a l , Phys. Fluids, 1£, W 5  (1974).

13» A. cstern and N. Tzoar, Phys. dev. Lett. 17,
903 (1966).

14. 0. Demokan, H. C. S. Hsuan, K. 1C. Lonngreu, and
K. A. stern, J. Appl. Phys, 4_1, 2122 (1970).

15 • O. 1'. Dullois and M. V. Goldman, Phys. Rev. Lett.
19, 1105 (1967).

16. A. M. Messiaen and P. E. Vandenplas, Phys. Fluids,
12. 2406 ( 1969).

17• J» Asmussen, and Q. H. Lee, Appl. Phys. Lett.
15, 183.(1969).

18. d. M. Fredericks, J. Asmussen, Phys. Fluids,
15, 944 (1972).



19
19* !*• A* Klein, and B. Chaeo, J. Appl. Phys. ^2, 5218

(197*0-

I20. C. W. Mendel and :i. A. Stern, J. Appl. Phys. 
jjll, 73** (1970).



Ill EXPERIMENTAL APPARATUS

Basic experimental apparatus for this experiment i 
described below and is shown in figure 3 *1*1 and 
figure 3 *1*2 .
3.1 Experimental Setup 
3.1*1 Plasma Chamber

The vacuum chamber is made of a stainless steel 
tube of 12.7 cm inside diameter and 1 meter in 
length. Inside the stainless steel tube, there is an­
other stainless steel tube with inside diameter of 8.79 
cm and a wall thickness of 0.5 mm. This inner tube is 
used as a cylindrical waveguide to confine microwave 
fields and plasma. At one end of the tube, there is a 
vacuum seal between the rectangular waveguide anti the 
chamber. Two piece of aluminum in seini-circular shape 
were placed between rectangular and cylindrical wave­
guides. The other end of the plasma chamber is sealed 
by a stainless steel flange. the center of the end
flange, a inch hole was made to insert the axial 
Langmuir probe, the rf loop probe, or to hold a piece 
of clear plastic to transmit the optical signals. A 
Vi ton 0 ring is used around the probes as a vacuum 
seal. At the center of the plasma chamber ( 70 cm from 
the end flange ), there are three access ports. One 
is on the top and the other two are on opposite sides o 
the chamber. All three ports are sealed with flanges
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and copper gaskets, the top flange is used to hold the 
radial Langtnuir probe. The other two ports are for the 
the purpose of holding the K band microwave horns for 
the K band interferometer, or with a change of flange 
to mount the terminals of nine 100 turn diamagnetic 
coils which are wound around the stainless steel liner 
as shown in figure 3*1.1. These coils tire used to moni­
tor the perpendicular plasma pressure.

3.1.2 DC Magnetic Field
Four big water cooled coils are used in this experi­

ment to produce the DC magnetic field, i'he coils are 
equipped with a set of 4 flux return bars which concen­
trate the return flux so that the field strength inside 
the coils is approximately that of an infinite sole­
noid. The power supply used is a Hei’tan Associates model 
106*4 which is a low ripple high current DC power supply. 
The magnetic field profile when the DC current is at the 
working current of 28 amp is shown in figure 3.1»3* The 
DC magnetic coils are spaced so as to produce a magnetic 
well at the center of the chamber with a mirror ratio 
of 1.27. A 100 turn DC aiding magnetic coil is placed 
at about 55 cm from the end of the chamber. This coil 
is used to vary the separation of the magnetic field 
maxima.
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3.1.3 Vacuum System

The pumping system used consists of a mechanical
pump and a two-inch air cooled oil diffusion pump with
liquid nitrogen cold trap. The pressure in the plasma
chamber is monitored by an ionization gnage. With liquid
nitrogen in the cold trap, the plasma chamber can be

-7pumped down to a base presure of 2.0 x 10 torr» 
Hydrogen gas is leaked into the plasma chamber through 
an variable leak control ( Vactronic Model 25XL ), arid 
monitored by a thermocouple gauge. Since a relatively 
large pressure change at the thermocouple gauge is 
required to change the plasma chamber pressure, the 
plasma chamber pressure can be easily controlled to 
±1 x 10“6 torr.

3.1.4 Microwave System
The microwave soxirce is an Amperex DX-20G magnetron 

operated at the power level of 1 kilowatt. The magnet­
ron output frequency is about 2.43 Gliz. The magnetron is 
operated in the pulsed mode with a pulse width of 6 ms. 
The magnetron can be set to pulse every 20 seconds or 
fired manually. The microwaves are sent to the plasma 
chamber through the S band waveguides shown schemati­
cally in figure 3*1.2. The circulator and the isolator 
are used to keep the reflected microwaves from coming 
back into the magnetron. In order to detect the incident
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forward signal, a direction«il coupler is used. The 
reflected signal can be detected from the cross guide 
coupler,

3.1.5 Signal Wecording
The plasma is produced by the electron cyclotron 

resonance absorption of the right circularly polarized 
component of the incident microwaves. Since the micro­
waves are pulsed with a pulse width of only 6 ms, the 
various diagnostic signals ( described in next section ) 
are displayed on a Tektronix model 555 scope. Permanent 
records of signals were recorded on Polaroid type 107 
land films.
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Figure 3*1*1 Plasma chamber and external DC magnetic 
coils and the locations of diagnostic tools. From the 
end flange to the S band i^aveguide end is 90 cm long.
ID of the inner stainless steel tube is 8.79 cm.

Figure 3»1»2 Schematic diagram of the microwave system.

Figure 3»1»3 Profile of the externa], DC magnetic field.
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3.2 Diagnostic Techniques
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In our experiment, various techniques were used 
to diagnose tlxe plasma such as diamagnetic coils,
Langmuir probes, K-band microwave interferometer, dF loop 
probe, optical method, spectral analysis etc. Although 
the Langmuir probe is a very useful tool to diagnose 
plasma, it may not give correct result for plasma density 
when the probe is in a.RF field*. However, it should still 
give the correct order of magnitude for the electron 
temperature*, tfe use the diamagnetic loop together with 
the electron temperature obtained from the Langmuir probe 
to determine the plasma density. Due to the multiple 
internal reflection of the microwaves in the plasma 
chamber, it may be difficult to obtain an accurate 
result for density using the microwave interferometer. 
Nonetheless we use the interferometer to check the order 
of magnitude of the electron density. In the following 
we give a general description of the diagnostic 
techniques.
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3.2.1 Diamagnetic Coil
Diamagnetic coils are used to measure the perpen­

dicular plasma pressure fx by detecting the diamagnetic 
effect due to the plasma. As the plasma is created, the 
diamagnetic current increases, the magnetic fields 
decreases inside the plasma and the magnetic flux en­
closed by the diamagnetic coil decreases. As a result, 
an induced etnf S  will appear on the coil^:

where N is the number of turns of the diamagnetic coil,
A is the area of the coil, B0 is the external DC magnetic 
field. The induced signals are integrated using a Tek­
tronix Type 0 plug-in unit. The induced voltage is

where It is the resistance and C is the capacitance of 
of the integrating circuit. The diamagnetic coils used 
in this experiment consisted of 100 turns of wire wrapped 
around the inner stainless steel tube positioned as 
shown in figure 3»1.1.

from expression 3*2.1.2, one can estimate if A,
V, U, C, and BQare known. Assuming we have ideal gas

3.2.1.1

3 .2 .1.2
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jj, =J\K^7ej. and using the *Te from Langmuir probe data 

assuming Te -  T« , one can estimate the density of 
plasma. Since the thickness of the inner stainless steel 
tube is about 0.5 mm, the presence of the inner stainless 
steel tube has very little effect on the diamagnetic coil 
signals at frequencies around 70 KHz.

As we shall see in next section all of our diag­
nostic signals including the diamagnetic loop signals 
( both integrated and unintegrated ) are modulated at

2^ * 7 0  Kllz. The only variable in equations 3 .2,1.1, 

and 3.2.1.2 is Rl °< lei . For our situation, then 
Pjl can be written as

px z  ( 1+  H  f a * + * })

This variation in fj. can be due to either a variation 
in Y\q or ~Jei alone or in general to a variation in both 
( with the same frequency t0o ). It is found that the 
modulation of the integrated signal is sometimes very 
small because of the UC factor in equation 3.2.1.1, and 
that it is more convenient, especially when comparing 
the modulations induced in different coils, to observe 
the unintegrated signal. This signal shows substantial 
modulation as one might expect because of the absence 
of the RC factor and the DC term, i/e note that the 
integrated and unintegrated signals should be ^ o u t  
of phase.
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3.2.2 Langmuir Probe

Latigtnuir probes are used to measure the electron 
temperature and to obtain an order of magnitude estimate 
of the plasma density. The two Langmuir probes used in 
this experiment are cylindrical probes which are made of 
a very fine wire of 0.08 mm in radius. A length of 2 mm 
is exposed to plasma and the rest of the wire is' . 
insulated by alumina as shown in figure One of
the Langmuir probes is inserted axially into the chamber 
from the stainless steel end flange. The other one is 
inserted into the chamber radially, both Langmuir probes 
were oriented perpendicular to the external DC magnetic 
field.

A schematic diagram of the Langmuir probe is shown 
in figure 3.2.2.2. Dependent on the sign of the bias 
voltage to the probe, one can collect electron current 
or ion current. We assume that we have Maxwellian dis­
tribution and tho presence of the probe does not disturb 
the local plasma density too much. We also assume that 
the probe dimensions are small compared to the electron 
and the ion mean free path. Due to the fact that the . 
mass of ion Mj, is much larger than the mass of electron 
mtf , electrons arrive at the probe much faster than ions. 
In order to collect ions, the probe should be biased at 
a negative potential with respect to the wall of the 
cylindrical chamber so that all the electrons are 
repelled. The random ion current Xl collected by the
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the probe of area A is^ :

T- =  A the / 2fetc- 
^  / “ w T

3.2.2.1

where is the ion density. The existence of sheath
increases the effective collecting area of the probe. 
For "Te » ” 7̂ ' * the current collected can be corrected

Zias^ :

X- =  0.4 A N i e  flM.1 V Vli
3.2.2.2

The presence of the static magnetic field does not change 
the thermodynamics of the plasma very much. The electron 
current is given by

_ eV
- r  T  ^I  e =  X £  3.2.2.3

Experimentally, it is found that the vs applied
biased voltage curve is linear from which "Je can be 
found.

In case of thick sheath, one can use conservation
kof energy and momentum to get the following expersion :
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3.2.2.4

where Kg is the Boltzmann constant, Te is the electron 
temperature, Ty is the ion temperature, 1 is the 
collected probe current, A is the physical probe area,
and Jr is the random current:

X  =  / - 0 S r  3.2.2.5
Z  V TTYflC

2Plotting the 1^ vs applied voltage curve, the slope S
Kin the linear region is given by :

S  =  - 2 - A 2_ i  m°  3T -mi 3.2.2.6

will give the density of the plasma. One can see that 
the slope S does not dependent on Te or .



FIGURE CAPTIONS

Figure 3*2.2.1 Axial and radial Langmuir probe.

Figure 3*2.2.2 Circuit diagram Tor Langmuir probe.
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3.2.3 Microwave Interferometer

The microwave interferometer is used to confirm the 
average plasma density at the midplane of the magnetic 
mirror center. The details of the microwave interfero­
meter setup is shown in figure 3*2.3*1* Microwave signal 
from a sweep oscillator is transmitted along the K band 
waveguide and then split into two components. One com­
ponent is sent through the plasma using two K band micro­
wave hornS sitting on opposite sides of the chamber. The 
horns are situated at the midplane of the magnetic 
mirror and perpendicular to the external J)C magnetic 
field. J'he other component of the microwave is sent 
along the waveguide outside the plasma and through the 
phase shifter. Hoth paths of the microwave are combined 
in a magic tee. We adjust the microwave signal ampli­
tudes in both paths to be the same when there is no 
plasma in the plasma chamber, and adjust the phase 
shifter so that the two microwave signals are in phase.
We observe the output signal of the added arm of the 
magic tee. bince the relation between the time average 
of the square of the output signal amplitude of the 
added arm of the magic tee and the sigmal amplitude
A of the two paths of the microwave is:

3.2.3.1



where is the phase angle between the two paths of
microwave signals. The existence of plasma will decrease 
the index of refraction for microwave. There will be 
phase shift between the two paths of microwave when 
there is plasma inside the plasma chamber. Therefore, 
by comparing the signal amplitudes from the output of 
the added arm of the magic tee at the time when there 
is plasma and at the time when there is no plasma, one 
can find the phase shift due to the presence of the 
plasma.

In this experiment, we use the K band microwave 
interferometer in such a way that it will have the 
minimum effect on the existing plasma. An ordinary 
wave ( E//B0) is launched from the K band microwave 
horn across the plasma chamber. The dispersion relation 
of the ordinary mode :

where K is the wave number, U) is the angular frequency 
of the K band microwave, (jjp is the angular plasma fre-

co2
04?
u)7- 3.2.3.2

2 2quency. For our case, using (jĴ  (jj 

following experssion:
, we have the
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aSubstituting Tor U)p , the average plasma density across

the path length 2a ( a = the radius of the plasma
nchamber ) is given by :

txU (cm)



FIGURE CAPTION

Figure 3.2. 3.1 Schematic diagram of the 
wave interferometer.

band
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3.2.4 RF Probe

The rf probe used is a loop probe as shown in
figure 3*2.4.1. The loop probe is made of a coaxial cable
bended in a form of a circle of 1 cm in diameter. The
inner wire of the coaxial cable is then spot welded to
the outer copper conductor. The whole loop probe was
coated with low vapor pressure resin to minimize the
disturbance of the plasma.

In order to make sure that the loop probe couples
only to the wave magnetic field and not to the wave
electric field, a TMco microwave cavity was vised. In
this TMoiO cavity, microwave was sent in so t h c i t  only

8TMoiO inode exists in the cavity :

E* *  X  ( 2 .4 0 S  a ^ )

H e  * *  X  ( 2 . 4 0 5 - ^ )

3.2.4.1

3.2.4.2

where J, are Bessel functions, a is the radius of
cavity. The normalized field profiles of Ez- and Hg 
are plotted on figure 3*2.4.2. To see whether the loop 
probe coupled to Eg or Hg field, the loop probe was first 
inserted radially into the cavity with the plane of the 
loop probe parallel to the axis of the cavity. This is



the case when the loop probe is supposed to couple only
to the H g field. The result of this measurement is
plotted on figure 3• When the loop probe is
inserted radially into the cavity with the plane of the
loop probe perpendicular to the axis of the cavity, the 
loop probe is supposed to couple the Ej field. It is 
found that when the probe is in this orientation* there 
is no signal picked up by the probe. From.this fact and 
from figure 3»2.4.3» one can conclude that the loop 
probe only couples to the wave magnetic field.



FIGURE CAPTIONS

Figure 3*2.k.l RF loop probe.

Figure 3.2.4.2. Theoretical T Hcio field curves.

Figure 3.2.4.3 The response of the loop rf probe
different locations in the TMoiocavity with the probe 
oriented to couple the cavity wave magnetic field.
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3.2,5 Optical Diagnostics
In our plasma, we observed light emission from 

the plasma. If we apply Steady-State Corona Model to 
our plasma, we assume the followings: the electrons of 
the plasma have a Maxwellian velocity distribution, ions 
are cool so that the ion-ion collision are negligible, 
the population densities of the excited level are 
determined by a balance between the rate of collisional 
excitation due to electron® from the ground level and 
the rate of spontaneous radiative decay of the level in

9question to all allowed levels below :

H e  ^  2- hiP-tr) 3.2.5.1

where )1e is the electron density, M s )  is the ground 
state atom density, ^  is the electron collisional 
excitation coefficient, f)p is the population in the 
level of interest, is the atomic transition
probability. The intensity of a given spectral line 
( ignoring induced emission and absorption ) is given

9by

The integration is over the depth of the 
by the detector.

plasma viewed



For the case of continuum radiation, the Free-
10bound continuum emission coefficiont can be written as

i y  Q $C. I 3 • 2.5 • 3

where C| is 1.719x 10’*̂ *̂  cgs unit, Tie is the electron 

density, Tit t*ie i°n density, Xj-l *'*ie atom ion­
ization energy, is the excitation energy level of 
the principal quantum number Y) » is the Graunt
Factor. The Free-Free continuum emission coefficient

11can be written as :

9  =  c  w e  tc  *̂2, y*- U  3.2.5.^

where is 5*^3xlO""^ cgs unit. The total continuum 
emission coeFFicient is

c £ il C ff 
t r  =  O. +  t

=  fa Hi- 

/

~~~Fh ■
C, 3 t T ^ .  . -BT £ -SF.

» T*
7 * e Z ^ e  +  - £ e  r 3.2.5.5

Form equations 3*2.5*3» 3*2.5.5» we can see that iF iTg 
and/or Te are modulated at ^/4lT , the observed light 

signals will tilso be modulated at the same Frequency.
In order to see light signals of any particular 

wavelength region, we can use Filters to pick out the 
desire region. The experimental setup to detect visible



light signals omitted by the plasma is shown in figure
3.2.. 5»1* Light emitted from the plasma is collected by 
the optical cable through a small clear plastic window 
either at one of the side ports or at the end port and 
then connected to the photomultiplier tube (UCA 63^2A)

6 . , OThe photomultiplier is sensitive from 3000 A to 6600 A 
The output of the photomultiplier is displayed on the 
scope. The power supply used is a Hewlett Packard L)C 
power supply model 6515A.



FJGUUE CAPTION

Figure 3•2.5*1 Experimental setup of optical method.
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3.2.6 Spectral Analysis

In order to measure the frequency components of the 
microwave signals, both microwave receiver and spectrum 
analyser were used. The microwave receiver used is u 
Polarad Model R microwave receiver with two plug-in 
units : Model US from 2 GHz to 4.2 GHz, Model RM-T 
from 4.2 GHz to 7*7 GHz. The spectrum analyzer used is 
a Tektronix Spectrum Analyzer plug-in unit Type JL40.
It can be used to scan frequencies from 1.5- (*Hz to 
40 GHz with dispersion down to 1 KHz.
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3.2.7 Phase Shift Correction

In order to check the correct phase relationships 
between all observed signals, we checked the phase 
shift of our signal detecting methods as followings: 

Figure 3*2.7.1 is the schematic diagram of the 
setup to detect the phase shift of the optical signals. 
The wide range oscillator used was a Hewlett Packard 
model 200CD. The DC power supply used was a Hewlett 
Packard Power Supply model 6515A. The photomultiplier 
used was a RCA Photomultiplier Tube model 6342A. Light 
emitted from the LI5D was transmitted through the optical 
cable, then collected by the photomultiplier. The phase 
of the output of the photomultiplier was then compared 
to the phase of the voltage across the resistor. Using 
different frequency settings of the wide range oscil­
lator from 55.5 KHz to 7^*9 KHz, it was found that the 
optical signal from the photomultiplier circuit was 
about 1.5 s behind the wide range oscillator applied 
voltage signal across the resistor as shown in figure
3 .2 .7 .2 . In figure 3 *2 .7 *3 , the upper trace is the wide 
range oscillator signal, the lower trace is the photo­
multiplier signal. The time scale is 5 ^is/div. The phase 
shift is 1.5 y>s. This correction must be applied to all 
photomultiplier signals.

In order' to determine the possibl-e delay of the 
reflected and the transmitted S-band microwave signals, 
the experimental, setup as shown in figure 3 *2 .7 .4 was



used. Continuous microwave source from a Haytheon micro­
wave power generator model PGM01X1 at 2.^5 GHz was amp­
litude modulated by a pin modulator ( General Microwave 
model 1952 ) driven by a wide range oscillator with a 
period of ih p s . The reflected and the transmitted 
microwave signals were detected as shown in figure 
3 .2 .7 *^* in figure 3 »2 .7 »5 t the upper signal is the 
reflected signal and the lower trace is the wide range 
oscillator signal. Since the pin modulator is an 
absorptive type, the minima of the reflected signal, 
coincided with the maxima of the oscillator signals.
This indicated that there is no circuit induced phase 
shift in the detection of the reflected signals. In 
figure 3 .2 .7 .6 , the top trace is the transmitted signal, 
the lower trace is the reflected signal. It is clear 
that the reflected and the transmitted signals are in 
phase. Krom these two pictures, one can conclude that 
there is no circuit induced phase shift of the reflected 
and the transmitted signals.



56
F1GUKE CAPTIONS

Figure J.2,7,1 Setup used to detect the phase shift
of the optical method.

Figure 3*2.7*2 Phase shift of optical signals.

Figure 3*2.7*3 The upper signal is the wide range 
oscillator output. The lower signal is the photomultiplier 
signal. The time scale is 5 ^is/div.

Figure 3*2.7*^ Setup used to detect the reflected 
and the transmitted signal phase shift.

Figure 3*2.7*5 The lower signal is the wide range 
oscillator signal. The upper signal is the reflected 
signal. The time scale is 5 Jis/div.

Figure 3*2.7*6 The upper signal is the transmitted 
signal. The lower signal is the reflected signal. The 
time scale is 5 ^is/div.
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3.2.8 Aiding DC Coil
The Aiding DC coil is a 100 turns coil wound in 

a form of circular coil of 3 inches in width and 6 inches 
in inside diameter and yk inch in thickness as shown in 
figure 3.2.8.1. The purpose of using the Aiding coil can 
be described as following. Since the cylindrical wave­
guide chamber is in an axial mirror DC magnetic field 
configuration, one can decrease the width of the magnetic 
well by placing the Aiding coil between the magnetic 
field maxima. Since the length of the plasma is deter­
mined by the width of the magnetic well, we can decrease 
the width of the magnetic well by increasing the Aiding 
coil current and thus we decrease the length of the 
plasma. Since the wavelength of the low frequency 
oscillation depends on the length of the plasma we 
should be able to Vary the modulation frequency. So, 
in order to change the modulation frequency, the 
Aiding coil is used.
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FIGURE CAPTIONS

Figure 3.2.8.1 Aiding DC coil,
f
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IV EXPERIMENTAL RESULTS

Basic Microwave Source Measurement

4.1.1 Pulse Form, Duration and Input Power
The typical pulse form of the incident microwave

source signal is shown on figure 4.1.1.1*. The duration
of the pulse is about 6 ms. The input power shown in
figure 4.1.1.1 is about 140 watts.

4.1.2. Incident Microwave Spectrum
The incident microwave spectrum was studied using 

two different approctches:
A Microwave Receiver

The incident microwave was scanned through the 
frequency range of 2 GHz to 7*7 GHz using 
Polarad Model R microwave receiver with two
plug-in units s Model RS from 2 GHz to 4.2 GHz,
Model RM-T from 4.2 GHz to 7»7 GHz. The output 
of the microwave receiver when the tunning 
frequency setting is at 2.43 GHz is shown in
figure 4.1.2.1. The spectrum of the incident
microwave sourco is shown on figure 4.1.2.2.
The spectrum indicates the microwave peak is 
at 2.43 GHz. The funny shape is possibly due to 
the improper grounding of the microwave receiver 
circuitry.



Spectrum Analyzer
The incident microwave signal was measured 
with Tektronix Spectrum Analyzer plug-in unit 
model IlAo. The typical signals are shown in 
figure 4.1.2.3* The center frequency is set 
at 2.43 GHz with dispersion of 200 Kliz and 
sweeping rate of 0.1 ms. The four different 
pictures were taken from the same incident 
microwave signal but for different shots. It 
is clear that the incident microwave frequency 
is different from shot to shot. Typically, it 
is found that it is about 500 KHz shot to shot, 
and 1 to 2 MHz variation during a pulse.
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FIGURE CAPTIONS

Figure 4.1.1.1 Incident microwave source signal. The
time scale is 1 ms/div.

Figure 4.1.2.1 Microwave receiver output signal for. 
the incident microwave. The frequency setting is at
2.43 GHz. The time scale is 1 ms/div.

Figure 4.1.2.2 Spectrum of the incident microwave
signal.

Figure 4.1.2.3 Spectrum analyzer output signal for 
the incident microwave. The center frequency is set at
2.43 GHz. Dispersion is set at 200 KHz/div.
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4.2.1 Duration of Plasma
In figure 4.2.1.1, the top trace is the optical 

signal, middle trace is the incident microwave signal, 
the lower signal is the reflected microwave signal.
The time scale is 1 ms per division. The incident 
microwave pulse is about 6 ms. Taking the optical 
signal as being indicative of plasma existence, the 
duration of plasma is seen to be about 5*6 ms.
Figure 4.2.1.2 shows the beginning part of the three 
signals of figure 4.2.1.1. The time scale is 0.2 ms per 
division. The plasma is formed about 0.3 ms after 
the start of incident microwave. Figure 4.2.1.3 shows 
the last part of the three signal of figure 4.2.1.1.
The time scale is at 0.1 ms per division. The plasma 
is seen to end when the microwaves cease.

4.2.2 Diamagnetic Coil Signal
The typical diamagnetic coil signal is shown in 

figure 4.2.2.1. This signal also indicate that the 
plasma lasted for about 5*6 ms consistent with the 
optical signal. The order of magnitude of the perpen­
dicular plasma pressure YigTfi is estimated to be about 

121.7 * 10 ev/cc. In figure 4.2.2.2, the locations of 
the diamagnetic coils are plotted against the perpen­
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dicular plasma pressure. One can see that the perpen­
dicular plasma pressure is relatively higher around 
the magnetic field minimum, and symmetrical about the 
center of the plasma chamber.

4.2.3 Langmuir Probe
The typical Langmuir probe signals are shown in 

figure 4.2.3*1* Using different applied probe bias 
voltages, one can obtain the probe current vs bias 
voltage characteristic curve. A typical characteristic 
curve is shown in figure 4.2.3*2. In order to estimate 
the electron temperature, a semi-log graph of probe 
electron current vs applied bias probe voltage is 
plotted and shown in figure 4.2,3*3* The electron 
temperature is estimated to be 31 + 3 ©v from the .linear 
portion of the curve. In order to estimate the plasma

adensity, the saturated (probe ion current) vs the
bias voltage graph is plotted and shown in figure
4.2.3*4. The plasma density is estimated from the
slope of the graph. The density of this set of data
is about 4.68 x 10^/cc. This gives an fleTe of 

121.45 * 10 ev/cc in suprisingly fair agreement with 
the diamagnetic loop signal considering the posit­
ioning of the probe in the plasma and the uncertainty 
in interpretation of the Langmuir probe characteristic 
in strong rf fields.
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FIGURE CAPTIONS

Figure 4.2.1.1 Top trace is the optical signal. The 
middle trace is the incident microwave signal. The lower 
trace is the reflected microwave signal. The time scale 
is 1 ms/div.

Figure 4.2.1.2 The beginning part of figure 4.2.1.1.
The time scale is 0.2 ms/div.

Figure 4.2.1.3 The ending part of figure 4.2.1.1. The
time scale is 0.1 ms/div.

Figure 4.2.2.1 The upper trace is the reflected 
signal. The lower trace is the diamagnetic coil signal. 
The time scale is 1 ms/div.

Pigure 4.2.2.2 Perpendicular plasma pressure curve.
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FIGURE CAPTIONS

Figure **. 2.3*1 Langmuir probe signals. In the tipper 
half picture, the top trace is the Langmuir probe signal 
when the probe is biased at -20volts. The lower trace 
is the reflected microwave signal. The lower half picture 
is the same as the upper half, but the Langmuir probe 
is biased at -30 volts.

Figure U.2.3,2 Langmuir probe characteristic curve.

Figure 4.2.3.3 Electron current vs applied voltage
curve.

Figure 4.2.3.4 zI. vs applied voltage curve,
i*
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4.2.4 Microwave Interferometer
Experimentally, it is found that the K band transmit­

ted microwave signal is changed due to multiple reflect­
ion. In order to estimate the density of plasma at mid­

plane of plasma chamber, the following method was used. 
First, we measure the amplitude of the transmitted K 
band microwave signal when there is no plasma and the 
amplitude of the attenuated K band transmitted signal 
when there is plasma. The amplitude of the reference K 
band microwave signal is then set to that of the 
attenuated transmitted signal. Then adjust the phase 
shifter so that the signal amplitude from the adding 
arm of the magic I' is equal to its half maximum. deset 
the transmitted signal to its original amplitude. Then 
record the data when there is plasma. The upper half 
of figure 4. 2.4.1, is the picture taken when there is 
plasma. The top trace is the transmitted K band micro­
wave signal which remains unchanged while the lower 
trace signal from the adding arm of the magic tee is 
being recorded. The lower half of figure 4.2.4.1 was 
taken under the same condition as the upper half 
picture except that the phase shifter was adjusted so 
that the signal amplitude from the adding arm is at its 
maximum as indicated by the white arrow on figure 
*1.2.4.1. The density estimated from the upper picture 
is 4.4 x 10^^/cc. The density estimated from the lower 
picture is 3*5 * 10^/cc. These numbers seem to be



«5

high compare to the Langmuir probe data which is about 
4.6 x 10^/cc. It is possible that the density from the 
Langmuir probe data is lower because the probe is around
the outer edge of the plasma, and we get a higher density
around the center of the midplane of the plasma or due
to the effects of multiple reflections.
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FIGURE CAPTION

Figure k,2.k.l The top traces of both upper half' 
and lower half picture are transmitted K band microwave 
signals. The lower trace of the upper picture is the 
interferometer output when the phase shifter is adjusted 
so that the signal from the .adding arm of the magic tee 
is equal to its half maximum. The lower trace of the 
lower half picture is the interferometer output when 
the phase shifter is adjusted so that the signal from 
the adding arm of the magic tee is equal to its maximum.
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4.3 Detailed Study of The Modulations
As already mentioned we observed very strong 

modulation of all detected signals : reflected microwave 
signals, optical signals, loop probe signals, microwave 
interferometer signals. Experimentally, it is found that 
the modulation of signals, modulation frequency and the 
duration of the modulations all depend strongly on the 
neutral hydrogen pressure, incident microwave power and 
DC magnetic field. All These effects on the modulation 
will be presented in the following :

4.3*1 Reflected Signal
A General Appearance

The general appearance of the reflected 
microwave signal is shown in figure 4.3*1*!* •
The time scale is 1 ms/div. Figure 4.3*1*2 is 
taken at 2ms from the beginning of. figure 4.3* 1*1* 
The time scale is 5.^is/div. One can see that 
the modulation frequency is about 67 KHz. The 
modulation of the signal amplitude is about 86̂ >.

B Growth Rate
The reflected signal is shown in figure 

4.3*1*3* The sweep rate is 0.1 ms/div. One can 
see the rate of growth is about 1.4 x 10^ /sec 
measured from 4.6 to 5*6 divisions ol' figure
4.3*1*3*
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C Starting Power
When the neutral hydrogen pressure is about 
-52 x 10 torr, and the incident frequency is 

2.43 GHz, the modulation of the reflected signals, 
were observed when the incident power is above 
90 watts. In figure 4.3*1 A ,  the top trace is 
the incident signal at about 90 watts, we.see 
that the modulation of the reflected signal 
starts to appear.

D Variation of The Modulation Frequency
The modulation frequency depends strongly 

on neutral pressure, input power and magnetic 
field. The results are the following:

(1) Neutral Hydrogen Pressure
In figure 4.-3.1.5* the modulation 

frequency is plotted against the neutral 
hydrogen pressure. It is clear that the 
modulation frequency increases with the 
neutral hydrogen pressure.

(2) Incident Power
In figure 4.3*1.6, the modulation 

frequency is plotted against the incident 
power. It seems clear that the modulation
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frequency increases with the incident power 
when the incident power is between 110 and 
120 watts but remains unchanged otherwise.

(3) Aiding Coil Current
In order to change the maximum fields 

separation, the Aiding coil was used. The 
variation of the modulation frequency with 
the Aiding coil current is shown in figure 
4.3«1»7« The magnetic field profile is 
shown in figure 4.3*1.8. It seems clear 
that when we increased the Aiding coil 
current, we decreased the length of the 
plasma and we increased the modulation 
frequency.

(4) DC Magnetic Field Current
The effect of the DC magnetic field 

current setting on the modulation frequency 
is indicated in figure 4.3«1*9* It is seen 
that the modulation frequency remains 
unchanged when’ the DC magnetic field 
current is between 27*5 and 28.5 amp and 
disappeared when the DC magnetic field 
current is outside this range. The magnetic 
field profiles of different DC magnetic field 
current settings is shown in figure 4.3»1*10.
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E Duration of The Modulation of Signals
The modulation duration of signals depends 

strongly on neutral hydrogen pressure, input 
power and magnetic field. The results are the 
following:

(1) Neutral Hydrogen Pressure
The duration of the modulation of

signals is affected greatly by the neutral
hydrogen pressure. The modulation of signals

-5appears in a narrow region of 2.0 x 10 to 
x 10~^ torr when the input microwave 

frequency is at 2.^3 GHz. Outside this 
region, the modulation disappeared. In 
figure /».3»1*11» the duration of the 
modulation vs the neutral hydrogen pressure 
is plotted. From this graph, one can see 
that the duration of the modulation 
decreased as the neutral hydrogen jjressure 
increased.

(2) Input Microwave Power
The duration of the modulation depends 

on the input microwave power. In figure 
4.3»1»12, the modulation duration vs the 
incident microwave power is plotted. There 
is a narrow incident microwave power range
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oT 60 watts over which one can see the 
modulation. Outside the range, the 
modulation disappeared.

(3) 1X3 Magnetic Field Current
The duration of the modulation also 

depends on the DC magnetic current. The 
modulation duration vs DC magnetic field 
current is plotted in figure 4.3»1«13«
One can see that the modulation is stable 
when the DC magnetic field current is about 
28 amp. The modulation disappears when the 
DC magnetic field current is below 27*5 amp 
and above 28.5 amp.

F Spectral Analysis
When the reflected signal is connected to

\

the microwave receiver, the spectrum determined 
as a shot by shot basis is shown on figure 
h.'J.l.lk. Figure **.3«1»15 shows the reflected 
signal when it is connected to the spectrum 
analyzer. The center frequency is. 2.^3 Gllz. 
Sweeping rate is 0.1 ms.. The dispersion is 
set at 100 KHz/div. One can see that is a small 
peak on each side of the central frequency.
Figure ^.3.1.17 shows the setup of simulated



amplitude modulation of microwave signal. A 
microwave signal of 2.43 GHz is amplittide 
modulated at 70 KHz using a General Microwave 
model 1952 pin modulator. The amplitude modulat 
signal is displayed on figure 4.3»l»l6 with 
spectrum analyzer center frequency at 2.43 GHz, 
sweeping rate .2ms and dispersion 100 KHz. vie 

can see that the two figures are very similar.



FIGURE CAPTIUNS

Figure 4 *3* 1.1 Microwave reflected signal. The time
scale is 1 ms/div.

Figure 4.3*1*2 Reflected signal at 2 ms from the 
beginning of figure 4.3*1.1* The time scale is 5 ^js/div.

Figure 4.3*1*3 Beginning part of the reflected signal.
The time scale is 0.1 ms/div.

Figure 4.3*1.4 Incident microwave signal at 9U watts.

Figure 4.3*1.5 Modulation frequency vs neutral hydrogen
pressure.

Figure 4.3.1.6 Modulation frequency vs incident pow.er.

Figure 4.3*1*7 Modulation frequency vs Aiding coil
current setting.

Figure 4.3*1.8 DC magnetic field profile (with Aiding
coil magnetic field).
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FIGURE CAPTIONb

Figure 4.3.1.9 Modulation Frequency vs DC magnetic
field current.

Figure 4.3.1.10 DC magnetic field profiles of different
DC magnetic field current settings.

figure 4.3.1.11 Modulation duration vs neutral
hydrogen pressure.

Figure 4.3*1.12 Modulation duration vs incident power.

Figure 4.3.1.13 Modulation duration vs DC magnetic
field current setting.
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FIGUKE CAPTIONS

Figure 4.3*1 • 14 Microwave receiver frequency spectrum
of reflected signal.

Figure 4.3*1.15 The upper trace is the reflected 
signal. The lower trace is the spectrum analyzer output 
signal. The sweeping rate is 0.1 ms. The dispersion 
is at 100 KHz. The central frequency is set at 2.^3 GHz.

Figure il.3*l«l6 Spectrum analyzer output signal of 
a microwave signal amplitude modulated at 70 KHz. The 
center frequency of the spectrum analyzer is at 
2.U3 GHz. The dispersion is 100 KHz. The sweeping rate 
is 0.2 ms.

Figure ^.3«1«17 Setup for stimulated amplitude 
modulation of microwave signal.
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4.3*2 Detailed Look at Diamagnetic Loop Probe Signals
In figure 4.3*2.1, the top trace is the reflected

signal, the lower trace is the integrated diamagnetic
loop signal. The top picture is at 1 ms/div. The perpen-

12dicular plasma pressure is about 1.7b x 10 ev/cc at the 
midpoint of the pulse. In the lower picture, the two 
traces are the same as the upper picture, The time scale 
is 10 ^is/div. The peak to peak change in the perpen­
dicular plasma pressure 7e) is about 1.7b x 10**

WVlgTe)ev/cc. The ratio - flele ahout 0.1. One can see that
the integrated diamagnetic signal peaks are about 3 
ahead of the peaks of the reflected signal.

In figure 4.3*2.2, the reflected signal and the 
unintegrated-diamagnetic coil signal are shown. The top 
picture is at 1 ms/div. The lower picture is at 5 ^is/div.

is about 1.64 x 10** ev/cc which is about 
the same of that of the integrated signal. The zeroes 
of the unintegrated signal are about 3 ahead of the 
reflected signal peaks.

Experimentally, all the unintegrated signals are 
in phase as shown on figure 4.3*2.3* In figure 4.3*2.4, 
the top signal is the unintegrated signal, the lower 
signal is the integrated signal . \ie see that the unin­
tegrated signal and the integrated signal are out of 
phase by . The straight line on the unintegrated 
signal is the zero line. The maxima of the integrated 
signal correspond to the zeroes of the unintegrated
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signals. In figure 4 . 3 • 2 . *5, the change in the perpen­
dicular plasma Afj, is plotted. A d  is lower than that of 
figure 4.3.2.1 and figure 4.3.2.2 because lower incident 
power was used.

I
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FIGURE CAPTIONS

Figure 4 *3 *2.1 In both the tipper and lower half 
picture, the top traces are the reflected signals and 
the lower traces are the integrated diamagnetic coil 
signals. In the upper half picture, the time scale is 
1 ms/div. In the lower half picture, the time scale is 
10 jis/div.

Figure 4.3.2.2 In both the upper and lower half 
picture, the top traces are the reflected signals and 
the lower traces are the unintegrated diamagnetic coil 
signals. In the upper half picture, the time scale is 
1 ms/div. In the lower half picture, the time scale 
is 5 jis/div.

Figure . 3 • 2 . 3 IJnintegrated signals from 5 different 
diamagnetic coils. The time scale is 20 yis/div.

Figure The upper trace is the unintegrated
diamagnetic coil signal. The lower trace is the 
integrated diamagnetic coil signal. The time scale is 
10 ^is/div.

Figure h . 3 • 2 . 5 Afj. vs the diamagnetic coil location.
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4.3*3 Optical Signals

The upper trace of 4.3*3* 1 shows a portion of 
the optical signal taken from the side at the center of 
the chamber. In figure 4.3*3*2, we show the optical 
signal taken from the end of the chamber. The lower 
trace in both case is the reflected signal. One can see 
that both optical signals are about 3*5 ahead of the 
reflected signal. In figure 4.3*3*3*. 4.3*3*4, anc*
4.3*3*5* three different filters were used. In figure 
4.3*3*3* a re<i filter CS2-58 was used to pass the 
line. In figure 4.3*3*4, a blue filter CS5-59 was used 
to pass the line. In figure 4.3*3*5* a Ditric Optic 
570 30 yellow filter with half width of 92 A ( from

e5670 to 57b2 A ) was used to pass the continuum, One 
can see that all the optical signals were modulated at 
the same frequency as the reflected signal, and ahead 
of the reflected signal. The characteristic curves 
for the filters were shown in figure 4.3*3*6* Figure 
4.3.3.7 is the same kind of picture as figure 4.3*3*3 
to 4.3.3.5, but no filter was used. Figure 4.3*3*8 
shows the same two signals of figure 4.3*3*7 with the 
time scale of 1 ms/div.
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FIGURE CAPTIONS

Figure k.J.'J.l The upper trace is the optical signal 
from the side of the chamber. The lower trace is the 
reflected signal. The time scale is 5 ps/dlv.

Figure 4.3»3»2 The upper trace is the optical signal 
from the end of the chamber. The lower trace is the 
reflected signal. The time scale is 5 ^is/div.

Figure 4.3*3»3 The upper trace in both the upper and 
lower picture are the optical signal using a red filter 
CS2-58 to pass the Upline. The lower traces in both half 
pictures are reflected signal, l'he time scale is 1 ms/div 
for the upper picture, 5 ps/div for the lower picture.

Figure 4.3.3.^ Same as figure 4.3»3*3t a blue filter 
CS5-59 was used to pass the line.

Figure k. 3*3*5 Same as figure 4.3*3»3i a Ditric Optic 
570 3C yellow filter was used to pass the continuum.

Figure /4.3»3 The characteristic curves of filters.
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FIGURE CAPTIONS

Figure 4.3*3*7 The upper trace is the reflected, signal. 
The lower trace is the optical signal. No filter was 
used. The time scale is 5 ̂ is/div.

Figure ^.3»3»8 Same as U .3*3»7» The time scale is
1 ms/riiv.
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Loop Probo 'Transmitted Signal'

The loop probe was positioned between the plasma 
and the end flange and the signal was fed to a crystal 
detector (liP model JlOOB). The output of the crystal 
detector is shown in figure U.'J.k.l. When the trans­
mitted signal is connected to the microwave reciver, 
the output of the microwave receiver is shown in figure 
4.3*^*2 when the microwave receiver is set at 2.*43 GHz, 
and in figure h.3»^»3 when the microwave receiver is se 
at *4.89 GHz. When the transmitted signal is connected 
to microwave receiver, the spectrum of the loop probe 
transmitted signal is plotted in figure When
the transmitted signal is connected to the spectrum 
analyzer, the signal is similar to the' reflected signal 

In order to find out whether the *4.89 GHz micro­
wave is from the plasma or the magnetron microwave 
source, a Microlab/FXH model LA-30 low pass filter 
with exit off frequency at 3 GHz was used to filter out 
the higher frequency components of the incident signal 
before the signal was fed into the microwave receiver. 
It was found that when the microwave receiver set at 
4.89-GHz, the signal was gone, but when the low pass 
filter is remove, the *».89 GHz signal appears again. 
There, it is clear the -4.89 GHz microwave signal was 
from the magnetron source.
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FIGURE CAPTIONS

Figure 4.3.4.1 In both the upper and lower half 
picture, the top traces are the reflected signal and the
lower traces are the loop probe transmitted signal. The
time scale for the upper picture is 1 ms/div. The time 
scale for the lower picture is 5 jis/div.

Figure 4.3.4.2 Microwave receiver output of the loop 
probe signal. In both the upper and lower picture, the 
top traces are the loop probe signal, and the lower 
traces are the reflected signal. The time scale is 
1 ms/div for the top picture and 5 ^xs/div for the lower
picture. The microwave receiver is set at 2.43 GHz.

Figure 4.3.4.3 Same as 4.3.4.2, but the microwave
receiver is set at 4.89 GHz.

Figure 4.3.4.4 Spectrum of the loop probe transmitted 
signal using microwave receiver.
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4.3*5 Langmuir Probe

When the center Langnmir probe positioned 1 cm 
in the chamber is biased at -40 volts, the reflected 
and the Langmuir probe signal are shown in figure 
4.3.5.1. The time scale is 1 ms per division. The same 
picture is shown in figure 4.3.5*2 with the time scale 
at 5 ^is/div. One can see that the Langmuir Probe signal 
is out of phase by ~K with the reflected signal.

When the center Langmuir probe positioned 1 cm 
in the chamber is biased at +40 volts, the reflected 
and the Langmuir probe signal are shown in figure 
4.3*5.3* The time scale is 1 ms/div. The same picture 
is shown in figure *».3*5.4 with the time scale at 
5 ^is/div. The Langmuir probe signal in figure 4.3.5.4 
has been flipped upward so that the peaks are pointing 
upward. One can see that the Langmuir probe signal is 
in phase with the reflected signal. The electron 
current and the ion current a re therefore out of phase

b y  7T •
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FIGURE CAPTIONS

Figure 4.3.5.1 The upper trace is the reflected signal. 
The lower trace is the Langmuir probe signal when the 
probe is biased at -40 volts. The time scale is 1 ms/div.

Figure 4.3.5*2 Same as figure 4.3.5. 1» the time scale
5 ps/dlv.

Figure 4.3*5.3 Same as figure 4.3*5*1 hut the probe
is biased at +40 volts.

Figure 4.3*5.^ Same as figure 4.3«5«3» the time scale
is 5 ^ms/div.
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4.3.6 Phase lielationship Between uetected Signals
It is interesting to see the phase relationship 

between signals. In figure 4.3*6.1, the top trace is the 
u*»integrated diamagnetic coil signal, the middle trace 
is the optical signal, the lower trace is the reflected 
signal. In figure 4.3*6.2, the top trace is the optical 
signal, the middle trace is the transmitted signal, the 
lower trace is the reflected signal. One can see that 
the reflected signal is about 4.5 p s  ahead of the trans­
mitted signal. In figure 4.3*h.l, the reflected is about 
3 ps behind the optical signal. Since the phase shift 
on the optical signal is 1.5 ^»s, the optical signal is 
actually 4.5 ps ahead of the reflected signal. The first 
zero point before each maxiimim of the unintegrated 
diamagnetic coil signal is 0.5 before the reflected 
signal. Since the first zero points coincide with the 
maxima of the integrated diamagnetic coil signal, the 
integrated diamagnetic coil signal is 0.5 p& ahead of 
the reflected signal.
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FIGIME CAPTIONS

Figure k.3.6,1 The top trace is the unintegrated dia­
magnetic coil signal, the middle trace is the optical 
signal, the lower trace is the reflected signal. The 
time scale is 5 />s / div.

Figure 4.3.6. Z I'he top trace is the optical signal, 
the middle trace is the transmitted signal, the lower 
trace is the reflected signal. The time scale is 
5 îs / div.
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PHEN0M12N0L0G1CAL THEORY OF THE OSCILLATIONS

Following Mendel and .Stern*", we assume that the
incident microwaves are absorbed by a bounded plasma 

2resonance . The temperature and density increase until
the microwaves are almost totally reflected and the
density and temperature relax. The process then repeats

1 2  3The frequency of oscillation is determined by 1 3

"f =  5.1
; z l  J  u r

where L is the length of the plasma. If we put in our 
experimental values:

L = 40 cm 
Te = 3 1

f will be 68.1 KHz which is our observed modulation 
frequency.

In order to explain the phase relationship between 
the transmitted and the reflected microwave signals, 
we outline the theory below :

Consider a plasma slab with sharp parallel
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boundaries and width L. We assume the incident electro­
magnetic wave of angular frequency a) traveling in the 
plasma as shown in figure 5»1 has the form

where

cjtot - y  2 )

e

1  =  Ĉ . +

cK is the absorption coefficient (we assume c/ 
is only a function of time)

ft is the propagation constant =r \

\ is the waveguide vacuum wavelength

jj, is the real part of the refractive index 
of the plasma, for LI1CP

5.2

Assume the reflection coefficient 
to be real:

r  at the boundary



I k y

5.3

Then

R _  r  f ( i - s.„
r -2«L 1 2. >2UL 2

[ I -  re  J -+4re sw lp y

T = A - 2<rtL
0 ~r) e. 5 . 5

f i 72 • Vj I —re I + 4 re  smZfL)

' j\ =  ) - R - J 5.6

where R, T are total power reflection and transmission 
coefficients, A is proportional to the absorbed jjower. 
Let us plot out equations 5.k, 5*5 and 5.6, using 
numbers close to our experimental conditions.

id'pe = (i-f- CaS(2Vft))

with , l0/
* 0  10 / a m 3

7
CO —  2 V  X 2 A 3 X K ) ~ u)ce



ikk

M-  ~  o. os'
I 10

A l i k  ^  0.1We
Then

JX =  | | — 0.9 (l + 0.05 cos (2.Tf-f-1

Assume
A ^  20 CYA

4 -  -  1-2
A

Assume absorption is out of phase with T\e. by 70i 
and set

J d L  =  O.S  [  I ■+ COS ( ZTf-ft ■+ 70°) ]

We got the It, T, A, curves as shown in figure 5*2. We 
see that the reflected and the transmitted signals are 
not out of phase by Jf , and all three signals are 
modulated at the same frequency. Observed signals are 
shown in figure 5.3 . We can see that, the calculated 
signals are remarkably similar to the observed signals.
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Figure 5.

Figure 5»

Figure 5»

1 Plasma slab.

2 Calculated curves of the reflected signal 
R, the transmitted signal T, and the 
absorption curve A.

3 Observed signals.
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VI DISCUSSION OF RESULTS AND CONCLUSION

Experimentally, it is found that whenever we put 
probes into the plasma, we affect the modulation to an 
appreciable extent. Also, since the RF field and the 
modulations of the field can potentially have a profound 
effect on the probe characteristics and its interpreta­
tion , we have used the Langmuir probes primarily to 
obtain an estimate of the electron temperature. Di.'imag- 
netic coils wound around the inner tube of the plasma 
chamber, anti optical observation are used in order to 
minimize, the distortion of the plasma. The Langmuir 
probe used in this experiment was placed so that it was 
at the outer edge of the plasma. The RF loop probe was 
placed outside the magnetic field maximum so that the 
distortion was minimized.

The density from the Langmuir probe is in sur­
prisingly fair agreement with the results from the dia­
magnetic coils. Both are lower than the results from the 
microwave interferometer. This is probably due to the 
multiple reflections' of the"K band microwave signals in 
the plasma chamber.

From figure we can see that both the
reflected and the transmitted signals are modulated at 
the same frequency with the reflected signal about 4.5 
jus ahead of the transmitted signal (both signals were 
detected b'' crystal detectors). In figure b.^.k.2, the
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crystal detector was used to detect the reflected signal 
and the microwave receiver was used to detect the trans­
mitted signal. One can see that the reflected signal is 
still about U»5 /»s ahead of the transmitted signal, and 
both signals were modulated at the same frequency.
Figure 4.3»^»3 was taken at the same condition as 
figure except that the microwave receiver was
set at k .89 GHz. ( The funny shape of the microwave 
receiver signals is due to improper grounding of the 
microwave receiver circuitry ). One can see that for the 
second harmonic the transmitted signal and the reflected 
signal are out of phase by 7 f  as one might expect for 
the case of no absorption ( see page 132 )• It seems
clear that the plasma absorbs at Z.H’J GHz but not at 
h.H$ GHz.

When we increase the aiding coil current, we 
reduce the width of the magnetic well and we reduce the 
length of the plasma. This is consistent with the

that the modulation frequency is unchange over a limited 
range of the external UC magnetic field is because the 
shape of the magnetic well is not changed. If the 
external magnetic field is changed too far from the 
electron cyclotron resonance, the modulations will 
disappear. The same arguments apply to the duration 
of the modulation as the external JJC magnetic field is 
changed.

equation (see page 1/4I ). The reiison
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In our results, we found that the higher the input 
power, the higher the modulation frequency anti the longer 
the duration of the ttiodulation. This is reasonable 
because of the higher *fe . The higher the neutral 
hydrogen pressure, the shorter the duration of modulation 
because the plasma cools off sooner due to collision .with 
the neutral hydrogen gas. However, it is not clear why 
the modulation frequency is increased.

Comparing figure h.'J.'J,! which shows the optical 
signal from the side port of the plasma chamber, and 
figure U , w h i c h  shows the optical signal from the 
end flange, on car see that the optical signals are about 
3.5 ahead o 1' the reflected signal. This fact gives 
us the answer as to whether the plasma oscillation is a 
travelling of standing wave. 11' the oscillation is due 
to a travelling wave, we would expect that the optical 
signal from the end flange should be continuous. Since 
the optical signal from the side of the plasma chamber 
is in phase with the optical signal from the end flange, 
the plasma oscillation is a standing wave instead of a 
travelling wave.

Iloth the integrated and the unintegrated diamag­
netic signal indicated oscillation around 70 KHz. From 
the unintegrated signal, we find that the oscillations 
are all in phase at all points. The amplitude of the 
oscillation approaches a minimum at the magnetic field 
maxima. This indicates that the perpendicular plasma



pressure varied periodically and in phase throughout 
the plasma and had nodes at the magnetic field maxima.
It is a standing' wave in agreement with the optical 
signals.

Figure 4.3* 1* I.5) shows the output signal of the 
spectrum analyzer for the reflected signal with the 
center frequency at 2.43 GHz. Figure 4.3»l»l6 shows the 
output signal of the spectrum analyzer for a modulated 
( 70 KHz ) CW microwave signal with center frequency at 
2.43 GHz. Figure 4.3*1.15 alone indicates that the 
reflected signal contains three frequencies; a component 
at 2.43 GHz and side bands at 2.43 GHz £ 70 KHz. However, 
if one looks at figure 2.4.1.15, one can equally well 
conclude that the two humps are due to the amplitude 
modulation of the reflected signal. From the reflected 
and the transmitted signals, we see that the energy is 
being absorbed periodically by the plasma. It seems 
likely that we do not have a four waves process but 
instead we have relaxation type oscillation.

Figure 5*2 suggests the following series of 
events. The plasma density rises up to the point when 
most of the. microwaves were reflected.which corresponds 
to the maximum reflection of the reflected signal.
After the maximum reflection, the plasma density 
decreases. As a result, the transmission of the micro­
waves increases. Then the electrons are heated up by the 
microwaves. The electrons collide with the neutral atoms
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and produce an Increase in the optical signal emitted. 
The heated electrons cause an increase in the ionization 
of the neutral atoms and increase the density of’ the 
plasma. Then, the optical activity decrease is followed 
by an increase in plasma pressure Y) Tc , and we observed 
the peak of the integrated diamagnetic coil signals. As 
the plasma density increases, the maximum reflection 
occurs. The whole cycle repeats.

Finally, we postulate by analogy with Mendel and 
Stern that the absorption mechanism is a result of 
bounded plasma resonance and the frequency is determined 
by the loss rate and the ionization rate.


