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INTRODUCTION

There are, at present, two significant methods available
for introducing microwave energy into a plasma. Fehsenfeld etal.
Raf. 7, utilizing his number 5 cavity, claims power transfer levels
of the order of 100 percent. The principal difficulty lies in the
rather restricted volume and can be expected to be quite inhomogen-

eocus. Close coupling between the plasma and the cavity is involved.

The second technique espoused by Bossisio Ref. 8 and McTaggert

Ref. 9 inv:lves the use of a slow wave structure and a lcose
coupling. Because of this structure, there is little difficulty
in operating the discharge and very large plasma volumes have
been accomodated. Claims for very high coupling efficiency are
also recorded for this technique.

Beth tﬂese techniques involve the use of a "CW" magnetron.
No". "too much" is being said about the use of waveguide plasmas
at present. Such plasmas can be either the central conductor of
a coaxial waveguide having either cylindrical or spherical sym-
metry. They could also act as the outer wall of a coaxial wave-
guide. The principal problem lies in the need for an auxiliary

starting technique since the field intensities in a normal wave-

guide structurc are somewhat lower than those required for break-
down when higher pressure are invclved. This can be overcome by
the use of a lumped parameter waveguide which is essentially a set
of leaky resonant cavities in series with the plasma tube as the
common central conductor. A helical close coupling to the central
conductor is another technique. An alternate system that permits
the coupling with acoustic waves and that admits higher clectric

field intensities is a pulsed magnetron.




In order to implement a specific design that introduces
microwave energy into a plasma, it is first neccessary to identify
the medium that will comprise the plasma.

This, in a complete analysis, includes the volume, shape
factor, density, and temperature. In addition, the material species
in terms of ionization levels and excited levels, at least, in tbhe
case of the simpler monatonic materials must be represented.

The resultant population will then be a system of charged
particles including both e]ectroné and ions with a residval fraction
of un-ionized particles. All of these members of a more complex
population, are in various stages of excitation.

Such a plasma structure will exhibit characteristic responses
to external stimulation at certain unique frequencies which are
due to the prépagation velocities and the dominant characteristic
dimensions of the plasma. When the paramcters of the inciden’.
energy are appropriate for these plasma resonances, there are
departures from the normal operation. “The various states of
excitation, the relative populations and the lifetimes of the specics
in those states determine how the applied energy is apportioned
between the various internal plasma processes. Thc object then
becomes the identification ¢f the initial specicc distribution so
that certain final processes are accentuated. In the present pro-
gram several of these aspects are described in the succeeding
sections. This program has not addressed the optimization cof the
potential resultant laser because the knowledge of the particular
processes such as the reaction rates of the various alkali earth
halides, and their various diatomic radicals are, at present, un-

available. The necessary data for these are, hcwever, expected to

-2-




be provided in the next stage of the program.

ESTIMATE OF CAVITY TEMPERATURES

It is important to establish the anticipated steady stute
temperature of the microwave cavity agd also the time required to
attain this equilibrium. Four reasons are involved. The first
is that the cavity wall acts as the thermal environment for the
quartz plasma container. The second is the establishment of the
expected variation in cavity dimensions as a function of _emper-
ature. The third is the assurance of maintaining the mechanical
integrity of the cavity. The fourth is the reduction ipr the con-
ductivity of the cavity itself due to an increase in temperature.
mo this end the steady state temperature is established for a variety
of power losses. The power lost is, of course, a measure of the
lack of laser efficiency at the cavity itself,

The brass cavity has a total surface area of 4089 cm2. The
cavity was painted black to approach a unity emissivity as closely
as practical. The prohable value for the spectral region that is
effective,is 96%. This is largely due to the refractive index of
the paint binder. The convective - conductive characteristics are
dominated by the external gascous surface film which is approximately
0.43cm thick. The gas film conductivity is temperature dependent
and has the value:

2.1 k=1.92 x 1072 /F (1 + 2 x 1074 /(1 + 124/T) joules/cm sec®x
for air.T in °k.

Combining the resultant power transfer with the radiative contri-

bution from fo (T4 - TO4) results in a egquilibrium temperature for

the cavity which is a function of the energy bheing lost from the

laser operation. The extreme rosult presumes a 0.43cm air film

-3-
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and a 24°C ambient temperature TO. This is graphed in figure 1.
The second aspect of the temperature consideration is the temp-
erature that will be attained by the quartz vessel envelope. This
is significant for several reasons. The first is for the main-
tenance of an adequate vapor pressure in the quartz enclosed
cavity. This implies a certain minimum desired temperature. The
second is the maintenance of a low enough electrical conductivity
in the quartz so that a thermal runaway does not occur. This
requires a maximum allowable temperature.

An estimate has been made for the temperature attained by
the qguartz tube when the cavity is losing power at a number of
levels. These power losses correspond to the cavity temperatures
shown in figure 1. The solution is, of necessity, empirical
because of the complex effects due to the convective component
being confined to the annular region defined by the concentric
cylinders. These effects have been considered in reference 30 on
which this estimate is based. The active portion of the quartz
tube is approximately 7lcm long and 2.5cm in diameter. This is
a 580<:m2 surface. As an cxample, in free air, the quartz tube
would reach about 4200C if 1000 watts were dissipated in this
manner. The existence of an enclosure, which is highly reflective,
surrounding the quartz, however, reduces the heat transfer to
a much lower rate. The effective emissivity may be shown to b2
2.2 E = 62/(82/81 + 1 - 62) where €, is the emissivity of the
hot (quartz) surface and € is the emissivity of the cold (brass)
surface. In the region of 100 to 200°¢C polished brass emissivities

€ is 0.055. Quartz in che range from 300 to 500°C has an emissivity

-4 -
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€y of +0.78 in thickne:ss of 2mm. Ideally, it is most desireable

to mirimize the effective emissivity. This permits the maximum
gradient in temperature between the plasma envelope and the cavity.
Any oxidation of the brass results in its effective emissivity
increasing to 0.6. Improper cleansing can leave a residual coating
of body oils which will be emissive at these thermal wavelengths.
The radiative coupling will be increased,due to this change in

the effective emissivity, from 0.055 to 0.51. Beyond 500°C the
emissivity of the quartz decreases because thermal radiation at

the shorter wavelengths will not be emitted in such thin layers
(2mn) . The detailed analysis is functionally dependent on the
particular type of quartz which, combined with the other consid-
erations, makes the analysis overly complex. We have therefore
chosen several values of E the, effective emissivity, to predict
only the magnitude of the quartz envelope temperature as a function
of the microwave cavity surface temperature. Figure 2 is the
result,

These equilibrium temperatures of the cavity are reached
only after a considerable time period because of the cavity mass.
This is about 9.8 Kilograms of brass. Since the heat capacity of
the brass is 0.369 joules/oc, the heat capacity of the entire
cavity is 3.6 x 103 joules/oc. It is evident that the rate of
temperature increase, even on the assumption that the entire 1200
watt input power was being transferred in to radiation, conduction,
and convection, would not result in equilibrium in less than %

hour. Figure 3 shows the initial rate of temperature increase.
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EQUILIBRIUM CHARGE DENSITY IN PLASMA

The determination cf the propaga£ion cunstant of a plasma
requires a knowledge of the charge deﬁsities encountered. This
quantity can be estimated from the Saha Equation for the specific
atomic or molecular species involved at equilibrium. We have been
using the form:

2
3.1 loglok = log 3 P (atm) = (-5044\_/_; + log wjwg = 6.491)
1l -~ ez T 0,
Where vy is the ionization energy in electron volts
T temperature in degrees kelvin
© statistical weights of

atoms (ma)
ions (wi)

electrons (me) = 2

P pressure in atmospheres
€ the equilibrium degree of dissociation
k the equilibrium constant

Note that:

ne = ng electrons/cm3 where
LP = n, particles/cm3 and
L = Loschmidts' number

This equation has been programmed onto a TI59 program card to allow
a convenient population estimate as a function of temperature.

See Appendix I for format. Any need for a more detailed energy

level populations of “he excitcd states can be introduced by the
utilization of the analytic techniques suggested in Ref. 1-3, Fivure 4

is representative of the results obtained. The particular case

-9-
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shown is for a 5ev ionization energy with the statistical weights

wl =2, 0w =1, w =2, Each curve corresponds to a constant

a e
pressure condition. The units are in atmospheres.

From that it is clear that purely thermal conditions would
require gas temperatures that are too extreme to produce a signi-
ficant electron density. Reasonable temperatures, however, could
provide an adequate initial electron density seeding for the micro-
wave plasma.

VAPOR PRESSURE

The vapor pressure of magnesium was computed from the data
of Kelly (Ref. 24). This was obtained so that an evaluation of
the conditions of Frayne's experiment, Ref. 25, could be made.
Bquation 1 represents the functional form for the pressure P, in

atmospheres of the crystal to gas transition.

4.1  -R InP = 36,560 + 2.83 logT + 6.65 x 10 %1 - 3,39 x 10*
— 7
T T

-36.74
where R is 1.9869 calories/degree Kelvin
T is in degrees kelvin. This is valid for the temp-

eratures up to the melting point, 922° kelvin, for magnesium.

For the liquid to gas transition the relation has the form
of equation 2,
4.2 -R 1nP = 49600 + 23.0 1nT - 103.58T.

T

These equations were used to present the data in a graphic

form in figure 5. The vapor density may be derived from these values.

This is graphed in Figure 6. To the precision of the graphed data)

there is little difference in the liquid-gas and solid-gas formulations.

-11-
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The difference between the two results is only as low as 600°
kelvin. Confirmation is found in later work at the lower temp-
eratures Ref., 26.

The heat of fusion of the magnesium is about 2160 calories/
mole. The magnesium halides are the compounds of most interest in
the present study. In the case of the magnesium halides the heat
of fusion is somewhat greater so that it is to be expected that
the disparity between the extrapolation of a measured liquid-gas
vapor pressure curve will result in values for the halide which
are higher than will be found in experiment. MgCl2 is the only
halide vapor pressure curve that is tabulated in the literature
available at this establishment. It is due to Kelly Ref. 24 and
is included in figure 5 and 6. The magnesium bromide should not
depart very much from this curve since the heat of fusion of
both MgBr, and MgCl, are similar, 8300 to 8100 calories/mole.

In addition, the melting points are virtually identical 984° to

985° Kelvin. No data is available on the boiling point of MgBr,
but, in the absence of better data, it ray be assumed that the
melting temperatures, boiling temperatures and critical temperatures
are related through the use of Guldberg's Rule and the principle

of corresponding states. Ref., 27, P238. Since the halides are

a homologous series one may expect the critical pressures to form

a trend based oﬂ the molecular weight.

BaClz, is also a (II-VII) compound, which has a boiling point,
1560°C. This is even higher than MgClZ, 1412°. with such a high
boiling point it would be difficult to expect a vapor pressure in

the anhydrous BaCl2 which exceed the MgClZ. It has been observed

-14-




by Dr. Bramley that the anhy.i;ous form of BaCl2 under the activ-
ation of a 1lKW microwave sou:. ¢ rcsults in a radiant discharge
which includes all the well known band structure and relative
intensities of the BaCl molecule. This discharge exhibited a
greenish white color and included both thezz > 22 and 2II -> 22
spectral band systems. Since her spectrographic equipment range
did not extend beyond 0.76 microns it was not possible to ascertain
the presence of 2l + X?r from 0.8421 to 0.0908.microns. Based on
her previous postulate that the only difference between the strong
emission in the flame excited sodium d lines as compared to the

pure microwave excitation of hot sodium chloride was the presence

of the water vapor product of the oxyhvdrcgen torch used. She

tentatively used the hydrate form BaCl, * 2H50 in an enclosed

chamber in the microwave cavity. The result was a marked change

in the intensity distribution of the spectral band system with the
overall discharge changing to a brillart. green. A spectral evaluation
indicated a virtually complete suppression on a relative basis

of the 2I » 2I bands and also the relative suppression of the

system of ionized Ba lines. Since the heating of the hyduiate

barium chloride does not result in the vaporization of the barium
chloride at a low temperature but, rather, a simple driving off

of the water of crystallization it would be suspected *hat the intro-
duction of water vapor with the anhydrous BaCl, would lead to the
same results. Dr. Bramley found this to be the case. This
established the existance of a quenching mechanism in 1963,

that would he bheneficial to the populating of metastable state,

In the extension of this present study, it is anticipated

that the quenching mechanism that appears successfull in the

-15-
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BaCl2 . 2H20 will be found to be effective in the MgCl., * 6H.0

2 2
charge for the microwave laser cavity.

SOME ESTIMATES ON THE DIATOMIC SPECIES OF INTEREST

In the process of establishing reactions rates it will be
necessary to identify the characteristics cf some of the species
that will be encountered in the plasma. This section is a partial
collection of some of the subsets of the magnesium halides for the
convenience of further work.

Bond strengths have been given for the diatomic molecule
possibilities in this group in Ref. 28. They are present in
table 5.2A in Kilocalories per mole at 25%%, (298.10Kelvin).

The bond lengths for the symmetrical members are also tabulated

in table 5.2B.as presented in Ref. 27. No data is available to

us for the remaining potential pairs. From the values assigned

for the atomic and ionic radii, however, Table 5.2C an estimate

can be made of the bond lengths which is simply the sum of the
positive and negative radii of the components of the diatomic mole-
cule. The magnitude of the error in such a simplistic assumption
is illustrated in the comparison table 5.1 for the known cases.

Error in the Bond Length Predictions

Table 5.1
Molecule Listed Values Estimated (table 2C) Disparity
Mg, 3.197 3.198 -0.001
F, 1.417 1.418 -0.001
Cl, 1.988 2.078 -0.090
Br, 2.290 2.348 -0.058
I, 2.662 2.698 -0.036
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TABLE 5.2a.

BOND STRENGTHS OF THE DIATOMIC SPECIES

(Kilocalories/mole) (25°C)

Mg F Cl Br I
Mg 8 105.5 89 75 68
F 37 59.9 55.9 | 67
cl 58 52.3 | 50.5
Br 46.34 | 42.8
1 36.50

TABLE 5.2b.
0
Bond Length (A)

Mg® |F” c1” Br_ 1~
Mg® 3.197 {2.15 2.63 2.78 | 3.02
F - {1.417 1.60 1.72 | 1.83
c1t - |1.89 1.988 2.20 | 2.31
Br' - |2.04 2.23 2.290 | 2.46
1t - |2.28 2.47 2.59 | 2.662

TABLE 5.2c. o
Radii, Atomic and Ionic (A)

-1 0 +1 +2 +5 +7
Mg - 1.598 0.82 0.66 - -
F 1.33 |0.68 - - - 0.08
cl 1.81 |0.97 - - 0.3¢ | 0.27
Br 1.96 |1.13 - - 0.47 | 0.39
I 2.20 |1.35 - - 0.62 | 0.50

-17~




6.0

On the assumption tha* errors not significantly at odds with
those presented we assume the remaining values for the other diatomic
possibilities in Table 5.2B.

ESTIMATE OF THE ELECTRON TEMPERATURE

Von Engle and Steenbeck developed a method of estimating
the electron temperature in a positive gas column. The analysis
is dependent on the assumption that the mean free path of the
electrons is much smaller tran the diaweter of the tube.

Analytically, the equation has the form:
6.1 (X)J’ eA/x=BC292R2 where,

P

A

1,1606 x 104 degrees kelvin/electron volt

1.16 x 10%

X = Te/Vi A

B

v, = ionization potential
p = pressure in mm of mercury
R = tube radius in cm
C = a constant for the particular gas and is derived from the relation
6.2 C =(; Vik/u+p) s
where a = S§/(V - vl) (ions/cm3mmﬂgev), S = differential ionization
coefficient (ions/cmBmmHg). The mobility u+ is in cm/sec volt om,
We have prescented this function in figure 7.

Th2 pertinent values for some of the gases that can be used
are given in table 3. Thus for Argon at a pressure of 1.0mmHg in
a lcm radius tube processes of diffusion to the wall will balance
the eiectron production process at

CpR = 0.034 which results (figure 7), in

Te/vi = 1100

Therefore for argon Te ~ 17,335°Ke1vin.

-18-
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TABLE 3.
l Metastable

Gas Vi (ev) State (ev) Cc* Cx*

He 24.58 19.8 0.0039 3.9x1073
| Ne 21.56 16.62 0.0059 6.5x107>
| A 15.76 11.55 0.053  3.4x10"2

Kr 14.00 9.91 - 5,1x10"2

Xe 12.13 8.32 -

N, 0.095

H, 0.0135

* Von Engle and Steenbeck (See P. 240 Cobine, Gaseous Conductors,
{ Dover 1958.)
** Calculated from the newer transport property values (normalized

to He).

~19-

pRLr

e




¥dD> uor3dung

ot

(@]
—
C
-
i

(=]
~
(<}
-

~—
(=)
~
f
(5]
t

0T

H ! i T i DS POETE I o IBEERE B ! i
c _ | | oy ! T ! »“ i i _ oot ” | b
m _ _ u R i |- : ; I ‘ M
: [l T T Il et F—Tr— - " 3 e R e B0 B o o o ek
j i ; : . | | I | i
' i 1 ] i { 3 i 2z
; : i H } : P
| ! . § : . v t |
YRR ; i S iR T |
T B R T ST T i
IR O A R S A S TR ORI TN S S R S A S v
RN _ ! M P i1 i mﬂg [
B — - JER S e . ” M 3 .lqltn.lv. - »_ IQ',"'—Y.: : i m
Sy N B— B T T S e e JHIE TR I A e S 9
f [ i ' i ! i ! ' ! i} {
SO B —— T T T T T T T T Ty s b e e L
St T et S R R e e e - - 8
) Tt = A A e e e B e TR B . E S -k . . . - - - 6
0t T - LT R s |

‘
H

s ]

fom—————

T

[P SRS

v e e o -y
;e et eeees mema
B

-20-

1
-
.

[ e —

b
1
]

A/°L OT3IRN OUL

S WS S

; e e e R T e S e - I e e I
SRR lﬁ i P e i ¢ ! ; v i
de u ety Pt e e i sl R alihats St - A hadh ond ._,'l.l»l e - T Al thieaatRdinaihits albmadiantnany 14
HEE] il ' | 3 | ! ; “ . t ~1 s
20 T S e T . Ty T S :
S SN A B Lo A - i M
A yTTTTYTTTTYY T - T R e St ' HER . ey 4
e e I i S S R T T p— - - - — 8
e e i iRt S - S .- i - -i6
L I I B RS TRy W A B R — T SRR
RN , P P AR bl b P Do
T A B el A St o R R A el F o S S S R SRS S PO S N
b P i b ib ; ot |l P :
2! ) i : . ' w s — i . 1 R }
T T _ — R e LS S B o 2
~ : : : 1 MRS m : H % PN ! _
i 0 et o ) N R S ,
R i A ; ) Cb o - 4ot bk i L e f-m S WSO NIV I
A4 - - . i, : . P ! '
1 : LI . tf t :
WES *aanjexadws], Uuox30913 T ——— ﬂm4ihj. w_ I v ‘
= : co- : i . : : : 1
- t _ : s
W R v R ! 1y , l
, 7T buTjewrisg 303 uorjdoung y aanbrg _ : oo T e et 9
” T —— T MY St i S —
T T T Ty T T T oo N
R S S —— R e e L st e ot Aovustaows |
S 16829 S ¥ €& ¢ 16829 s ¥ £ 2 169295 v ¢© 2 1682.9s ¢ € 2 168L9 $ v & 2 [

. OD MISSI W TIHININ
” LR X ST LI SII2AD S A € AN
22sz 9y oranLiBvoo UM

D e —




The constant C is a function of the gas temperature, T _,
through the mobility-pressure product. Therefore, if the mobility
uo+, and pressure Py at the room gas temperature TO(OK) are known
the mobility ug+ and pressgre pg at the gas temperature Tg(oK)
may be obtained. This leads to the simplified relation

+ +

6l = T
3 ? Hg Pg = Ho Po g .

From the equation 6.2 for C it is clear that if C° i3 defined as
mperature tuen € at temperature
can be written as a function of temperature alone i.e.
.4 C = CO(TO/Tg)k.

The gas temperatures of the order of room temperature the
values of C can be used directly. Higher gas temperatures will
be encountered at the higher pressures and would require an appro-
priate decrease in the value of CpR. This quantity reaches its

minimum value at about 4.4x10”%

when Te/Vi = 23,000, A maximum
electron temperature for a particular radius tube, at a specific
minimum pressure and for a particular material is then predicted

on the basis of the relation graphed in Figure 8. These electron
temperatures were developed for the noble gases in a lcm tube for

a room temperature gas situation. Higher gas temperatures have
little effect on the electron temperature at the higher pressures.
If however, the temperature is raised at the lower pressures a
marked increase in the electron temperature will be obtained. To
illustrate, increasing the gas temperature from 277°K to 1188%Kelvin
(895°C) decreases C by a factor of 2. This results in helium at

lmm pressure having an electron temperature of 60,500°Ke1vin instead

of 41000°kelvin. The same gas temperature change at 100mm of Hg

=21~
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7.0

8.0

pressure would change the helium electron temperature from 19,000°K

to 20,500°K. The pressure of the fill gas is important in establishing
the average energy of the electrons with respect to the dissociation
level that corresponds to the process Mg(halide) b Mg* + (halide)z.

COMPUTATION OF THE RADIAL DENSITIES

It has been shown that when the electron mean free path is
short compared to the tube radius, the radius density distribution
will correspond to that of the zeroth order Bessel function Jo.
7.1 n: = n; Jo (2.404r/R.). n; is the number of positive ions
per cm3 on the axis of the quartz plasma tube and n: is the number
of positive ions per cm3 at the radius r less that the inner
radius R of the plasma tube. The positive ions follow this dis-
tribution and are shown as a function of G/R° where §(cm) is the
distance from the wall of the tube. The equivalent of 1 mean free
path from the wall of the tube for the ionic gas atoms for two
pressure regimes are shown in Fiqure 9. Since the conditions
determining the diffusion of ions and electrons is ambipolar
(Ref. 29, P.243) the concentrations of ions and electrons are equal
at all points n = n+ the electron density distribution has the
same functional form. The refractive index of the plasma is de-
pendent on the charge density. This predicts the gradient of the

refractive index that will be encountered by the entering microwave.

PLASMA RESISTIVITY

The plasma resistivity is also a function of the electron
density and the electron temperature. The relationship is a mod-

ification of the Lorentz gas approximation.

24~
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8.1 p. = 3.8 x10° 2 1nA ohm cm

L
T3/2
A correction is required for Z = 1 which is expected to be
the primary situation, 2 is the degree of ionization, the change
is in the constant and the equation becomes

8.2 o = 6.53 x 10° 1nA/7/2

ohm cm.

The extended studies Ref. 17 to 22 confirm, at least, the
magnitude of this correction. Figure 10 presents the region of
interest and Appendix 4 gives the program used.

RESISTIVITY MODELS FOR THE PLASMA

The range of resistivities pertinent to the present problem

2 to 12 x 10—2 ohm cm for the electron temperatures

varied from 10~
and densities of interest. It had been expected that a liquid load
would be able to represent this range. It was found, however,
that at the frequency of the microwave 2.45 x 1ogaz even high

molal solutions of sodium chloride still had toc high a resistivity,

table 9.4.
Table 9.4
Resistivity of Sodium Chloride So}utions,
ohm cm, at Microwave Fregquencies

N Molality .1 .3 .5
Frequency
3x 10° Hz | 101 35 22

9
3 x10" H 3 19.9 14,
: ’ 3 4.3 ohm cm

1010wy 5.9 5.72 5.6

Spectoscopic Graphite electrodes were found to be .001
ohm cm which is a bit too low. The #3 pencil "lead" was found to

be 0.062 ohm cm, right at the center of the range, and the H pencil

‘ "lead" was found to be 0.030 ohm cm. Both of these materials

-25a
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maintain their integrity at high temperatures and correspond to
realistic values in the range of interest. These were used as
test loads in the cavity.

SKIN DEPTH

The opacity of the plasma tube to the microwave is a function
of the physical thickness § of the plasma and the frequency Vo of
the applied microwaves. If the applied frequency is much less than

the collision frequency Vo the relation

10,1 § = (p/n/vouo)* = 5.033 x 103

% .
o (p/vo) cm where Mg is the
5

permeability of frec space, 4n x 107 hy/cm, see Ref. 31. The value
of 50 is that depth of the resistive medium at which the attenuating

portion of the propagation constant reduces the field intensity to
e"1 of its initial value. The applied frequency is 2.45 x 109 Hz
so that 60 based onthese premises is
10,2 60 = 0,102 x (0)8 cm, p resistivity (ohm cm)

The resistivity range anticivated will lie between 10'2 and
2 x 107} ohm cm which predicts values of § = 1072 to 4.6 x 1072 cm
for the usual skin effect values. When the phase velocity becomes
imaginary, as it will when Vo is less tban the plasma frequency Vp'
the amplitude will decrease by e"1 in the depth Gi

[t}

10.3 6, ¢ /(- (vo/vp)z)*cm.
2m v

Since the plasma frequency may be written as a function of

the electron density n, Section 13, this becomes,
’

10.4 & =5.323 x 105/n€’5 (1 - 7.46 x 1ol°/n€)%.

-27-
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Figure 11 represents these two skin depth values at the
frequency that is being applied. The lérqer value of § is to be
taken. No magnetic field is consideréd in this case. You will
note that the skin depth,under these circumstances, becomes a ¥
function of the radial dimension of the plasma. This is due to
the radial variation in the electron density n,.

EXPECTED VALUES NF Q

The values of Q for the TElln and TMOln modes were cal-
culated from the known relation given in Appendix 3.

n is defined as the number of % wavelengths along the axis
of the cavity. The result, for a 10.82cm diameter cavity with

a cavity resistivty of p = 7 x 10-6 ohm cm corresponding to the

brass cylinder chosen, are shown in figure 12 for the TElln and in

figure 13 for-TMOIn. In these figures the value of Q is shown

as a function of the ratio of cavity length to diameter with n

as the parameter associated with each of the nine solid curves.

Several specific free space wave lengths are overlayed as dashed

curves. The anticipated wave length is 12,28 em. In order that

the variation with frequency might be shown, figure 14 was developed

with n anc frequency as parameters and Q and L/D again as coordinates.
The values predicted for the Q of such a brass cylinder

should have been of the order of 18,500 for the T 6 mode and

01

about 22500 for the TE119 mode. The results of measurements for

the empty cavity are shown in table 11.5.

-28~
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Table 11.5
Predicted Measured Measured (after altcrations)
™y, ¢ 18,500 18,460 not measured ['
TEll9 22,500 12,370 8,010

The source of the losses in the cavity,as measured earlier’

is most probably in the irregular surface offered by the threaded

section required for the tuning piston. This could be reduced
considerably by the extension of the piston in the form of a cup.
Such a cup is merely a tubular extension of the edge of the piston
in ithe cavity.so that the irregular surface due to the threads are
eliminated from the cavity. The alternative is to reduce the
length of the existing cavity by attaching an extension to the
tuning pistons that presents a new piston surface which remains
beyond the threaded section. The cavity was altered by placing
apertures on one end for introducing the microwaves. The additional
structure at this end is probably contributing to the additional
reduction in the Q. The apertures used for the coaxial probes will
also contribute to the reduction in Q.

FIELD INTENSITY DISTRIBUTION IN THF SYMMETRICAL TM MODE

0ln
The three equations:
12.1 Ez = 0.8195 Jo (0.4208r) cos (0.29422) Eo' the axial field

intensity at the axial pcint 2z

12.2 Er =  0.2411 Jl (0.4208r) sin (0.2942z) Eo' the radial field

o

intensity at the radial point r and axial point z

12.3 E = (Ez2 + Erz)% the magnitude of the full field intensity are
-33-
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' valid for 2.45 x 109 Hz. The tube dimensions were S5.715cm in

3 { radius in the ™ mode with n/L = 0.0936,.

0ln
For the mode values n, the tube lengths L are,

n L
6 half periods 64.07cm, 25.22 inches
[ 7 half periods 74.75cm, 29.42 inches

corresponding to this basic configuration. The values of Jo and

Jl are the usual Besse) functions and the field intensities E are

normalized to the applied field Eo. In this case E, must be con-

sidered the actual field generated by the magnetron at the entrance

to the cavity multiplied by the ¢ of the cavity. Figure 15 shows

the distribution of the field intensity as a function of the fraction
of the tube radius at lcm intzrvvals along the z axis from the
point of peak axial intensity. 1In the same cavity regions the

direction of the electric vector has also been determined. Figure

16 presents this information graphically as a function of the
fractions of the cavity radius with the z axis distances (in cm)

as a parameter. The angle # is 90 degrees when the electric vector
lies parallel to the axis of the cavity, E_ = 0. Decreasing the

r
diameter of the cavity increases the inguide wavelength so that

o e o —————.

the distribution shown extends to more and more of the total

‘ length of the cavity. It may ke shown for this frequency that a
, reduction in the radius to R = 1.845 inches, 4.68cm, from the

f present value should result in the distribution shown stre’ched
H out by a factor of 14.7 to 1 so that the present 5.334cm quarter

wave point would occur at 78.46cm. Experimental verification can

( be performed by inserting a suitable copper sleeve and placing

a smaller diameter extension on the tuning piston. The solutions

-34-
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13.0

and placing a smaller diam~ter extension on the tuning piston. The
solutions for the TElln mode may be obtained in the same manner.
Our notation corresponds to that found in Ref. 6 P.299. At the
lower pressures the plasma tube a relatively small value of O will

result in breakdown in this cavity at these field intensities. See

Secticn 16 for the case of the travelling wave.

FREQUENCIES OF THE PLASMA

The basic resonances encountered in a plasma will include
the following:

The Electronic Plasma Frequency
2 .\ k 3K

13.1 vpe = W e = ( n.e )‘ = 8,97 x 10 ng Hz
2w ﬂme

e = electronic charge (seu)

3
"

electronic mass (gms)

m, = ionic mass (gus}

The Jonics Plasma Freguency

f

Pl

13,2 v_. =(nie2> % hertz = 2.09 x 102 (ni)% Hz
my
. 3
n, = ions/cm
i C

The Collision Frequency

The ccllision frequency is a function of the diffusion coef-
ficisnt and can be estimated from the time required to deflect a
particle through a 90° in a kinetic collision. The methods of

analysis are developed in Ref. 4 with the results that

-37-
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13.3 v, = 17.94 noe4z4ln§ = .9877 n_2'1nd 2z = 1 for electrons
T
C mg (3kT)3/2 M p3/2 M = 1/1823 in
ﬁ where the shielding coefficient is: atomic mass units
13.4 4 3 (kT)3 ’ , 2 is the number of charges carried
2zie° ™y ‘ by the particle, n, is the total

]
number of particles per cm” in the

cavity and k is the Boltzmann constant.

Cyclotron Frcquenéy

When there is a magnetic field present a frequency occurs
which is a function of the strength of that field and the charge to

mass ratio of the particles, thus:

13.5 Vo T Y% = ZeB Hz for electrons)this reduces to
’ 2mme
2n
13.6  v_, = 2.829 x 10% B 1z,
( for ions)this reduces to
_ 3
13.7 vy = 1.54 x 107 ZB Hz.

M

Acoustic Frequencies

In addition, there will be chamber acoustic rrequencies

which will be a function of the chamber length L and the quartz

plasma chamber diameter 4 for a simple tubular chambers. To
illustrate the frequency

= = !i )
13.8 VaL, vacoustic ZYekTe + YikTi Hz would correspond
2L 4miL2 to the longitudinal

modes only.

Clearly +he plasma frequency and collision freguency can be
of the same orie¢r as the driving frequency by a judicious choice of

temperature, pressure, and species. Attaining 1011 electrons/cm3

g e e e

o

PPN
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electron density could give an S band plasma frequency while about
1.4 x lO19 particles per cm3 at room teﬁperature results in a S
band collision frequency. To attain ; cyclotron frequency of this
order, a field of about 1000 gauss is required.

Other potential acoustic frequencies for the radial modes

could come into play most prominantly in conjunction with the

pulse repetition frequency associated with a pulsed microwave source.

A hydrodynamic cylindrical shock wave generator could besthe result
with all the peculiarities associated therewith. Ref. 5. Detailed
specifications for some of the freguencies are included in a devel-
oping literature which includes references 10 to 16 for the simple
cylindrically symmetrical cavities.

REFRACTIVE INDEX OF THIN PLAEMAS

The propagation of eléctromagnetic waves in a plasma is
characterized by the dielectric constant of the medium. In the
absence of both a significant attenuation and an applied magnetic
field, the plasma exhibits a real index of refraction p. This
refractive index is a function of a ratio of the plasma frequency
mp to the frequency w of the incident electromagnetic wave. As
long as the ragio is less than 1 this refractive index is real and
less than 1. fhe refractive index is not a function of the angle
of incidence on the plasma under these circumstances, there is an
angle of incidence that is equivalent to the Brewster's angle in
optics. At this angle there is a minimum surface reflectivity.
The Brewster angle for this condition is

1

14.1 GB = tan "u.

The result of an index of refraction, u, less than 1 for the

-39-
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plasma means that there is a critical angle, ecr, beyond which total
reflection occurs. This is encountered when the electromagnetic

wave proceeds, through the interface between freespace and the
plasma, from freespace side of the interface. This angle has the
value

4.2 8__ = sin”l 1/

If the value of the frequency ratio wp/m exceeds unity the refractive
index becomes imaginary and it is not possible to use a simple

linearly polarized wave and obtain a minimum reflection since tan

OB is imaginary.

The value for the frequency ratio that results in this
refractive index u
14.3 u= (1 -(mp/w)‘?);5 is obtained from the plasma frequency
which is a function of the electronic charge, mass and density

of charge. In a plasma composed of positive charges of mass, m,

and ngo negative charges of mass m, one obtains a plasma frequency

ratio
2+ 2 - [ .2 2 2
14.4 (w p + b ) =|nge + Znie /wz - mp
2 £
w €oMe €o™i w
The condition cf electrical neutrality requries Zni = ng therefore:
14.5 (mp/m)2“= n e’ M+ 1| where M = m,
e o’ M Mo
oe

and o is the permitting of free space.
The functional relation between the electron density and the re-

fractive index for this simple plasma is:

-40~-
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When S Band microwaves, 2.54 x 109 hertz, are used, figure 17
becomes the graphic representation for this equation. It shows
both the real and the imaginary values for the appropriate electron
densities. The application of a DC magnetic field may be shown to

modify the refractive index radically (Ref. 23). See Section 15.

The application of these appropriate equations result in extensive
modifications of the plasma characteristics for the various forms of
polarized incident waves. Some refractive indices are shown in
figure 18 for a selected electron density and for several selected
intensities of a constant applied magnetic field.

There are four limiting indices two of which occur at
normal incidence and two of which occur at grazing incidence

these are:

L
14.7 UL kr‘ for right circular polarized waves
K

3 0 for left circular polarized waves

at the incidance of angle 6 = 0 degrees

14.8 =(k.,);i linear parallel polarization
B o= krk1 s linear perpendicular polarization.
ky

At an incidence angle of 8 = 90 degrees. The effect of the
various magnetic fields is shown parametrically.
If transport theory is introducted, Ref. 23 Chapter 5, the

plasma becomes alive with additional potential effects which are a
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function of the electron cnergy. Representative cases for a 2000
Gauss DC field are shown in figure 19 to 22 where each group is
for a specific electron density.

REFLECTIVITY OF A THIN PLASMA

The concept of a skin depth in the "thin plasma" refers
to the wavelength created in the plasma by the frequency of a
driving microwave source. For this region the free space wave-
length of the microwave source is less than the wavelength in the
plasma. The implication is that a less dense "dielectric" material
is being entered from a more dense medium and Fresnel relations
from an index of refraction are valid. This comes from the following
basic concepts.

If one investigates the solution of Maxwell's equations for
a plane wave (Ref. 31, P.271, etseq) there is obtained a simple
solution for the field intensity perpendicular to the direction of
propagation of the form

15.1 E cos (wt-aZ=-6,)

g = For
if the plane wave is going in one direction only and the conductivity
of the medium is zero. This field is periodic in both space and

time and o =27f where f is the frequency. The period along the

time axis is 27/w = T. The period alony the space axis is the
wavelength which is 2n/a where o 1is the real part of the propag-
ation constant k =a+ i , B8 = B8 (p) = 0.

The argument #, = ot - ar- 8, of _his periodic function is defined

as the phase and 8, is the phase angle. If the plane [ = constant

at time t = 0 the question is how must it be dismlaced along the

T axis in order that it remain invariant for a change in t. Since

-44-
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15.2 g, wt - af - 6, constant then the derivation

15.3 44,

wdt - adg = 0 and th: velocity along the axis
v = d/dt = w/o

but for a nonconducting medium it is found that

15.4 o = (u.eJ%w

The phase velocity is then simply equal to

15.5 V = 1 .

(et
If the velocity in free space is
15.6 C = 1

(uoeo);s

15,7 w = C.(uey
W _E

A cylinder of "thin" plasma may be considered as a waveguide
section.

The normal incidence of an electromagnetic wave on such a thin
plasma will therefore result in a reflection at the interface,
which is a function of the refractive index, u. This latter may
be written in terms of a functior of the ratio of the wavelength
inside the plasma Ap wavelength in free space ko that is incident on

the nlasma i.e.:

2 2
15.8 T =1 =129 1 +z n, my
e i
To this approximation, the refractive index is
_ 1y 2 2§k
15.9 u = {1 -;Ao + ko
X .
( pe p 3
-49-
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where Ape is the wavelength in the plasma if the plasma were com-
posed of electrons alone and Api is the wavelength in the plasma
if the plasma were composed of ions alone.

In such a plasma the unique angle that results in smallest
amplitude reflected wave is Brewster's angle. This angle is obtained
for that linearly polarized EM wave that has its E component lying
in the plane of incidence at the boundary between the two media.

At Brewster's angle the sum of the angle of incidence 8 and the angle
of refraction r, is 900, therefore tan 6 = p from Snell's law.

To illustrate consider a case of "thin" plasma with no
magnetic field and a negligible collision frequency. When a 12,2
cm S band microwave is incident thereon, the value of the refractive

-11

index, v is p = (1 - 1.33 x 10 ne)%. The reflectivity R, at

normal incidence, is R = g:l) 2,
(u+l

In the abhsence of significant absorption, then, the reflectivity
may be specified as a function of the electron density, figure 23.
The curves are shown as a function of the angle of incidence on
the plasma. Each of the curves corresponds to a single value of
electron density when a microwave having a freespace wavelength of
12,2 cm is impinging. The interpretation, up to, n, = 7.49 x 10lo
electron/cm3 for S band is that there is, always an angle of
incidence for the parallel polarization of the EM wave at which no
reflection occurs.

Because the phase velocity is greater than the velocity of
light in the medium confining the plasma it is not possible to con-
fine this applied EM wave within this form of plasma. If, however,

the collision frequency remains negligible it is possible by applying
~51~
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a dc magnetic field to make the phase velocity less than the velocity

of light. The refractive indices are still real and have the

values.
1500 = [1-8.96 x 107 2% (1 + A/xco)“%] s
1510 w = [1-8.96x 207 2% 1+ 5.136 x 1078 m, zmy) L] %,

\.E:l..

Therefore, for a singly ionized plasma 2 = 1 with the electron
povulation n» M= Mg the § band wavelength, X = 12.2 the index

of refraction reduces to

11 3

1512 uw = (1 -1.33x 1070 (1 +1.15 x 107 B (Gauss) ™M) %,

There is, therefore, always a real refractive index of one
of the incident circulerly rolarized wave when the negative siogn
is chosen and the magnetic field exceed the value B > 1.95 x 107

__M  Gauss.
m.2

Again for electrons, B >1.05 x 104/x Gauss. Where X is in cm,

You will note that when 5 x lOSHz is involved X is of the order

of 6 x 104cm and B > 0.18 Gauss would be representative. As an
example the earth's magnetic field is at least 0.25 Gauss at the
ionized layers of the atmosphere, the index of refraction is greater
than 1 reguardless of the electron density only provided that the
collision frequency is << than 5 x lOSHz. This condition is met

in the D, E, F regions of the ionoshpere and was one of the first
tests of the theory.

The clear implication is that a circularly polarized micro-
wave can be guided in a plasma with a static maygnetic field. This
index can be varied by changing the field intensity thereby pcr-
mitting the use of a single frequency. The electron density and
electron velocities are then controlled by the pressure of the
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plasma. This establishes the fact that.controls are now available
for tailoring the excitation mechanisms for particular population
inversions.

CALCULATION OF THE PEAK FIELD INTENSITY AS A FUNCTION OF THE POWER

INPUT FOR A TRAVELLING WAVE

The peak field intensity of a travelling wave in a circular
waveguide has been computed for a specific power flow. (See Moreno,

Microwave transmission data, Dover 1948, P.124,12%) the cases are:

For TEll mode
{
16.1 E = 503 X P % volts/cm,
-
a \ A
for the existing geometry a=5,715 cm
A =12.24 cm
A =19.50 cm
c
A =15.71 cm
g
P = Power (watts)

16.2 E = 4.447 P;i volts/cm

This occurs con axis.

The case of the TMOl involves two situations. The first results
when a/A < 0.761. 1In this case the maximum field intensity
occurs on axis. The equation

4\

16.3 E = (130 n&f_(xg> P );i volts/cm,

a

For this mode the geometry changes the values of Ac = 14.93 ¢cn
and Aq = 21/35cm.

16.4 E = 5.64 P!5 volts/cm.

at P = lkw E = 145V/cm and ET = 178 V/cm.

TE M
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serious lack of data for the remaining II-VII compounds. It is
suggested that an investigation of this paucity of data and some

more extended thermo chemical calculations are in order. Section

5 lists some of the preliminary data that will be required to extend
this type of study.

2b. The electron temperature estimation in Section 6 based on

the Von Engle - Steenbeck method has been applied to those noble
gases for which a legitimate value the constant C could be postulated.

Similiar estimates should be made for other of the vapors and gases ;

rew ko~

that could offer a buffer potential. The H20 vapor that has been
so effective in the BaCl2 experiments in particular should be

evaluated in more detail.

2c. Section 7 developes the radial density distribution en-

countered in a wall confined plasma. Such a distribution will be

much less liable to exhibit a strong reflection when the steep
portion of the gradient is of the order of a % wavelength than when
the gradient is sharp enough to be considered to be a discontinuity.
Advantage should be taken of this characteristic. The relation to

the skin depth which is treated in section 10 should be amplified.

PR

24. The field intensity distribution in the TMOln mode has been

-

shown in Section 12, The unique character of the magnitude of the

PrR—

field intensity at r/Ro = ,87 staying virtually constant at about

.18 of Eo may be useful. At thisdistance only the direction of

[T R PR,

the vector field is changing. The TElln mode should also be

PN

investigated.
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2e. The most interesting aspect of sections 14 and 15 is the
truly tremendous range of potential values for the refractive

index when the magnetic field is introduced and the extraordinary
effects introduced by increasing the initial energy of the electrons.
It will be the developement ¢of this work that will lead to the

ultimate in the final designs.
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RECOMMENDATIONS

1. Future Cavity Modifications

It is recommended that future cavities be constructed with
flanges at both ends. Sealing shall be both for vacuum and for
microwave integrity. The use of a hard vacuum in the cavity
around the quartz tube will eliminate the convective losses and
insure that the cavity surface will remain oxide free. This
could reduce the total cavity loss to a few watts while permitting
the quartz tube wall to operate at more temperatures that are
more than 1000°C. A thinner tube quartz wall would reduce the
total emission by the quartz wall. The freedom from oxygen will
allow an interior coating of silver in the cavity which will
insure; a, the increase in Q; b, the reduction in effective
emissivity; and ¢, the reduction in the loss of visible and ultra
violet radiant power from the plasma itself. The end plates of
the cavity should contain the screw thread for the tuning pistons.
These shold be on both sides of the cavity. ™he controls for both
the fill and vacuum equipment of the laser tube and for the auxiliary
vacuum envelope shall be on one of the end plates. The tuning
pistons should be designed with a flange quarter wave choke,
The losses introduced by a well made tuning piston of this sort
will be less than 0.001 db per piston. The feed through for cavity
excitation should be a coaxial line with micrometer tuning on each
of the four input probes.

Since the differential pressure between the cavity and the
laser tube is small a simple O ring seal may be considered between

the quartz tube and the end plates of the cavity. This allows the
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Brewster windows to be attached to the metallic extension of the
plasma tube. Because of the unique character of the laser beam these
windows and the closing laser mirrors may be situated at a consid-
erable distance form the active region. The length of this

"Buf fer gas region" can reduce the potential for window contamen-
ation enough so that only the mildest of aerodynamic windows is
required. It might be possible to use the pulse frequency of the
magnetron to make the plasma itself act as a piston for operating

the aerodynamic window.

The cavity volume is sufficiently large to allow the in-
sertion of various structures with geometries that correspond
to both cylindrical and spherical coordinates. Such loose
structures as slow wave lines and consecutive cavities may also
be examined.

A long solenoid should be wrapped around the cavity capable
of producing axial magnetic intensities up to 10,000 ocersteds for
short periods and 1,000 oersteds on a d.c. basis.

2. Extensions in the Analytic Work

The analytic work, to this point, must be considered as
prelininary because of the wealth of conditions that may be im-
posed on the plasma and the varied responses that can be expected.
Much of the future analytic work will be dictated by the results
of the experimental testing program. Some points, howeveyr, should
pe expanded upon among these are:
2a. Section 4 identifies the vapor pressure and densities obtained
on the basis of present data this is somewhat lower than the values

used by Frayne from the International Critical Tables. There is a

-58~-




oo oo ———

15.0

SUMMARY

This report presents the ba§ic material that was used to
develop the cavity design. A partial reference list is included
concerning only those aspects that are fundamental to the problem.

From this, we have refined our understanding of the inter-

face conditions between the plasma, the plasma envelope, and the i
waveguide. Factors such as the .latter, however, must not dictate

the cavity design because such high sensitivity would not permit

stable operation. The design has been based on the ability to

adapt to all reasonable modifications such an experimental system

might encounter. To this end the structure is a large diameter

cavity containing a number of longitudinal half wave periods. Both
standing waves and travelling waves can be introduced. Linearly,

lavio and dextro rotary circularly polarized waveec can be introduced.
The cavity size is sufficiently large to permit insertion of various
potential configurations such as involve the increase in the, in-
guide, wavelength, loosly coupled consecutive % wave cavities, slow
wave structures and conical cavities. The reflectivity of the interior

of the microwave cavity is sufficiently high to reduce the radiative

Lo o

transfer between the microwave cavity wall and the plasma envelope. \\\\\
This permits the quartz envelope to operate at a high temperature

even though the brass cavity is at less than 100°C. A reexamination

of the available vapor pressure data cn magnesium and the magnesium
halides shows a need f‘or additional experimental work in this field

particularly at the lower temperatures. Reasonnble electron temp-
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eratures have been predicted for the noble gases as buffers. The
radial electron density has been estimated as a function of the
core electron density. The resistivity of the plasma has been
obtained as a function of the electron density and temperature.
The quartz tube diameter is equal to the skin depth at 1.3 x lO11
electrons/cm3 on the assumption of a constant electron density.

The theoretical cavity Q was not obtained although the T™ mode

016
was close. The alterations in the method of cavity excitation
caused a decrease in the Q to 8000 in the worst case. The mag-
nitude and direction of the field intensity were established in

the resonant cavity modes. The peak field intensity was obtained
for the travelling wave mode. The expected plasma frequencies were
obtained and estimates of the effects of these frequencies and
electron densities and energies on the refractive index of the
plasma have been indicated. The effect of introducing a longit-
udinal magnetic field has also been indicated. The external
character of the cavity has been maintained clear so that such
longitudinal magnetic fields might be readily applied. The laser
mirror mounting was constructed independently of the overall

cavity and mounted on an invar rod. Temperature variations in the
cavity will not affect the size to the laser cavity. An all

quartz tube was designed to allow the Brewster windows to operate

at a higher temperature than the Quartz envelope. This is to reduce
the potential for condensation on the window surfaces. The micro-
waves are introduced either by the apertures at the end of the

cavity or by the coaxial couplings in the cavity walls. Suitable

isolation of the magnetron is obtained by good microwave practice.
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RODUCTION

The equipment described herein was developed by ITT Avionics for the
U.S. Army, Ft. Belvoir, Va, under Contract No. DAAK 70-79-C-0171.
It consists of a high power S-band source, which is coupled to a
cylindrical cavity in which the microwave energy is used to excite a
plasma for laser experimentation. This report contains a brief
daescription of the equipment (Section II), Operating Instructions
(3ection III) and a suinmary of test data (Section IV).

GENERAL DESCRIPTION

A. ource

The RF Source is a completely enclosed High Power Microwave
generator capable of providing 1200 watts of CW RF power at

2450 MHz. The source consists of a magnetron tube, power supply,
blower, and associated protection and interlock circuits. This
source, when used with its external circulator/locad is fully
protected against all possible load mismatches.

B. lindrical Cavit

The purpose of the cylindrical cavity is to receive energy from the
high-power S-band source, and to couple the energy into a plasma
tube centered within the cavity. A sketch of the cavity is given in
Figure 1. The outer conductor is made of brass tubing, 4.5 inches
ID. The useable electrical length of the cavity is 32 inches and
the overall length is about 40 inches. A sliding short {s provided
on one end of the cavity so that the electrical length can be varied;
electrical contact is provided by a simple threaded joint, covered
with conductive grease,

The openings in the end walls of the cavity are one inch in diameter, '

providing a clear optical aperture of one inch., The one inch
diameter extension tube on each end, acts as a cutoff waveguide,
to highly attenuate the microwave signal, and thus prevent leakage
from the open ends. The three inch length provides an attenuation
of greater than 100 dB.

The cavity can be operated in several different modes in order to
evaluate, and ultimately to maximize the coupling efficiency to the
plasma. The cylindrical waveguide modes which can be propagated
within the cavity are the TE-11 and TM-01 modes. In each case,
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the cavity can be configured to operate in a resonant condition
i r (unterminated) or a travelling wave condition, with the output
{ terminated.

| It should be noted that, depending on the nature of the plasma,
E the center tube containing the plasma may appear more or less
‘ conductive, in which case the cavity can propagate in the TEM
( mode essentially as a coaxial line. The field configuration

1 in this case, is virtually the same as the TM=-01 mode, but the
) propagation velocity will be different.

A listing of the possible propagation modes, considering the
cavity as either a cylindrical waveguide or a coaxial line, together
with the guide wavelengths, is given below:

Guide Wévelength (inches)
Mode (freq, = 2450 MHz)
TE~11, circular wg 6.2
TM-01, circular wg 8.3
' TEM, coaxial 4.8
i TE-11, coaxial 5.6 (approx.)
4 O Since the guide wavelength of each of the modes is different, the

length of the cavity must be adjusted for resonance in each case.

The guide wavelength will also vary depending on the nature of the

| plasma, Therefore, in order to assure a resonant condition for any
possible plasma state, the range of adjustment is equal to one-half
guide wavelength in the TM-01 mode ( & 4.2 inches),

C. Jest Setup

A block dfagram of the feed network for coupling the RF energy from
the source to the cavity is shown in Figures 2 and 3, The objective
was to provide maximum flexibility for laboratory experimentation,
utilizing components selected for simplicity and low cost, with
size and weight of secondary importance.

A waveguide feed network,shown in Figure 2, is used for the
resonant cavity mode of operation, and can also bc used for the
travelling wave mode for excitation of the TM-01 mode or a single
(linearly-polarized) TE-11 mode (Figure 3a).

The coaxial feed network, shown in Figure 3b {s used only for the
travelling wave mode, and can be used to excite the TM-01 mode or
crossed TE-11 modes for circular polarization,




For both feed networks, the output of the high power source is
coupled to a circulator/load combination which isolates the source
from any reflections from the cavity. The circulator is followed by a
dual directional coupler used to measure both incident and

reflected power. The coupler is followed by a triple stub tuner

used to match the impedance looking into the cavity, in the resonant
mode. The signal is then coupled to either the sum port or the
difference port of a Magic-Tee Hybrid, for either in-phase or anti-phase
excitation of the cavity, corresponding to excitation of the TM=01 and
TE~-11 modes respectively. Flexible waveguides carry the power

from the hybrid to the cavity when the waveguide feed is used.

With the coaxial feed network, waveguide-to-coax transitions are
connected to the hybrid and these are in tum connected through semi-
rigid coaxial cable to coaxial probes mounted in the cavity walls.
With the coaxial feed, the cavity must be terminated on the opposite
end; this {s accomplished by four separate probes connected to high
power loads by semi-rigid coaxial lines.

To excite the circular polarization mode, two coaxial hybrids are
connected to the outputs of the Magic-Tee hybrid to form four
outputs., These are connected to four input probes in the cavity
wall, by coaxial lines, to provide quadrature phase excitation of
crossed TE-11 modes.

A photo of the cavity and waveguide feed is given in Figure 4.

ar. OPERATION

A.

ource

The RF Source is connected as shown in Figure 2, The source
ghould never be operated withait a circulator/load connected to its
output, since severe damage to the magnetron tube can occur due
to high VSWR. The source front panel consists of the following
controls with its associated functions: (See photo in Figure 5.)

Power On/Off Turns on AC power and also provides
25 amps of circuit protection

Power, Pilot Light Indicates presence of AC power
(amber)

Ready, Pilot Light Indicates 60 szcond delay after AC power
(amber) is turned on - RF power can now be activated

B i {
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RF On, Pilot Light
(red)

Over Temp, Pilot Light
(red)

Wwater Shut-Off,
Pilot Light
(red)

Start Button

Stop Button

Water Flow Control
Connector

Indicates RF power is active

Indicates a high temperature

condition exists in the magnetron tube
when RF On, Start button is depressed,
RF cannot be activated under this high
temperature condition, If RF is active
when a high temperature condition
occurs, the RF power will automatically
be turned off.

Indicates water flow to circulator is not
adequate for proper cooling when RF On,
Start button is depressed. RF cannot be
activated under this condition. If the

RF is active when low water flow
condition occurs, the RF power will auto-
matically be turned off,

Start button activates RF power, only if
no high temperature condition exists
and water flow rates are adequate.
Stop button turns off RF power

Connects the circulator water flow
sensor to the RF source

The circulator i{s water-cooled and protected via a water flow sensor
inter-lock. A flow rate of at least 0.5 gal/min is required to
properly cool the circulator, Should the flow rate drop below 0.5
gal/min the RF power output will be interrupted. Indication of this
fault will be shown by the (red) water Shut-Off Pilot Light when the
RF is reactivated by RF On, Start Button. The waveguide circulator
load should always be operated with an air flow in order to prevent

overheating of the load.

A block diagram of the RF source is shown in Figure 6, and a parts
list is given in Figwres 7a, b, c. The status of the magnetron tube
can be checked by breaking the connection at TPI and placing a
0-1 DC ampmeter and 0-5 KV DC voltmeter at this point. Typical
readings are as shown on the schematic diagram.

T e AnUTHEETEL., B -




s o e p————

TP T—

)
N

B. Cylindrical Cavit

The cylindrical cavity can be configured for operation with either
a waveguide feed or a coaxial feed network. The operating
procedure for each is described below.

1., Wavequide Feed

For waveguide excitation, the cavity end-plate with integral
waveguide flanges is used. This end-plate is attached to the
end cavity by screws; the apertures in the plate provide the
coupling to the cavity.

For the resonant cavity mode, all of the coaxial probes are
removed, and the openings in the cavity walls are covered
with the small plates provided. For the travelling wave mode,
the four probe covers near the wavequide feed are left on, but
the covers on the opposite end are removed and replaced by
the coaxial probes, for connection to the external high power
loads,

The position of the sliding short circuit 1s adjusted, by

rotating the extender tube on the output end, In the resonant
cavity mode, the short circuit position is adjusted for resonance,
as discussed in Part C below; for the travelling wave mode, the
short is set to a position of 1-3/4 inches on the scale provided
which provides the best match for the coaxial probes,

2. Coaxial Feed

For coaxial excitation, the endplate with the waveguide flanges
is removed and replaced with the soiid, flat endplate, Depending
on the desired mode of excitaticn, either two or four coaxial
probes are used on the input end. For excitation of either the
TM-01 mode, or a single (linearly polarized) TE-11 mode, only
two probes are used, displaced 180° from each other. For
excitation of crossed TE-11 modes, all four input probes are
used, It should be noted that for coaxial excitation, regardless
of the mode being excited, all four terminating probes must be
usad with their associated loads attached. Failure to terminate
the cavity, when using coaxial excitation, can result in
voltage breakdown at the probes and/or overheating of the
coaxial feed lines,




C. Test Setup and Tuning Procedure

The test setup and tuning procedure are discussed with reference
to Figures 2 and 3 described earlier, The portion of the setup
from the source to the Magic-Tee Hybrid, is the same, regardless
of whether waveguide or coaxial excitation is to be used. The
circulator and its load, the dual directional coupler, the triple-
stub tuner and the hybrid are all fabricated in WR-284 waveguide,
and are assembled {n the conventional way.

1. Waveguide Feed - Resonant

Excitation of a particular propagation mode in tha cavity is
determined by the particular hybrid ports to which the source is
connected as follows:

TM-01 Sum Port driven
Difference port terminated

. _ TE-11 Difference port driven
O Sum port terminated

In either case, the colinear ports of the hybrid are connected
to the cavity in)ut ports by means of the flexible waveguide.

The procedure for tuning the network for optimum coupling in
the resonant mode, is as follows:

(1) Connect power meters to the forward and reflected power
ports of the dual directional coupler, and to the
directional coupler in the load port of the hybrid.

(2) Tumn the middle screw of the triple stub tuner to insert the
stub all the way in,

(3) Turn the power on, and observe the incident and reflected
power; the reflected power will typically be almost equal
to the incident.

(4) Move the sliding short circuit (by turning the extender
tube as described above), and watch for a reduction in
reflected power. Set the short circuit to the position ior
minimum reflection,
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3.

(5) Readjust the triple stub tuner, first the center stub and
then the others, to minimize the reflected power.

With the short circuit and the tuner properly adjusted, the
reflected power and the power out of the isolated port of
the hybrid should each be 20% of the incident, or less.

If either the reflected power or the isolated port power can not

be adjusted to be less than 20%, then the cavity may be tuned to a /

spurious mode. In this case, readjust the sliding short circuit t3°
search for another resonance, {.e. a dip in reflected power,, ufid
repeat steps (4) and (5). d

,t

The resonant condition is quite critical because ~i the high Q of
the cavity, especially when unloaded. Also, ~when a plasma is
present in the cavity, the resonant condiiion will vary with the
condition of the plasma, and so ths sliding short and the stub
tuner will probably require re-iuning after the plasma is excited,

Waveguide Fzed - Travelling Wave

The procedure for tuning the setup in the travelling wave mode is
as follows:

(1) Connect high power terminations to all four output coaxial
probes

(2) Set the sliding short to 1-3/4 inches on t*-& scale,
(3) Adjust the tuner so that all three probes are all the way out.

(4) Tum the power on and observe the incident, reflected and
isolated power. If the reflected and isolated power are below
20%, no additional tuning is required.

(5) If the reflected power is too high, the tuner can be adjusted to
minimize the reflected power,

Coaxial Feed

The coaxial feed network may be used in any of the travelling wave
modes. However, since the TM-01 and the single TE~11 mode can
be excited with the waveguide feed, use of the coaxial feed is
recommended only for excitation of the circularly polarized mode,
f.e, crossed TE-11 modes in quadrature phase.
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For the circularly polarized mode, the wavequide-to-coax

adaptors are connected to the colinear ports of the Magic-Tee
hybrids. Two coaxial hybrids are in turn connected to the

adaptors; the adaptors feed the sum ports,and the difference ports
are terminated as shown in Figure 3., One pair of coaxial cables
are connected from one hybrid to two of the coaxial probes (opposite
each other). The other hybrid is connected to the other two

coaxial probes, using a pair of cables which have been cut for 90°
shorter length at 2450 MHz.

(1) With the setup configured as described above, and with all four
output probes terminated, adjust the tuner so that all three
stubs are all the way out.

(2) Tumn on the power and observe the incident and reflected power.

(3) The circuit should be self-calibrated in this case. The tuner
should not be adjusted from its maximum out position in this
casge, since this would create a risk of breakdown or overheating
of the coaxial feed network,

TEST DATA

A variety of low-power and high-power measurements were made to
characterize the performance of the cavity in the various modes.

The low-power measurements included swept frequency plots, of input
reflection for the resonant condition, and of input reflection and
transmission for the travelling wave case. Transmission is measured
from the input to each of the output probes (individually); since there
are four probes, -6 dB is equivalent to complete transmission. A
listing of the tast data is given below:

RHigh power measurements were made with the RF high power source at
a single frequency »f 2450 MHz,

Sheet No, Parameter Measured Cavity Configuration
4-1 Reflection TE-11, Resonant, Empty
4-2 Reflection TE-11, Resonant, w Pyrex tube
4-3 Reflection TM=-01, Resonant, Empty
4-4 Reflection TM-01, Resonant, w Pyrex tube
4-5 Reflection (same as 4-4, expanded scale)
4-6 . Transmission TE-11, Travelling Wave, Empty
4-7 Reflection TE-11, Travelling Wave, Empty
4-8 Transmission TM-01, Travelling Wave, Empty
4-9 Reflection TM-01, Travelling Wave, Empty
4-10 Summary of high power measurements

8
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‘ APPENDIX III

A PROGRAM FOR DETERMINING THE PARAMETERS OF A CYLINDER WAVE GUIDE
CAVITY USING THE TIS53 HAND COMPUTER
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The parameters of a cylinder wave guide.cavity may be cal-
culated from the materials and geometry that make up the cavity.
A program has been written that is suitable for a TI 59 hand
computer that is equiped with a printer. The notation is defined
for the parameters in the tabulation of the storage positions.

Table 3.! below.

The relationships are those used in the MIT Radiation Lab-

oratory series particularly Vol 11 Section 5.4 Vol. 8 Section 11,

The interrelations are:
Y
e"‘"".’&"’ y e, T ﬁ?g,"&"’/(.. Fon Ayt
(G°/e,)"‘c=v ( phese velocg) = W 3 C=2f0
- ﬂD é' "I- N - 2 ‘/I.
2 ™ X ) = (ZH

o ‘ 4

- "“Ve, 2wy 7
Mp,= [, O 11+ (1L TV
L o= [((1/2)~( Ry, /DY)

Q = L Cra Ix 4% + (amopurT™
" W Lagn +# T3 +(1=D/0) (AT DR /2LK) ]

i o, ke S T S
.
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Table 3.2

DATA STORAGE POSITIONS FOR CYLINDRICAL WAVE GUIDE CAVITY PROGRAM

Stor
o1
02
03
04
05
06

07
08
09
10
11
12
13
14
15
16
19
20
25
26
27
28

fo frequency H,

D diameter cm

L length cm

P resistivity of cavity material ohm cm

el/eo real part of the dielectric constant relative to vacuum

en/eo imaginary part of the dielectric constant relative to
vacuum

L/D ratio of the length to diameter of chamber

Ao vacuum wavelength, cm, resulting from applied frequency f°
8§ skin depth of the cavity wall, cm

¢ the velocity of light space, cm/sec

120112 a constant

mth
im

Aco cutoff wavelength for TE mode in a vacuum cavity, cm

Aq wavelength in guide of 'TE mode in an € filled cavity, cm
ad attenuation coefficient due to dielectric losses cm-l

[ ]
X Root of the bessel function Jl(x) = (, TE mode

n the length of the cavity in % periods of E,

mth
1lm

Aco cutoff wavelength of TM mode in a vacuum cavity 1 cm
k

(eo/uo)

(Ao/lco)

Al wavelength in a medium el/eo due to fo,(cm)

X Root of bessel function Jl(x) = 0 TM mode

2 TE mode

TE, Ac cutoff wavelength in an e/eo filled TE cavity




L arey

Stor (cont'd)

29
30
31

32
33
34
35
36
37
38
39
40

41

" a, the dielectric attenuation in the T™M mode cm

1 the number of full perind variations of Er as a function of @

(mrD/ZL)2 for TE cavities

Q G/Al the geometrically dependent component of the cavity
quality for the TE mode.
Q the quality factor for the TE modes.
A co the cutoff wavelength for ane/c o filled TM cavity cm
2
(Ag/Ago!”® TM mode

Ag the angular wavelength for the TM mode cm

1
d

L the length of the TM cavity ocm
L/D the length to diameter ratio of the TM cavity
(mrD/zL)2 for TM cavities

Q 6/) the geometrically dependent component of the cavity
quality for the TM modes.

Q the quality of the TM mode cavities.
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PROGRAM FOR TI 58

0SS 92 PRT 1n0e 01 163 432 ROL
0S8 43 ROL 110 D7 7 164 26 25
QS7 02 02 111 00 0 165 5S4 3
053 992 PRT 112 oz 2 166 65 x
059 43 ROL 113 00 0 167 53 ¢
DED 03 03 114 02 2 163 01 1
D61 43 ROL 115 00 0 i3 8% +
QE2 04 N¢ 116 o0 0 ivh 53 ¢
DEZ Q9 PRYT 117 &9 OF 1IF1 01
N&d 43 RCL 118 02 oz 178 85 +
DES 05 0S5 119 &9 OF 173 53 ¢
Q8E 99 PRT 120 05 05 174 43 RCL
DET 43 RCL 121 89 ¢ IFS 08 Q&
Q8 06 Q8 122 65 x 176 55 <
DE3 29 PRT 123 43 RCL 177 53 ¢
Q7D 43 ROL 124 02 02 178 43 RCL
a7l {0 10 125 55 ¢ 1T N8 0§
are 55 + 126 43 RCL LAY 7S -
QF3 42 RCL 127 12 12 181 43 RCL
avd 01 01 128 99 FRT 182 26 26
NS 95 = 129 $5 = 183 54
oré 42 370 130 25 = 184 54
Q77 02 (03 131 42 sTO 135 33 Me
Q7S 99 PRT 1232 13 13 186 54
079 43 RCL 133 99 PRT 187 33 ¥
oe0 02 0@ 134 43 RCL 188 5S4 3
121 55 ¢ 135 05 05 {89 35 +
082 43 ROL 136 =4 ry 120 92 2
083 45 0§ 137 &5 x 191 54
024 34 Iy 133 43 RCL 192 34 Iy
08s 95 = 139 13 13 193 35 1-%
086 42 57O 140 35 = 194 35 =
087 27 27 141 42 3TD 195 42 s7Tp
083 99 PRT 142 28 28 196 14 14
08% 53 ¢ 143 99 PRT 197 99 PRT
090 42 RCL 144 53 ¢ 198 43 RCL
021 D2 a8 145 43 RCL i9% 14 14
092 85 X 146 08 Qs 200 &5 X
093 43 RPOL 147 55 = 201 43 ROL
034 04 D4 148 43 ROL 202 06 0
095 55 < 149 13 {3 203 &5 X
09 43 RCOL 150 54 204 29 g
097 11 11 151 33 we 205 55 ¢
038 s5a1 152 a5 = 206 43 RCL
099 34 Iy 153 42 57TO 207 02 08
100 35 = 154 286 2% 208 I3 s
101 42 5T 155 43 ROL 20% 25 =
102 0% 0% 15 02 0s 210 22 570
103 29 FRT 157 65 x 21t 15 1.8
104 33 /Oy 158 53 ¢ 212 992 PRT
105 &2 gp 153 s ¢ 213 4% EoL
106 00 Qo 160 43 ROL 214 16 1&
Wy o0z s 161 0% Qs 219 %D OFERT
o3 . 07 Cee V63 T8 = P15 43

REL
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i 16 IE 278 54 ) 338 43 ROCL 308 53
slg &3+ 273 &S ¥ 333 27 27 39 53«
219 53 ¢ Seloen h 240 55 < 400 43 REOL
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(*- The computer instruction are given for a partition of
- 559.49 i.e. 49 data registers are allocated to information
storage. Table 3.2 indicates the instructions required.
Table 8.3 is a printout of the program solution that is used
in section // . i
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