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Abstract

A method is presented for producing a dense plasma in a resonant cavity with micro-
wave energy. The plasma is contained in a quartz tube lying along the axis of a resonant
cavity that is excited near the TE111 coaxial-mode resonance with 10-psec pulses of up

to 800 kw of peak power in the 10-cm band. The plasma serves as a center conductor
for the coaxial mode, shifting the mode resonance near the exciting frequency. The
initial transient in the plasma electron density occurs very rapidly, and the system
appears to reach a steady state in less than 10 psec. A second microwave system

excites the cavity in the TEOII coaxial mode, which is used as a low-level probe to

measure the properties of the plasma.

A perturbation formula is developed that can be used to calculate the perturbing
effects of the dense plasma. This formula is used to develop methods of calculating the
electron density and collision frequency of the plasma by measurements of the detuning

of the cavity mode. Plasma electron densities of over 1014’/cm3 are measured when
over 80 kw of peak power are dissipated in the discharge. Studies are also presented
of helium discharges and of light generated by the discharges.
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I. INTRODUCTION AND INITIAL CONSIDERATIONS

1.1 PURPOSE

This work considers a method of producing and measuring a dense plasma in a
resonant cavity. Produced by pulsed microwave power, the plasma is studied only
when the microwave power is present. It was hoped that the parameters of the system
would reach a steady state in the time of the microwave pulse so that a steady-state
plasma produced by very large microwave power levels could be studied. There is a
considerable amount of experimental evidence that a steady-state condition was nearly
reached and that the only transients that were occurring at the time of the measurements
were the relatively slow thermal transients. However, further experiments using

longer microwave pulses are necessary to determine if this were the case.

1.2 HISTORY OF THE PROBLEM

One of the most useful methods of measuring the properties of a plasma is to intro-
duce the plasma into a resonant cavity and measure the detuning of the cavity which the
plasma produces. This technique was developed by Rose, Kerr, Biondi, Everhart, and
Brown1 in 1949 and is discussed by Rose and Brown.10 The method uses a perturbation
formula derived by Slater2 in 1946 to relate the cavity detuning to the electron density
and collision frequency of the plasma. The resonant-cavity method is valid for low
plasma electron densities. The electron density that produces plasma resonance at the
excitation frequency is the approximate upper limit of this technique. Limits of the
microwave-cavity method are discussed by Persson.3 Buchsbaum and Brown4 have
shown that, if the electric field of the cavity mode is perpendicular to the electron-
density gradients in the plasma, the resonant-cavity method can be extended by a factor
of approximately 10 to higher densities.

The condition of plasma resonance limits a 10-cm band system to the measurement
3 if the
simple perturbation theory is used. For the measurement of larger plasma electron

of plasmas that have an electron density not greater than approximately 1012/cm

densities, it has been necessary to calculate exactly the cavity resonant frequency as a
function of the electron density of the plasma. These calculations have been performed
for the TMOIO’ TM020’ and TE011 cylindrical-cavity modes as a function of the density
of a lossless, uniform plasma column along the cavity axis by Buchsbaum, Mower, and
Brown.4’ 5
Hsieh, Goldey, and Brown6 calculated the detuning of a resonant cavity, including
loss. They were interested in the effects a small semiconducting rod along the
axis of a cylindrical, resonant cavity produced on the resonant frequency and @ of
the TM010 mode. They found that, as the electron density in the semiconductor

increases, the cavity Q first decreases to a very low value and then increases to



approximately its original value at infinite electron density. The cavity resonant
frequency increases continuously, but not linearly, after the minimum Q point is
reached. Physically, at low electron densities, the semiconductor does not greatly
perturb the cavity fields and the fields are very nearly those of the TMg19 cylindrical
waveguide cavity mode. As the electron density increases, the semiconductor begins
to exclude the microwave fields from its interior until, at infinite electron density, the
microwave field does not penetrate the semiconductor, and the cavity fields are those
of the TM010 coaxial mode.

A plasma rod in which collisions are important, and which lies along the axis of a
cylindrical cavity, will perturb the parameters of the TMOIO mode in precisely the
same way as the semiconducting rod. Thus, the plasma changes from a medium that
resembles a lossy dielectric at low electron densities to one that resembles a lossy
conductor at high densities. This same conclusion can be reached by considering the
simpler problem of plane wave reflection from a semi-infinite plasma. This problem
has been considered by Buchsbaum.7

Several experimental techniques of measuring the change in Q value and resonant
frequency of a resonant cavity have been developed by Rose and Browng_lo and Gould
and Brown.

The ease of analyzing the perturbing effects of a tenuous plasma on the parameters
of a resonant cavity has led to the development of an experimental technique for
measuring several of the basic parameters of a plasma. The plasma is produced by a
short microwave pulse and allowed to decay until thermal equilibrium is reached.
Measurements of the rate of decay of the electron density are then used to calculate the
diffusion, attachment, or recombination coefficient of the gas, depending on which
process is predominant. The experimental technique is described by Biondi and
BrOWn.12 The collision frequency of the decaying plasma may also be measured
accurately during the afterglow period. This technique was used by Phelps, Fundingsland,
and Brown13 to measure the electron collision frequency of hydrogen. The experimental
advantage of performing experiments in the afterglow is that both the electron tempera-
ture and density distribution are known once thermal equilibrium has been reached.
Therefore, none of the experimenters using this technique studied the plasma when the
driving pulse was present.

14.15 A dis-
charge was produced in a parallel-plate geometry by high-frequency energy. The

An interesting experiment was studied by Everhart, Allis, and Brown.

complex admittance of the discharge was measured as a function of the parameters of
the high-frequency energy. They found that the electron density in the plasma was pro-
portional to the conduction current in the plasma until the plasma conduction current
was approximately equal to the displacement current between the plates. At this point,
the relation became nonlinear. Observations of the light generated by the discharge
showed that, under nonlinear operation, the light was brightest in a region near each

plate. As the discharge power was increased, the bright region moved nearer each




parallel plate. A theoretical analysis showed that their original assumption of a uni-
form electric field between the plates was no longer valid and that the electric-field
intensity and the ionization frequency were greatest in the bright regions. The electron
density in the bright regions was that required to produce plasma resonance at the
excitation frequency. At low densities, the plasma was in its lowest diffusion mode and
the electron density varied sinusoidally between the plates. As the electron density
increased, the variation remained sinusoidal until the plasma-resonance condition was
reached. As more power was placed in the discharge, the bright regions appeared and
the plasma density became more uniform.

A hydrogen discharge in a resonant cavity which was produced by the fields of the
TM010 mode was studied by Rose and Brown.16 The plasma was contained in a quartz
bottle that partially filled the cavity. By considering the transition from free to ambi-
polar diffusion with increasing density, they were able to calculate the electric field
required to maintain the discharge as a function of the electron density and neutral-gas
pressure. They performed experiments which agreed satisfactorily with their theory.
The electron density of the plasma studied by Rose and Brown was always much lower
than that which produces plasma resonance at the excitation frequency.

Buchsbaum17 attempted to produce a dense plasma in a resonant cavity using a
1000-watt cw microwave source. The geometry of his resonant cavity and the method
of containing the discharge was almost identical to that described in this report. The
principal difference is that Buchsbaum used an axial magnetic field to couple the dis-
charge more efficiently to the source, and no magnetic field was used in the experiments
of this report. Buchsbaum had difficulty in coupling a large portion of the incident
microwave energy into the discharge because the plasma loaded the cavity mode and
decoupled the cavity from the source. He obtained a density of 6 X 1011/cm3 with
30 watts of microwave power dissipated in the discharge.

A pulsed microwave discharge produced in a resonant cavity was studied by Madan,
Gordon, Buchsbaum, and Br-own.18 They used measurements of the rate at which the
plasma electron density increased to calculate the diffusion coefficient and ionization
frequency of a hydrogen discharge. They showed that the electron density of the dis-
charge increases very rapidly when the microwave pulse is applied — particularly at
large pulsed-power levels.

The experimental results and theories of these workers were used to develop the
theoretical and experimental techniques described in this report.

A simple theory is used to calculate the detuning of a cavity mode which is caused
by a gas discharge produced by the cavity fields. The electron density of the plasma is
assumed to be uniform over the volume occupied by the plasma. This assumption is an
approximation to the real situation, for it can be shown that this assumption leads to an
infinite-loss rate of electrons from the plasma by the process of diffusion. However,

14,15

the work of Everhart, Allis, and Brown indicates that, for the purposes of calcu-

lating the microwave interaction with the plasma, assuming the plasma to be uniform is




better than assuming, as is sometimes done, the plasma to be in the lowest-order dif-
fusion mode.

In the theoretical work that follows, complex notation is used. All ac quantities are
Jwt. The actual time-dependence of the ac quantities can be found
jwt

assumed to vary as e

by multiplying their complex values by e and taking the real part of the result.




II. MEASUREMENT OF A DENSE PLASMA IN A RESONANT CAVITY

2.1 INTRODUCTION

In this section, the theory is developed for measuring the electron density and col-
lision frequency of a dense plasma in a resonant cavity. The theory uses a perturbation
technique that is based on Slater's perturbation formula for c:avities.2 The . theory

differs from that used by previous workers ™ 811

in that the electron density of
the plasma is assumed to be infinite rather than zero in the unperturbed state. In this
assumption the plasma appears as a perfect conductor and forms part of the wall of the
resonant cavity. The effects of a finite, but large, plasma electron density are then
treated with the perturbation formula in the same way as the effects of loss in a metal
cavity wall are treated.

In the following considerations, it is assumed that the electron density and collision
frequency of the plasma are constant over the volume occupied by the plasma. These
are rather severe assumptions, for, in general, density gradients will exist both parallel
and perpendicular to the plasma boundary. To partially avoid this difficulty, a geo-
metrically weighted electron density is defined which reduces to the correct value in the
limit of uniform density. The weighted density considers only the variations of electron
density which are parallel to the plasma surface. The assumption of constant collision
frequency requires that the collision frequency be independent of the electron energy.
Such is the case for electron-neutral collisions in helium19 and hydrogen13 at electron
energies above approximately 4 volts.

The results of the analysis of a dense plasma in a resonant cavity are used to
develop a method of calculating the plasma parameters by measuring the detuning of a
cavity mode which is caused by the plasma. Two experimental techniques are con-
sidered. In the first technique, the plasma is produced by some external means and
then probed with a low-power cavity mode. In the second experimental method, the

plasma is produced by the microwave fields in the cavity.

2.2 THE PLASMA WALL

Because it is a collection of neutral and charged particles, an ionized gas or plasma
will react under the influence of an electromagnetic field. Therefore, a plasma medium
is describable by a permeability u, a permittivity €, and a conductivity . The

expressions for these quantities are
=g (1)
c= e (2)

and




_ ne 1
ST (3)

where Mo and €, are the permeability and permittivity of free space, n is the electron
density, e is the electronic charge, w is the applied angular frequency, Ve is the col-
lision frequency for momentum transfer, and m is the mass of an electron.

These equations are subject to the assumptions that (a) The collision frequency is
independent of electron energy; (b) The ions are not directly affected by the electro-
magnetic field, and (c) The effects of the interaction of the electrons with the ac mag-
netic field are negligible.

The first assumption is justified if helium or hydrogen is used as the gas. The
second assumption will always hold true because the power absorbed by a species of
particle is inversely proportional to the mass of the particle; that is, the electron,
having much less mass, will be affected much more strongly by the microwave field
than the ion. The third assumption will generally hold true.

It is convenient to define two parameters, a normalized density variable m and a

normalized collision-frequency variable <7, by the equations
w
P 2
= ne
n = ( w) = 5 (4)
me w
o

—= (5)

and

<

il

¥

where wp is a parameter that frequently appears in plasma work and is called the
plasma frequency.

Combining Egs. 4 and 5, we obtain
we n(v7J)

6
1+‘yz ()

o=

This is a more convenient form and is the one that will be used.

Let us consider a plane wave that is propagating in the plasma medium. From
Maxwell's equations, we readily find that the intrinsic impedance of the plasma is
given by

Z —l—?—l— L Ve 7
PolE] [T (9

where E is the electric-field intensity and H is the magnetic-field intensity in the
plasma. Similarly, the propagation constant I' of a uniform plane wave in a plasma

is found to be




r = [jony(erjoeg)] /2 (8)

By substituting Eq. 6 in Eqgs. 7 and 8, we obtain

b 1/2 1-jy 1/2
A
and
. n 1/2
= JF<I~W) (10)

where c is the velocity of light.

Note that if the collision frequency is zero and 7n is greater than one, the intrinsic
impedance of the plasma is pure imaginary and the propagation constant is pure real.
Under these conditions, the medium is cut off, and the fields in the plasma decay expo-
nentially with distance. Following Buchsbaum,7 we define an equivalent skin depth 6 in
the plasma as the distance in which a plane wave decays by a factor of 1/e. In terms

of the propagation constant, § is given by

___1
8="RerT (11)

Considering Eqs. 9-11 in the limit of large n, we obtain

aesl) () 1
p"J<€0> n (12)
Rk
r= -€<1'_J’)> (13)
1/2
8 =.%( i 2) 1 (14)
7 Re (jnt/?

2.3 REFLECTION FROM A PLASMA WALL

Consider a uniform plane wave normally incident on a semi-~infinite plasma of uni-

form density n as illustrated in Fig. 1.

Fig. 1. Orientation of a uniform plane

stRAEcEE wave normally incident on a
=2, semi-infinite plasma.




Let the incident wave be denoted by subscript i, the reflected wave by subscript r,
and the transmitted wave by subscript t. The requirements of Maxwell's equations that
both the tangential electric field E and magnetic field H be continuous at the plasma
boundary lead to the equations

(sl
n

Bt E =B (15)

T
H

Hy +H = H (16)

The fields Ei and ﬁi are related by the equation

H, = (1/Z,) i, XE; (17)
Similarly,
H =-211 XE 18
r Z 'k r (18)
and
f =271 XE 19
t zp 1k 5 (19)

where Zp is the intrinsic impedance of the plasma and is given in Eq. 8, and where ZO

is the intrinsic impedance in medium I, which for free space is
1/2
Ho /
2o =<2 (20
o

From Egs. 15-20, we obtain

2E.
E, = L (21)
1+ [1-n/ (1-jn)] /2
— 2 —
E_= - 1| E. 22
r . wl/2 1 (22)
1+ [1-n/(1-jv)]
and
H, = 2Hj (23)
1+ 1/[-n/=im] M
— 2 —_—
H_ = -1|H. (24)

1+ 1/[1-n/(1-jp)] /2

These equations indicate that, in the limit of infinite electron density (n=<«), the plasma

wall appears to be a perfect conductor and an incident plane wave is perfectly reflected.




If the electron density is large, but not infinite, Eqs. 21-24 are given approximately by

. 1/2

_ i(1-jv) / —

E, =—————2E, (25)

1/2
n

E_=-E, (26)
H, = 2H, (27)
H_ =H (28)

Equations 25-28 state that in the limit of large n, the H field that exists at the plasma
wall is approximately equal to the fields which would exist if the plasma were replaced
by a perfect conductor. We shall use this fact in the next section when we consider the
effects of a plasma wall on a resonant cavity.

These equations have been derived by considering plane wave reflection from a
semi~-infinite plasma. They may be directly applied to a plasma of finite dimensions if
the plasma skin depth 6 given in Eq. 14 is much less than any plasma dimension.

The above analysis assumes that the plasma electron density rises from zero to its
maximum value at the plasma surface; this rise requires an infinite electron-density
gradient at the plasma surface. Using diffusion theory,20 we can prove that the
electron-density gradient must be finite at the plasma surface, and, thus, the above
analysis may be questioned. However, since the analysis in section 2.4 is not exact,

we shall assume that the simple analysis presented here is valid.

2.4 PERTURBATION OF A RESONANT CAVITY BY A PLASMA WALL

Consider a resonant cavity composed of a volume of space that is surrounded in part
S' by a good conductor and in part S" by a dense plasma, as in Fig. 2. Here a dense
plasma is one in which the normalized density parameter 7n is much greater than unity.

In the previous section, we saw
that a dense plasma has many proper-
ties of a good conductor; therefore,

the effects of the plasma wall on the

properties of a resonant cavity can be
CONDUCTOR WALL
calculated in the same way as the

effects of good, but not perfect, wall
conductors are obtained. The following
PLASMA WALL work closely parallels that done by
Slaterz1 who used a perturbation tech-
nique to calculate the detuning of a

Fig. 2. General cavity enclosed by a con-
ducting wall S'and a plasma wall S". resonant cavity which was caused by




imperfectly conducting metal cavity wall.
Let E and H represent the electric and magnetic fields which exist in the cavity of

Fig. 2. At the resonant frequency of the cavity, we have

V XE = -sp H (29)

V XH= seoﬁ (30)

Here, s is the complex resonant frequency of the cavity and is given by
s = -']_/'r + jw! (31)

where T is the characteristic decay time and w' is the angular frequency of the cavity
fields.

Next, let Eo and ﬁo represent the electric and magnetic fields that exist in the
cavity of Fig. 2 with both walls, S" and S', replaced by perfect conductors. At the
resonant frequency wé of the lossless cavity, Maxwell's equations are

V XE = -jeg H, (32)
and
V X ﬁo = jw'oeoﬁo (33)

After some manipulation, we obtain, from Eqgs. 29, 30, 32 and 33,

$ ExH -da
. S
- jw = - 34
s = jwy ( e _ . (34)
J w H-H te E-E_)dr

The integral in the numerator of Eq. 34 is to be taken over the entire inner surface
S of the cavity, while the integral in the denominator is taken over the volume T of the
cavity.

The surface integral may be split into two parts.

— =% - =k = =%
$ EXH -da= [ ExH -da+ [ EXH_-da (35)
S © S ° s" ©
From section 2.3 we have
H=H, (36)
for large densities, and from Eq. 19 we have
= iy XHZ (37)

where _i-k is the unit vector normal to the wall and pointing towards the wall. Therefore,

da = ik da.

10




From Egs. 36 and 37, we obtain
R _ - 12
EXH -da=2 IH | da (38)
o pl o

The entire argument of section 2.3 could have been applied to a good conductor as
is done by Slater.21 Therefore, by a completely analogous argument,

— —% — 2
EXH_ -da=2, ‘Ho| da (39)

over the conducting wall S', where Zw is the intrinsic impedance of the conducting wall.
Upon substituting Egs. 35, 38, and 39 in Eq. 34, we obtain

_ =2 = |2
fs" Zleol da fs' z,|H, |’ da
s - jul = (40)

L (vl Bo |46 B, ) a

At a resonance, the total stored electric energy in a cavity is equal to the total

(o]

stored magnetic energy. Therefore, Eq. 40 may be written

B — 12 — |2
fs" ZleO’ da fs' ZW,HO| da
s - jo! = (41)

[0} f . 2
2 p‘H' ar
TO O

The resonant frequency shift of the cavity that is caused by imperfect walls is found
by taking the imaginary part of Eq. 41 and is given by

— 12 = 12
Im fs' ZW|HOI da Im fs" Z,p’Hol da
w' - w + = - (42)
o = |2 = |2
zjr'rpo|H0] dr 2pr0|Ho] dr

Let us define a frequency parameter 6w by

= |2
Im fs' ZW|H0| da
wEW -~w T - + (43)

o = |12
A

The parameter w, is the angular resonant frequency of the cavity which would be
measured when only the plasma wall is replaced by a perfect conductor.
Upon substituting Eqs. 12 and 43 in Eq. 42, we obtain

L m ta-mmt/? |a,|? da

2 “[I‘ ‘ﬁ0|2d7

dw =

(44)
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where c is the velocity of light.
We find the change in decay time 7 by taking the real part of Eq. 41; this is given
by

Re fs" zp]ﬁ0|2 da + Re fS' zw|ﬁo|2 da

Q=
L}

(45)
2p0 j,;‘ lﬁo‘2d7

Here, 7, the time constant of the decay of the fields in the cavity, is related to the
internal Q and the resonant frequency of the cavity by
2Q

w
(o]

T= (46)

The plasma Q, or Qp’ measures the effects of plasma-power losses on the micro-

wave characteristics of the resonant cavity and is given by

Re jén Zp,ﬁol 2 da

1
(47)

Q = |2

P wo“o J,;[. IHO| dr

and Qo, the internal or unloaded Q of the cavity with the plasma replaced by a perfect

conductor, is given by

Re [ Z,|H,|%da

Sl
° w B f |ﬁ Iz dr
o"o o
T
Substituting Eqs. 46-48 in Eq. 45, we obtain
1/Q=1/Q,+1/Q, (49)

The plasma coupling coefficient ﬁp is the ratio of the power dissipated in the plasma

wall to that dissipated in the conducting wall. It is defined by

= 50
Bp = Q,/Q, (50)
From Eqgs. 12, 49, and 50, we obtain

rRe [ la-im/mt/? |8,|? da
Q c Sn
B, =—2 (51)
= 12
o [rlHol dr

12




Equations 44 and 51 relate the normalized electron density and the normalized col-
lision frequency to the frequency shift éw caused by the plasma wall and to the plasma
coupling coefficient Bp. If the integrals of Eqs. 44 and 51 can be evaluated, the electron
density and collision frequency can be expressed in terms of f_, éw, Qo’ and wg - The
parameters Qo and w, are not dependent on the properties of the plasma wall and can
be measured by standard techniques. In the following sections, we shall consider
methods of measuring Bp and éw.

It is interesting to note that, if vy is independent of position, the collision frequency
v, may be obtained without knowledge of either the fields inside the cavity or the electron

density distribution along the boundary of the plasma wall. Dividing Eq. 44 by Eq. 51,

we obtain
R (14312
bw _ _ (52)
By 2Q, Y
or
v -4;3pQ06w/wo
Y% " 2 (53)

2
o (2Q06w/wo) pp
In order to evaluate the integrals which appear in Eqgs. 44 and 51, we define an

averaged density parameter ny by

2

IR

[ o R

n, (54)

If the electron density is independent of position over the surface of the plasma wall,
then ny reduces to the correct value.
Combining the definition contained in Eq. -54 with Eqs. 44 and 51, we obtain

K

g

bo= - ——1m [j(1-in '/} (55)
(ny)
and

K

Qe %g
B =—° — — _Re [j1-in'/?] (56)

o
(ny)

where Kg is a geometrical constant and is given by

13




f |ﬁ'2da
K =’—-‘j—;—— (57)
INEARE.

Using the definitions of ny and vy given in Egs. 4 and 5, we can write Egs. 55 and

56 in alternative form so that we obtain

cK

bw_ _ 8 . 1/2
3‘;3- o Im [3(1 v /o) /] (58)
and
QOCK
g
P~ Re [j(l—jvc /wo)l/z] (59)

The plasma frequency wp is now a geometrically averaged plasma frequency and
can be expressed in terms of the true plasma frequency with the aid of Eqs. 4 and 54.
The above equations can be solved for the average density n, and the collision

frequency Ve in terms of the parameters of the equivalent circuit. The results are

‘46wﬁp/Qo
v = (60)
° (2e/e)’ - (B,/Q)"
and
c2K2
N =m€O g 61)

2 e? oufu)’ - (8,/Q,)°

2.5 THE EQUIVALENT CIRCUIT FOR A DENSE PLASMA IN A RESONANT CAVITY

A microwave cavity has an infinite number of resonant frequencies. Consequently,
an exact equivalent circuit for such a device is very complicated. Beringer22 has
shown that the equivalent circuit of a cavity which joins two matched transmission lines
can be simplified to the circuit of Fig. 3(a) at frequencies near a single resonance. The
parallel elements represent the resonance of interest and the series term YS accounts
for the effects of all the off-resonant cavity modes. If the reference plane in line 1 is
chosen to be the point of a voltage minimum when the cavity is detuned, YS is pure real.
This reference plane is called the "plane of the detuned short" and is the plane we shall
take as our reference.

If the wall of the cavity is partly a good conductor and partly a dense plasma, the
parallel-loss term G is composed of a part GO as a result of the loss in the conductor

wall and a part Gp as a result of loss in the plasma wall. We have

14




G = Go + Gp (62)

Similarly, the plasma loads all the off-resonant modes and we have

G'osts
s Gos * Glps

Re (Y) =G (63)

where Gps is the contribution to the series term which results from loss in the plasma

wall. Thus, Go and Gos
conductance of the equivalent circuit when the volume occupied by the plasma is replaced

are, respectively, the parallel conductance and the series

by a perfect conductor.

(a)

]' ‘3] I Bp ] é Qo ﬁz

LINE 1 LINE B
(b)

Fig. 3. (a) Cavity equivalent circuit joining two transmission lines.

(b) Normalized equivalent circuit.

The resonant frequency w(') of the system is the cavity resonant frequency w, with the
plasma perfectly conducting, plus the frequency shift éw caused by the plasma and is

given by

w =0 +éw (64)
o o
The formula for éw is given by Eq. 43.
The unloaded Q, of the cavity with the plasma replaced by a perfect conductor is

given by

Q= (65)

15




It is convenient to define a number of parameters by the following equations:

Yol
Pr="3 (66)
ano
Y
By = —522 (67)
n2G
o
Bs = Gg/Gy (68)
B, = G,/G, (69)
and
Aw= w - wo (70)

where ﬁl and [32 are, respectively, the input and output coupling coefficients; ﬁs is a

measure of the loss in the off-resonant cavity modes compared to that in the resonant
mode; ﬁp is the plasma coupling coefficient which was defined in Eq. 50; and Aw is the
difference between the driving frequency w and the system resonant frequency w, with
the plasma replaced by a perfect conductor.

We shall be interested in measuring the parameters ﬁp and & and the distribution
of microwave power to various portions of the circuit. Therefore, the circuit of Fig. 3(b)
will be used in place of the circuit of Fig. 3(a). The second circuit is obtained from the
first by transforming all the elements through the ideal transformers into the cavity and
dividing by Go' The circuit of Fig. 3(b) is convenient to use because the circuit parame-
ters are easily measured by standard techniques. This circuit does not retain the pro-
portionality between the voltages in lines 1 and 2 which exists in the circuit of Fig. 3(a).
However, the values of these voltages are not of interest.

The series term ﬁs is much larger than unity if the cavity is not greatly overcoupled
to line 1 or line 2. Therefore, we shall assume that ﬁs is infinite, in which case it can
be replaced by a short circuit. The conditions under which this assumption is valid can
be found by calculating the distribution of the microwave power dissipated in the circuit
of Fig. 3(b).

The real power Pa absorbed by the cavity is given, in terms of the incident power

P, and the reflection coefficient T, by
— r1_I112
P, = (1-|r|%) P, (71)
where I’ is related to the admittance Y the cavity presents to line 1 by

e Wt
I‘-—-Bl—-_;‘-i: (72)

From Fig. 3(b) we find that Y is the admittance looking into plane A - A' and

is given by
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By (1B +B 1iQ(wf wpmwy /W
Y = (73)
L4 B+ By t B+ iQ (@ wlmwp/«)

At frequencies near the resonant frequency of the system, with the aid of Eqs. 64

and 70, we obtain

w!
w__ ol Aw - bw
QO{F - r} 2,7 ¢ (74)
o o o
If we let
Aw— 6w
b=2Q, = & (75)
o)
and
=1+ + 76
g By B, (76)
and substitute Egs. 72-76 in Eq. 71, we obtain
P 4gp g 2
P—a= 5 1 2{1 +ﬁ—|il+€%:l} (77)
i b°+ [grB /(148 /B )] s &
g b 2 .
It can be shown that -ﬁ—- 1+ <—g—) is the ratio of the power dissipated in the series
s

element BS to the total power dissipated in g. This term will be small when both g and
b are small, that is, when the electron density of the plasma is large and the system is
excited very near resonance. Under these conditions, ﬁs may be assumed infinite and
Eq. 77 reduces to

P 4gp,

a
- D — (78)
Pi b2+ [gp,)?

2.6 THE MEASUREMENT OF ﬁp AND 6w

In section 2. 4 it was shown that the collision frequency and a geometrically averaged
electron density of a plasma in a resonant cavity can be calculated from measurements
of I3p and dw. Several methods of measuring these parameters have been given

8-11

previously. In this section, two methods of measuring ﬁp and 6w, which were

found to be useful, are described.
a. Microwave Energy Used as a Probe

If the plasma is not produced by the microwave energy and the probing power is
sufficiently small, the parameters of the discharge are independent of the microwave

energy. With this assumption, it is possible to determine ﬁp/Qo and 6w by measuring
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the resonant frequency of the system and the standing-wave ratio at resonance, both
with the plasma present and with the plasma replaced by a good conductor. Inspection
of Egs. 60 and 61 shows that knowledge of ﬁp/Qo and 6w is sufficient to determine the
collision frequency and the electron density of the plasma.

The resonant frequency “, of the cavity with the plasma replaced by a perfect con-
ductor is found by measuring the cavity resonant frequency with a good conductor
replacing the plasma and then adding to it the calculated shift in resonant frequency
as a result of the good conductor. This calculation is described in the Appendix. We
then find éw by subtracting @y from the measured cavity resonant frequency with the
plasma present.

We find ﬁp/QO by the following procedures: Let

po =1_+_B£321+___BI£ (79)
and
1+ ﬁz + f}p
O (80)

where Bm is the ratio of the power dissipated in conductor which replaces the plasma
to the power dissipated in the remainder of the cavity wall and may be defined by

B == (81)

where Qm is the contribution to the unloaded @ of the cavity resulting from the con-
ductor that replaces the plasma. From Fig. 3(b), we see that P, is the VSWR at
resonance with the conductor that replaces the plasma present if the cavity is over-
coupled, and P, is the reciprocal of the VSWR at resonance if the cavity is under-
coupled. Similarly, pp is the VSWR at resonance with the plasma present if the cavity
is overcoupled. The unloaded Qo with the plasma replaced by a perfect conductor may

be expressed in terms of the loaded Q- the input and output coefficients, and Bm as
Q, = (1+B,+By¥B ) Q, (82)
Solving Eqs. 79-82 for ﬁp/Qo, we obtain

—ﬁi— L, "> Po (83)
W (Pt Q

Notice that it is not necessary to know ﬁl or [32 to calculate Bp/Qo. Thus, ﬁp/Qo
can be calculated from measurements of the loaded Q and of the VSWR at resonance
with the plasma present and also with a good conductor replacing the plasma. A

perturbation technique that is described in the Appendix is used to calculate Qm' It
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is also necessary to know whether the cavity is overcoupled or undercoupled to line 1
in each case. This is easily determined by comparing the positions of the voltage
minima on line 1 at resonance and when the cavity is detuned from resonance. If the
two positions coincide, the cavity is undercoupled and the reciprocal of the measured
VSWR should be substituted for p in Eqs. 79 and 80. If the detuned position of the
voltage minimum coincides with the position of the voltage maximum in line 1 at reso-

nance, the cavity is overcoupled and p is the measured VSWR.

b. Plasma Produced by the Microwave Energy

If the plasma is produced by the microwave energy, the technique previously
described cannot be used because it is impossible to excite the system at its resonant
frequency. The resonant frequency of the system depends on the parameters of the
plasma which, in turn, depend, among other things, on the amount of microwave power
dissipated in the plasma. Since the amount of power coupled into the cavity from the
microwave source depends on the resonant frequency of the system, the parameters of
the system are all interrelated. These relations must be simultaneously satisfied for
the system to operate in a steady state. In general, all conditions cannot be satisfied
if the system resonant frequency and the applied frequency are equal.

We can calculate 6w and Bp by measuring the VSWR in line 1 and the ratio of the
power Pt transmitted through the cavity to the incident power Pi as well as the
frequency of the applied microwave energy.

From Fig. 3(b), we obtain, upon neglecting ﬁs,

Paﬁ2

P, =2
t TRy * B,

(84)
where Pa is the power coupled into the cavity from line 1. Solving for ﬁp, we obtain

B =8 .—Pa—l}—l (835)
2| P
Lt

or, if p is the VSWR in line 1 at the applied frequency, we find

ﬁ"ﬁp4p S (86)
2L(1+P)2 Py

From Eqs. 75, 76, and 78, we see that 6w is given by

w 2 1/2
besbe =R, [4‘31‘32131/ Pm(18, B, 1R ,) ] (&7

We shall also wish to know the power absorbed in the plasma Pp. From Fig. 3(b)
we can see that Pp is related to the transmitted power by
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(88)

It should be remembered that ﬁs was assumed infinite in the development of these
relations. This is liable to be a bad assumption because the system is not at resonance.
Thus, it is expected that this technique will give results that are less accurate than

those obtained by the technique of using microwave energy as a low-level probe.
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III. EXPERIMENTAL EQUIPMENT, OBSERVATIONS, AND RESULTS

3.1 INTRODUCTION

The plasma studied in these experiments was formed by the ionization of helium at
pressures of 0.5-8.0 mm Hg.

The plasma was produced in a quartz tube that lay along the axis of a cylindrical
resonant cavity by the fields of the TE,;; coaxial mode. The plasma served as the
center conductor for this mode. This mode was excited by a 10-psec pulse of 10-cm
microwave energy generated by a QK327 magnetron. The TE011 coaxial mode that falls
in the 6-cm band was used as a low-level probe to measure the properties of the plasma.

The transient behavior of the system is discussed. The electron density of the
plasma increased very rapidly with each microwave pulse and appeared to reach a
constant value before the microwave pulse was extinguished. It was found that under
certain conditions the system operates in two states during a single pulse.

The stable points at which the system can operate are calculated on the basis of the
theory of Section II and the results of electron-density measurements. The steady-state
behavior of the system can be explained on the basis of the results of the operating-point
analysis.

The microwave characteristics of the system are discussed, and experimental data
are given. The amount of power that can be coupled into the plasma is limited by break-
down of the gas between the quartz tube and the metal cavity wall.

Measurements of the electron density of the plasma are reported. Electron densi-
ties calculated from measurements of both the 10~cm-band and 6-cm~band parameters
are compared with the peak microwave power dissipated in the plasma. The 6~cm-band
calculations indicate that the plasma electron density is linearly related to the power
dissipated in the discharge. The maximum electron densities measured by the probing
mode are about 2 X 1014/cm3 at an expenditure of 80 kw of peak power in the discharge.

Measurements of the electron collision frequency of the plasma are reported and

23 The measured col-

compared with the value of collision frequency given by Brown.
lision frequencies are in reasonable agreement with Brown's values.

The light generated by the discharge was studied visually and with the aid of a photo-
tube and an oscilloscope. The discharge is brightest in a thin shell that is distributed
over the plasma surface. The spectral distribution of the light was studied with a

monochrometer. Silicon and oxygen lines, as well as helium lines, were detected.

3.2 EXPERIMENTAL APPARATUS AND TECHNIQUES

a. The Vacuum System

The quartz tube containing the plasma was connected to a glass vacuum system that

could be evacuated to less than 10"'7 mm Hg. A block diagram of the vacuum system
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Fig. 4. Vacuum system.

appears in Fig. 4. A portion of the vacuum system, including the quartz tube, could be
isolated from the pumps. The isolated vacuum system would hold a pressure of less
than 107°
spectroscopically pure helium (impurities of less than one part in 104). Hydrogen

mm Hg for several hours; and it could be filled with helium from a bottle of

could also be admitted into the isolated vacuum system by diffusion through a heated
nickel leak.

Neutral-gas pressures were measured with three vacuum gauges. Very low
pressures were measured with an ion gauge of the Bayard-Alpert type; pressures from
10-3-8 mm Hg, with an Autovac thermocouple gauge; and pressures from 0. 5-200 mm Hg,
with a piston pressure gauge.24 The pressures measured with the Autovac gauge and the

piston gauge were believed to be accurate to within 15 per cent.

b. The Resonant Cavity

The resonant cavity and the quartz tube that contains the discharge are shown in
Fig. 5. The picture also shows the methods that are used to couple the cavity to the
remainder of the microwave system. This configuration was chosen to minimize the
coupling of the low-power probing mode to the waveguide that carries the high-power
microwave energy.

The fields of the TE111 coaxial cavity mode were used to produce the discharge.
The plasma served as the center conductor of this mode. Microwave energy coupled
to the cavity from a 10-cm (S-band) waveguide system was used to excite this mode.
The plasma produced by the S-band power was probed with the TE011 coaxial mode,
which is resonant in the 8-cm band or C-band. The smaller waveguide in Fig. 5 is
connected to the C-band equipment.

The TEOll mode is degenerate with the TMlll mode. This degeneracy was removed
by the quartz tube and the iris coupling holes, but the TM,,; resonance still occurred

near enough to the TEO11 resonance to confuse the experiments. A brass plug (see
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Fig. 5. Resonant cavity.

Fig. 5) was inserted into the wall of the cavity to further split the two modes. The
plug lowered the resonant frequency of the TM111 over 100 mc and increased the reso-
nant frequency of the TE(;; mode about 1 or 2 mec; it also removed the polarization
degeneracy of the TE111 mode.

A coaxial probe and coupling loop were used to sample the fields of the TE111 mode.
The coupling coefficient of the probe is denoted by ﬁa and the loop coupling coefficient
is ﬁz.

Table I. Cavity parameters at SF6 pressure of 10 psig.a

Coaxial TE111 Mode Coaxial TE011 Mode
fo 2732.0 mc fo 4225.9 mc
Qo 7020.0 Qy 2490.0
ﬁl 2.53 Py 1.11 overcoupled
By 0.181 Kg 0.115/cm
(33 0.02
ﬁs 250.0
Kg 0.096/cm

8Cavity i.d., 10.273 cm; length, 6.853 cm. Quartz tube i.d., 0.9 cm; o.d., 1.1 cm.
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Table I lists the physical dimensions of the cavity, of the quartz tube and the micro-
wave parameters of the TE111 and TEOll coaxial cavity modes. The experimental
techniques used to measure the microwave parameters of the cavity are described in
the Appendix.

A small window was placed in the cavity wall so that the light generated by the dis-
charge could be observed. The window, on the right side of the cavity between the
coupling loop and the C-band guide, is shown in Fig. 5.

The resonant cavity was pressurized with sulfur hexafluoride (SF6) in an attempt to
prevent breakdown from occurring in the volume between the quartz tube and the cavity
walls. This pressure was held at 10 psig for all experiments. It was found to be
impossible to prevent the SF6 from breaking down when the cavity was excited with high
incident-power levels at frequencies just below 2732 mc. The SFg breakdown occurred
along a diagonal at the cavity center from top to bottom. This is the position at which
the electric field of the coaxial TE111 mode is at a maximum. Since x-radiation is
produced in the cavity when the SFS is broken down, the breakdown was not studied in

any detail.

c. The S-Band Equipment

Figure 6 is a block diagram of the S-band equipment used in this experiment, and
the apparatus itself is shown in Fig. 7.

The microwave energy used to produce the plasma was generated by a Raytheon
QK327 magnetron that was tunable from 2696 to 2816 mc. The magnetron generated a
peak power of approximately 800 kw which was found to be adequate for the experiments
of this report. The magnetron was modulated by a 10-psec pulse, at a rate of 60 pulses

each second. Thus, the duty factor was 6 X 1074, Figure 8 shows oscillograms of

FORWARD TRANSMITTED
POWER POWER
METER METER

TO C-BAND
SYSTEM

DUAL
FERRITE SLOTTED
DIRECTIONAL
ISOLATOR COUPLER SECTION
REVERSE CALIBRATED CALIBRATED

POWER

METER ATTENUATOR ATTENUATOR
CAVITY
WAVEMETER

TO
OSCILLOSCOPE

POWER QK 327 POWER
DIVIDER MAGNETRON MODULATOR

Fig. 6. S-band system.
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(a)

(b)

(c)

(d)

Fig. 8. Oscillograms of (a) the current pulse applied to the magnetron; (b) the
resulting microwave pulse; (c) the magnitude of the field within the cavity,
showing a transition at T = 3 psec; and (d) the light generated by a 0. 5-mm
discharge. The time scale is 5 psec/cm.

(a) the current pulse applied to the magnetron and (b) the resulting microwave pulse.
The ripple in the current pulse caused both amplitude and frequency modulations of the
microwave energy which account for the ripple that can be seen in the first 10 psec of
the oscillograms of Figs. 8, 24, and 25.

The level of the microwave energy incident upon the cavity was controlled by a

waveguide power divider of the type described by Teeter and Bushore.25

The peak inci-
dent power could be varied from the 800 kw generated by the magnetron to less than
80 watts with the use of this device.

The magnetron was isolated from the load by two Raytheon ferrite isolators that pro-
vided a total isolation of over 20 db, and insured that the cavity appeared to be excited by
a matched generator as required by the theory of Section II. These isolators were
water-cooled and were capable of absorbing all the power generated by the magnetron.

The incident and reflected power in the S-band guide were sampled by a 20-db dual-
directional coupler with a directivity of more than 40 db. The power coupled from the
waveguide was attenuated by calibrated coaxial attenuators and measured by two
Hewlett-Packard Model 430 C power meters.

The standing-wave ratio in the S-band waveguide was measured with the aid of a
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waveguide slotted section. The energy coupled from the waveguide by the slotted
section probe was transmitted by coaxial cable to an adjustable waveguide sliding-vane
attenuator that had previously been calibrated. The level of the microwave energy that
passed through the attenuator was detected by a crystal diode and displayed on a
Tektronix 545 A oscilloscope. The standing-wave ratio in the S-band guide was
measured by observations of the attenuator settings that result in equal deflections on
the oscilloscope when the slotted section probe was at a voltage maximum and at a
voltage minimum. Standing-wave ratios as large as 40 db could be measured by this
method. Unfortunately, errors as large as 2 db were noted when measurements of
standing-wave ratios above 30 db were attempted. These errors were principally caused
by the inaccurate placing of the slotted section probe on the true voltage minimum in the
S-band waveguide. Also, because of the amplitude and frequency modulation of the
microwave pulse, the position of the voltage minimum was difficult to recognize. The
last item on the S-band waveguide line is the resonant cavity that was discussed in
section b above.

The entire S-band waveguide system was pressurized with air at 15 psig to prevent
breakdown. The waveguide pressure system was separated from the cavity pressure
system by a mica window placed in the S-band guide at the waveguide joint nearest the
cavity.

Microwave energy coupled out of the cavity by the coupling loop was attenuated and
measured by a Hewlett-Packard power meter. The power coupled from the cavity by
the coupling probe was fed through a calibrated, adjustable, waveguide attenuator, was
detected, and was displayed on a Tektronix 545 A oscilloscope. The attenuator setting
and oscilloscope deflection were recorded and compared with the microwave power
measured by the power meter. This procedure calibrated the probe circuits for abso-
lute power measurements. Notice that the power measured by observations of the
oscilloscope deflection and the setting of the calibrated attenuators was actually the
power dissipated in the power-meter circuit.

The above method has the advantage of permitting the instantaneous power trans-
mitted through the cavity to be measured as a function of time. This measurement was
found to be necessary for reasons pointed out in section 3.3.

A high-Q cavity wavemeter or "Echo Box," Model TS-270/UP, was used to measure
the frequency of the S-band energy.

d. The C-Band Equipment and Techniques

The C-band equipment used in these experiments is pictured in Fig. 9, and Fig. 10
shows a block diagram of the system. This equipment was used to measure the reso-
nant frequency and the standing-wave ratio at the resonance of the TE011 cavity mode
with the coaxial plasma. From these measurements, the averaged electron density
and collision frequency of the plasma center conductor were calculated on the basis of
the theory presented in Section II and the data contained in Table I.
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Fig. 10. C-band system.

The C-band energy was generated by a 2K42 klystron that is tunable from approxi-
mately 4050 to 4350 mc and that generates a maximum power of less than 250 mw.
Since this is more than 50 db below the level of the S-band power, the C-band energy
was assumed to produce a negligible effect on the parameters of the discharge.

A 10-db waveguide directional coupler placed so as to monitor the power reflected
by the cavity was used to detect the resonance of the TE011 coaxial mode.

The VSWR in the C-band guide was measured with a waveguide slotted section and a
microwave receiver composed of a local oscillator and a high-gain 30-mc amplifier.
Only when the cavity was observed to be resonant at the excitation frequency were VSWR
measurements made.

Because the discharge is produced by each pulse of S-band energy, the resonant
frequency of the TE011 mode changes with time. The nature of this change can be
explained with the use of the diagram contained in Fig. 12.

Figure 11 is a sketch of the electron density within the quartz tube as a function of
time. At t= 0, the S-band power is applied, which causes the electron density to rise

to its steady-state value n . Ten psec later, the S-band power is removed and the

Fig. 11. Plasma electron density
as a function of time.

ELECTRON DENSITY n

o———
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electron density decays toward zero. The rate at which the density decays depends on
the electron-loss processes in the quartz tube. According to Eq. 55, the resonant
frequency of the cavity varies inversely as the square root of the electron density.
Therefore the resonant frequency of the cavity varies with time in the manner sketched
in Fig. 12.

=]

CAVITY RESONANT FREQUENCY f

Fig. 12. The TEj,; coaxial-mode resonance as a function of time, showing a

resonance observed at time tr produced by a klystron at frequency fk.

(a)

(b)

(c)

(d)

Fig. 13. Oscillograms of the C-band power reflected by the cavity at frequencies:
(a) 4167.5; (b) 4180; (c) 4202; and (d) 4215 mc. Time scale is 20 psec/cm.
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Let us assume that the C-band klystron is tuned to the frequency w. At t= tr the
resonant frequency of the cavity @, will equal the frequency of the C-band klystron and,
if the power reflected by the cavity is displayed on an oscilloscope, a resonance will be
observed. Figure 13 is an oscillogram of the reflected C-band power versus time,
showing the types of waveforms observed. If a measurement of the resonant frequency
of this mode with a perfect conductor replacing the plasma is subtracted from a
measurement of the klystron frequency, the resulting shift in the resonant frequency
(6w) of the mode (because the plasma is not a perfect conductor) is found at time t.
Adjusting the frequency of the C-band klystron toward higher frequencies will cause the
time tr at which a resonance is observed to become less until it is in the region in which
the electron density is not changing with time (tr <10 psec).

In the C-band experiments, the procedure outlined above was used to measure the
frequency shift caused by the plasma. The standing-wave ratio in the C-band guide was
then measured at the time a resonance was observed. These measurements were per-
formed only when the frequency of the C~band klystron was adjusted, so that the TE,,

resonance was observed to occur during the S-band pulse.

3.3 SYSTEM OPERATION

The plasma in the quartz tube was produced by each pulse of microwave energy.
Under certain conditions, the system appears to reach a steady state before the micro-
wave pulse is extinguished (10 psec). In this section, we shall consider the transient
buildup of the discharge with each pulse and the conditions which must be fulfilled for
steady-state operation of the system.

a. Transient Buildup

Equation 55 indicates that as the electron density of the plasma center conductor
increases, the resonant frequency of the cavity approaches 2732 mc from lower fre-
quencies. Therefore, when microwave power is applied to the plasma, the electron
density will increase to a point at which the energy required to maintain the discharge
is just that supplied by the microwave energy. The time required for the electron
density of the discharge to reach a constant value depends on how much larger the
available microwave power is than that required to1 8maintain the discharge. (See, for

)

At applied frequencies slightly less than 2732 mc, the discharge would operate in

instance, Madan, Gordon, Buchsbaum and Brown.

what appeared to be two stable states. The existence of two states was recognized by
observations of the standing-wave ratio in the S-band guide or of the magnitude of the
field within the cavity as a function of time.

Figure 14 is a sketch of the magnitude of the electromagnetic field within the cavity
versus time, as observed on a high-speed oscilloscope. The sketch shows the two states
of operation and a transition occurring from the lower state 1 to the upper state 2 at
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STATE 2

Fig. 14. The wave shape of the microwave-field
intensity inside the cavity as a function
of time, showing a transition from
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state 1 to state 2 at 7 seconds.
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Fig. 15. Cavity-field intensity and incident power as functions of the excitation
frequency, for the transition time 7 of 6 psec with the helium discharge
at 0.92 mm Hg.

time 7. At low values of incident power. the discharge operates in state 1. As the
incident power is increased, a transition from state 1 to state 2 is observed at the end
of the pulse; it shifts smoothly toward the beginning of the pulse as the incident power
is increased. When the discharge is operating in the second state, the magnitude of
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the field within the cavity increases only slightly with increasing incident power.

The time (1) at which the transition occurs and the incident power necessary to
initiate the transition are strong functions of the frequency of the microwave energy.
Figure 15 is a plot of the incident microwave power and the relative fields of both states
inside the cavity versus the frequency of the microwave energy. In this plot, the time (T)
at which the transition occurred was held at 6 psec. The gas used was helium at a
pressure of 0.92 mm Hg. It was impossible to obtain points nearer 2732 mc because the
microwave field of state 2 became large enough to break down the SF6 inside the cavity.

END OF MICROWAVE PULSE

Fig.16. Variation of transition time T with
excitation frequency at 100 kw inci-
dent power. The helium discharge
is at a pressure of 0.5 mm Hg.
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Figure 16 shows the variation of the transition time 7 with the excitation frequency
when the incident power is held constant. These data were taken on a helium discharge

at a gas pressure of 0.5 mm Hg. The incident microwave power was 100 kw.
b. Steady-State Operation

The conditions for steady-state operation can be found by equating the power coupled
into the plasma to the power that the plasma requires to operate at a density n.
In Section II, it was shown that the power coupled into the cavity from the microwave

source is given in terms of the incident power and the cavity parameters by

P 48, (16,8 )
P

= 2 2 (89)
i (1B +B, B ) + [2Q (Aw-bw)/w ]

where we have neglected the series element in the equivalent circuit of Fig. 3(b). From
Fig. 3(b), we have
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Po

Pp
R 90
P, (1%5,7F) (90)

Therefore, the real power Pp dissipated in the plasma is given by

4,8,
i ) 2 Aw - bw 2 o1
(148, +8,+B ) +[2QOT—J

o

9|, o
he]

We can express F}p and 6w in terms of the electron density n and the collision fre-
quency Vv, of the plasma, using Eqs. 57 and 58. If we assume that v, €w, these

equations may be written

K w

c 8°
ow= ‘7 wp (92)
and
roKg v,
Pp= o 7u, (93)

Experimentally, it was found that the electron density n is proportional to the

amount of power that is dissipated in the discharge, or

n=KP, (94)

Upon substituting Eqs. 92, 93, and 94 in Eq. 91, we obtain
1/2
P, P 728 Ky v/,
_P_ 5 (95)
Ui [ ep py K, P24y 20 o [B 2k 20 (aefe)-1
1 72727 p c o P 2% %0 o

where

9 1/2
[Kle /(meo)]
K, = (96)
2Q, oK,

Equation 95 must be satisfied if the system is to operate stably. Solutions of this
14

equation for Pp as a function of Pi for parametric values of Af and -(% are shown in
Fig. 17. The parameters of Eq. 95 were obtained from the data of Table I and the
curves of Fig. 22.

These curves explain many of the experimental phenomena that were noted in the
course of this research. At low values of incident power, the power dissipated in the

plasma is small — most of the incident microwave energy being reflected. This
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Fig. 17. Pp versus Pi for: (a) parametric Af; (b) parametric VC/w.

corresponds to operation in state 1. As the incident power is increased, the operating
point shifts to a region at which three values of Pp satisfy Eq. 95 at the same value of
Pi' However, if this region is approached from low incident powers, the system will
operate in state 1. As the incident power is increased further, the operating point
moves to the knee of the curves and then jumps to a much higher value of Pp , corre-
sponding to operation in state 2. Further increases in Pi increase only slightly the
amount of power dissipated in the discharge. These conclusions agree with experi-
mental observations.

From Fig. 17(a), it can be seen that at constant incident power, when the system is
operating in state 2, Pp is a strong function of Af, particularly when Af becomes small.
As Af decreases, it also becomes more difficult for the system to operate in state 2, as
can be seen from the increasing values of Pi where the curve knee occurs.

The behavior of the system resulting from changes in electron collision frequency
can be seen from Fig. 17(b). As the collision frequency is decreased by lowering
the pressure, it becomes more difficult for the system to operate in state 2. This
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effect was also noted experimentally.

In Section II, it was assumed that the series element BS in the equivalent circuit of
the cavity could be neglected. In section 2.5, it was shown that the conditions under
which this assumption was most likely to be valid were that (i) 6w equals Aw and (ii) the
plasma is very dense and therefore a good conductor. An inspection of Fig. 17 shows

that these conditions are most nearly fulfilled when the system is operated in state 2.

3.4 MICROWAVE CHARACTERISTICS

The microwave characteristics of the resonant cavity and coaxial plasma were
studied experimentally.

Figure 18 shows plots of the S-band power absorbed by the cavity versus frequency
for various gas pressures and values of incident power. When these curves were
obtained, the incident power and the neutral-gas pressure were held constant and the
excitation frequency was varied. Data were taken only when the discharge was oper-
ating in state 2.

The interesting feature of these curves is that as the excitation frequency approaches
2732 mc, a large portion of the incident power is coupled into the cavity. At relatively
low powers, it was possible to couple over 90 per cent of the incident power into the
cavity by adjusting the excitation frequency toward 2732 mc. At high incident powers,
this was not possible because the sulfur hexafluoride that was used to pressurize
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Fig. 18. Absorbed power as a function of excitation frequency for incident
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the cavity would break down.

Figure 19 shows the way in which the S-band power transmitted through the cavity
varies with frequency. As before, these curves were obtained when the gas pressure
and incident power were held constant and the excitation frequency was varied.

The magnitude of the microwave field inside the cavity is proportional to the square
root of the power transmitted through the cavity. Therefore, the variation of the
microwave field with excitation can be obtained from Fig. 19.

Figure 20 shows how the system resonant frequency changes with excitation fre-
quency at constant incident power. These curves were calculated from the data shown in
Figs. 18 and 18 with the aid of Eq. 87. The line where 6w equals Aw separates state 1

from state 2.

3.5 ELECTRON-DENSITY AND COLLISION-FREQUENCY MEASUREMENTS

The averaged electron density n  and the collision frequency Ve of the plasma
column which formed the center conductor of the resonant cavity were calculated for
several values of gas pressure, using measurements of S- and C-band quantities. The
theory used for calculating these parameters is presented in Section II. The data pre-
sented here are the results of the better experiments which were performed.

Several experiments were performed at neutral-gas pressures of less than
0.6 mm Hg, but the results of these experiments were inconclusive. It is felt that
experiments conducted at gas pressures below 1 mm Hg cannot be interpreted with the
simple theory presented in this report. At low pressures, the mean-free path of an
electron becomes comparable with the dimensions of the quartz tube and an electron
may suffer more collisions with the walls than with the neutral gas particles. The
theory of Section II assumes that the effects of electron-wall collision are negligible as
compared with electron-neutral collisions; therefore, this theory is not valid at low

gas pressures.

a. Electron-Density Measurements

Figure 21 shows graphs of the geometrically averaged electron density as a function
of the peak power absorbed in the discharge at the pressures indicated. In each graph,
the results of calculations based on both S- and C-band measurements are given for
comparison. These curves were obtained by holding the pressure and incident power
constant and varying the frequency of the microwave energy, as done in the phase of the
experiment discussed in section 3. 4.

The experimental error present in these curves is believed to be quite large
(probably as large as 100 per cent). The largest errors are believed to occur in the
measurement of the power absorbed by the plasma and in the electron density obtained
from S-band measurements.

There are two sources of error which become important when the VSWR in the
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Fig. 21. Electron density vs plasma power with the helium discharge at pressures:

(a) 8.0 mm Hg; (b) 2.9 mm Hg; (c) 1.7 mm Hg.

S-band waveguide is large. First, it is difficult to measure large standing-wave ratios

for reasons pointed out in section 3.2; and second, the theory that is used to calculate
n and Pp assumes that the effects of the off-resonant modes can be neglected. In
section 2.5, it was shown that this assumption was most likely to be valid when the
system is excited near resonance and the plasma electron density is large. This is
equivalent to requiring a small standing-wave ratio in the S-band waveguide.

The C-band curves show an interesting relation. A reasonable curve fit to the
C-band points is a straight line passing through the origin. A simple consideration of
how energy escapes from the plasma tube predicts that, if recombination is not a sig-
nificant factor. the electron density and the power absorbed by the discharge are line-
- arly related (for instance, see Allis26). However, these considerations do not allow
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the electron density to increase faster than the power absorbed by the plasma, as indi-
cated by the S-band curves.

The fact that the electron density calculated from S-band measurements is larger
than that calculated from C-band measurements is easily explained. The electron

density measured is actually a geometrically averaged density at the plasma surface
and is given by

|ﬁ0| da
plasma
n_= (97)
2 n-l/zlﬁolz da

plasma

where n is the actual electron density. This equation is obtained from Eq. 34.

In general, the averaged electron density that is obtained from calculations based
on C-band measurements will differ from n, that is obtained from S-band measurements
because of the different field patterns of the two cavity modes. The C-band mode weights
the electrons on the plasma surface near the center of the quartz tube most heavily. The
H field of the S-band mode is strongest at the plasma boundary near the cavity end walls.
Since the power coupled to the plasma by the TE111 mode actually produces the dis-
charge, the electron density is largest near the cavity end plates. Therefore, n

measured with the S-band mode should be larger than n, measured with the C-band
mode.

b. Collision-Frequency Measurements

The collision frequency of the plasma column was also calculated as a function of
the power dissipated in the discharge from measurements of S- and C-band parameters.

The results of some of these calculations appear in Fig. 22. In this figure, the collision
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A S-BAND POINTS p=8.0 MM Hg
1 o C-BAND POINTS
x C-BAND POINTS

T

40




frequency has been normalized to the neutral-gas pressure, so that data obtained at
different gas pressures could be compared. The most generally accepted value of col-

lision frequency for helium23 is

v_= 2.37 x 10%p (98)
and is presented in Fig. 22 as a dashed line for comparison.

The negative slopes of the curves displayed in Fig. 22 are believed to be caused by
heating of the gas contained in the quartz tube. The collision frequency is actually pro-
portional to the neutral-gas density rather than pressure as indicated in Eq. 90. At
constant pressure, the gas density varies inversely as the gas temperature; therefore,
the collision frequency may be written

Vol P = (Voo PUT,/T) (99)

where Veo is the collision frequency at a pressure of p millimeters of mercury and a
gas temperature of To degrees Kelvin.

One other phenomenon has been observed which supports the conclusion that the
microwave power is heating the neutral gas in the tube and changing the neutral-gas
density. The most sensitive parameter observed in these experiments was the time T
at which a transition from state 1 to state 2 occurs. When the excitation frequency and
the incident power were adjusted so that a transition from state 1 to state 2 occurred at
4 or 5 psec, the time at which the transition occurred would gradually increase until it
was greater than 10 psec, and no transition occurred after the power had been applied
10 or 15 seconds. It was then necessary to increase the incident microwave power
or decrease the excitation frequency to allow the transition to be observed again.
Figure 17(b) shows that as Ve decreases, more incident power is required for the
system to operate in the second state. Therefore, this behavior can be explained by a
decrease in the electron collision frequency which results from a heating of the neutral

gas.

3.6 LIGHT EXPERIMENTS

Visual observations of the light generated by the discharge showed that the dis-
charge was brightest in a thin, 1-mm shell at the surface of the plasma. Figure 23
shows this discharge; taken with a pinhole camera from the top of the cavity, this
photograph gives a view downward toward the C-band waveguide. The elliptical dark
spot in the center is a distortion of the C-band coupling hole which was caused by the
quartz tube.

The interesting feature of the spatial distribution of the light generated by the
plasma is that the light is brightest where the transverse magnetic field of the TE 1,
coaxial mode is maximum. This is not surprising because the microwave power per
unit area which goes into the plasma is given by
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_1 =2
P =3 Re [zplﬂl] (100)

Thus, the spatial dependence of the generated light supports the conclusion that the
cavity was resonating in the TE111 coaxial mode.

Fig. 23. Light generated by the discharge as viewed from the top.

The light generated by the discharge also shows that the electron density is not uni-
form over the surface of the plasma. One would expect the electron density to be largest
where the generated light is greatest. This conclusion was also reached from measure-
ments of the averaged electron density of the discharge based on measurements of S-
and C-band parameters in section 3. 5a.

The light generated by the discharge was studied as a function of time with the aid
of a photomultiplier tube and an oscilloscope. Figure 24 contains oscillograms of the
light intensity versus time which were generated by helium discharges at gas pressures
of 1, 2, 4, and 8 mm Hg. The time scales of these oscillograms are 5 psec per large
division. At each pressure, the incident power and excitation frequency were adjusted
to a point at which the sulfur hexafluoride used to pressurize the cavity was just on the
verge of breaking down. Thus the power absorbed by the discharge was maximized.
The gain of the oscilloscope and phototube circuit was the same in each picture so that
relative comparisons of light intensity can be made.

There are several interesting features of the wave shapes of the light intensity
which have been observed: (a) the largest light intensity occurred briefly just at the
time a transition from state-1 operation to state-2 operation was observed; (b) the

light intensity during the microwave pulse is not strongly dependent on the amount of
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(a)

(b)

(c)

(d)

Fig. 24. Oscillograms of light generated by the helium discharge at pressures:
(a) 1 mm Hg; (b) 2 mm Hg; (c) 4 mm Hg; (d) 8 mm Hg. The time
scale is 5 psec/cm.

power dissipated in the plasma; (c) the light generated by the discharge decreases
sharply when the microwave energy ceases (T = 10 psec) and then increases rapidly
with an initial slope that is proportional to pressure; and (d) the afterglow light is
quite sensitive to the neutral-gas pressure and to the power dissipated in the plasma.
At low power levels or pressure levels, the waveforms of generated light intensity
versus time were similar to those of Fig. 8(d). The physical processes occurring in
the discharge, which cause the above phenomena, are not understood.

A monochrometer was used to examine the spectral lines generated by a helium
discharge. The resolution of the monochrometer was approximately 1 ;& The spectrum
was examined in the region of 2000-8000 A In this region, lines originating from the
excitation of oxygen and silicon, as well as helium, were observed.

Figure 25 shows oscillograms of the magnitude of the microwave field inside the
cavity, the total light generated by the discharge, the 4471 helium line, and the 5056
silicon line. These oscillograms were taken of a helium discharge at a pressure of
1.9 mm Hg. A transition from state-2 operation occurred at T = 6 psec. The discharge
was excited with 170 kw of peak microwave power at a frequency of 2728 mc. The fre-
quency response of the phototube circuit used for obtaining the oscillograms, Fig. 25(c)
and (d), was insufficient to obtain accurate plots of light versus time. Stray pickup in
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Fig. 25. Oscillograms of a helium discharge in a resonant cavity showing wave shapes
of: (a) the microwave-field intensity inside the cavity; (b) total light gener-
ated; (c) the 4471 helium line; and (d) the 5056 silicon line. A transition
from state 1 to state 2 occurs at T = 6 psec. The time scale is psec/cm.

the phototube circuit accounts for the initial deflection of the oscilloscope trace shown
in Fig. 25(d).

The shapes of other helium and silicon lines observed were similar to those pre-
sented in Fig. 25. The waveforms of the oxygen lines were similar to those of the
helium lines.

These observations indicate that silicon and oxygen are being strongly excited when

the discharge is operating in state 2 and may be poisoning the discharge.
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IV. CONCLUSIONS

4.1 RESULTS

In this report we have investigated a method of producing a dense plasma with high-
power pulsed microwave energy. The principal results demonstrated by the experi-
ments are threefold and may be summarized as follows:

a. A large amount of microwave energy can be dissipated in a dense plasma, with
a resonant cavity used to couple the energy into the plasma.

b. A dense plasma in a resonant cavity should be considered as a lossy conductor,
rather than as a lossy dielectric, when calculating the effects of the plasma on the
microwave properties of the cavity.

c. The initial transient in the plasma electron density, when the microwave power
is first applied, occurs very rapidly and measurements on a plasma produced in 10 psec
by a microwave pulse can be performed with little difficulty.

4.2 POSSIBLE SOLUTIONS TO PROBLEMS ENCOUNTERED

The amount of microwave power which could be coupled into the plasma was first
limited by breakdown of the sulfur hexafluoride used to pressurize the cavity. There
are several methods that can be used to prevent SF6 breakdown. One method would be
to increase the pressure of the SFG; a second would be to choose a cavity mode that
couples more strongly to the plasma.

A second problem encountered in this work was the difficulty of measuring the
neutral-gas density in the volume occupied by the plasma. The pulsed discharge causes
pressure transients in the plasma, and, consequently, measurements of the pressure in
other parts of the system do not give the neutral-gas density in the plasma.

There was experimental evidence that the discharge was being contaminated by
impurities given off by the quartz tube. This is doubly important because the strongest
microwave interaction occurs at the plasma surface where the impurity concentration
is greatest. The only way to eliminate these impurities is to eliminate the quartz tube,
and then it would be necessary to confine the plasma with electric or magnetic fields.

A change of cavity modes would do much to simplify the interpretation of the experi-
ments and provide better results. In the absence of an axial magnetic field, the best
mode to use to drive the discharge is the TMOIO coaxial mode. The TE020 coaxial mode
could then be used to probe the plasma. This combination of modes would provide the
greatest amount of symmetry in the fields that exist on the plasma surface. The only
electron-density gradients induced by these modes would be normal to the quartz tube.

The addition of the proper dc magnetic field along the cavity axis would increase the
plasma electron density that could be obtained, for two reasons. First, the magnetic
field would reduce the radial diffusion to the quartz wall; and second, the field could be
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adjusted so that the plasma is driven at cyclotron resonance. The reduction of the radial
diffusion to the wall would result in a higher electron density at a given power by
reducing the rate at which electrons(and, therefore, energy) are lost from the discharge.
Adjusting the magnetic field so that the electron cyclotron frequency equals the applied
frequency would, in effect, couple the plasma center conductor more strongly to the
cavity mode. Thus, more power could be coupled into the cavity without breaking down
the SFG' Also, the discharge could be operated at lower gas pressures, since collisions
are not required to couple microwave energy into a plasma at cyclotron resona».nce.27
The electric field in the plasma must be perpendicular to the dc magnetic field if
the plasma is to be driven at cyclotron resonance. Consequently, the choice of cavity
modes is important. I the magnetic field is directed along the cavity axis, the mode
which provides the greatest symmetry and also a strong circular electric field in the

plasma is the TE011 coaxial mode.

4.3 SUGGESTIONS FOR FUTURE EXPERIMENTAL WORK

a. More measurements of electron density and collision frequency as a function of
power absorbed in the discharge and neutral-gas pressure should be performed with the
existing apparatus, to investigate the loss processes which control the discharge.

b. An experiment should be performed to measure the electron density in the
plasma column, which would provide a check on the method devised in this work. A
simple method would be to measure the transmission of a very high frequency micro~
wave signal through the resonant cavity with and without the plasma. The plasma
becomes opaque to the microwave energy when the plasma frequency becomes greater
than the applied frequency. Thus, the plasma frequency could be measured by observing
the lowest frequency of the microwave energy at which the transmission through the
resonant cavity is affected by the discharge. A microwave frequency of approximately
90 kMc is required to measure an electron density of 1014 per cm3 using this method.

c. It should be possible to make Langmuir-probe measurements28 on the plasma
by placing the probe along the cavity axis. Since the microwaves do not penetrate far
into the plasma, little microwave energy should be coupled out of the cavity by the
probes. A probe measurement would check the measurement of electron density with

microwave energy and would provide a measure of the plasma electron temperature.

4.4 SUGGESTIONS FFOR FUTURE THEORETICAL WORK

a. One of the most important theoretical calculations which should be performed
is a computation of the effects of a finite electron-density gradient, normal to the
plasma surface, on the perturbation theory developed in Section II. It is felt that the
electron-density gradients at the plasma surface may be contributing a large error to

the experiments described in section 3. 3.
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b. The perturbation theory of Section II should be generalized to include the effects
of a dc magnetic field acting on the plasma.

c. The loss processes that control the discharge should be studied and an attempt
made to calculate theoretically the plasma electron density as a function of absorbed
power.

d. The time dependence of the transition from operation in state 1 to operation in
state 2 should be studied quantitatively.

47




APPENDIX

DETERMINATION OF [51, BZ’ AND Qo FOR THE TE1 COAXIAL MODE

11

The theory of Section II assumed that the microwave parameters of the resonant
cavity were known when the volume normally occupied by the plasma was replaced by a
perfect conductor. The parameters of the cavity were obtained by filling the quartz
tube with mercury and measuring the cavity parameters by standard microwave methods.
Since mercury is not a perfect conductor, it was necessary to eliminate the effects of
the loss in the mercury. The details of this calculation are presented here.

The perturbation analysis of Section II can be applied directly to the treatment of

loss in the mercury center conductor. From Eq. 43 we have

-K_1Im (Z
ar_ g (101)
fo Zp.owo
and from Eq. 47
K_Re (Z
1 __8 ) (102)
Qm l-I'O‘“)O

where Kg is defined by Eq. 57 and Zm is the wall impedance of mercury and is given by

Jop 1/2
_ o
zm—[c ] (103)

m

where L. is the conductivity of mercury which is 1.04 X 104 mhos/cm.
For the TE111 coaxial mode of the cavity used in this research, we find

Af = -60.6 ke

(104)
Qm = 22,1700
and for the TE011 coaxial mode,
Af = -93.0 ke
(105)

Qm =23,100

The loaded Q- the VSWR P, at resonance, and the ratio R of the transmitted
power to the absorbed power were measured with the mercury present. If the cavity is
overcoupled, we obtain, from the equivalent circuit of Fig. 3(b).

‘31

o= T+B6, 7B, (108)
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TR, e,

and

Q=

(107)
(178,78 *P) Q,

(108)
where Qo is the unloaded cavity Q, ﬁl and 62 are, respectively, the input and output
coupling coefficient, and ﬁm is the mercury coupling coefficient which is defined by

"

If we solve Egs. 106-109 for I31, |32, and Qo’ we obtain

(109)
Qu(1*e.)

°© 1-R-(Q/Q)(1*ry)

(110)
By = i (111)
1-R-(Qy/Q)(1+0)
and
_ R
2 1-R-(Q,/Q )1

(112)
Equations 110-112 were obtained under the assumption that the cavity is overcoupled
to the microwave source. If the cavity is undercoupled, these equations may be used if
the reciprocal of the measured VSWR is substituted for P, wherever it appears.

The microwave parameters presented in Table I were calculated from measure-
ments of Q,, Py and R, by using Eqs. 110-112.
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