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Errata for Plasma Dienostics, Technical Report 454,

J. Charles Ingraham and Sanborn C. Brown

Page 9 -

Page 10 -

Page 12 -

(a) Reverse the sign of the ight-hand sides of Eqs.

(18b).

(a) Reverse the sign of the right-hand side of Eq. (19).

(b) Third line from bottom o page: change L/R 4

to L/R> 4.

(a) Reverae the sign of the right-hand side of Eq. (22a).

(a) Reverse the sign of the left-hand side of Eq. (25).

(b) Line at bottom of page: change - () r , end
I vm Af A 1 1 , 1

( ) 2 to -) and (A) 

m A

+ v.P ·

Page 25 - (a) Second sentence in econd paragraph: change "...

with the plasma off, and with the plasma on, and

then adjusting ... , to read "... with the plasma

off, and then, with the plasma on, adjusting . "
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Abstract

This report is designed to provide a practical description of laboratory micro-

wave techniques for studying plasmas, as well as to mention briefly other techniques

that can be used in plasma studies.
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I. MICROWAVE PLASMA DIAGNOSTICS

1.1 THEORY

The diagnostics of a plasma utilizing electromagnetic radiation transmitted through

or emitted from a plasma can be discussed in terms of a simplified theoretical model

by employing Newton's second law for the motion of an "average" electron and Maxwell's

equations.

A plane electromagnetic wave of frequency w and propagation vector k can be

described by

-E -E ei(ct-k· r )
E=Eeo (1)

The propagation vector may have both a real and imaginary part if the wave propa-

gates in a lossy medium. The imaginary part gives the rate of damping of the wave, and

the real part is kr = 2rr/X, where X is the wavelength of the wave in the medium.

The equation of motion of an electron acted upon by this wave and also undergoing

collisions with surrounding gas atoms, with the use of Newton's second law, is

m dv+ mvmv -e -~ ei(w t-k r ) (2)

where m, -e, and vm are the electron mass, charge, and collision frequency with gas

atoms, respectively. The collisions act as a drag term, removing momentum induced

by the applied external fields. A typical value of vm is that of electrons in helium gas,

which for the electrons of temperatures greater than -12,000°K has a value independent

of temperature,l vm = 2.3 X 109 p sec , where p is the helium pressure in Torr.

If the amplitude of the electrons' resulting oscillatory motion is small compared

with the wave, or if the wave is of transverse polarization, (k Eo ) , the oscillatory

solution for v is

-e E ei(wt - kr
v = . (3a)

m(i+vm)

The induced oscillatory current density in an electron gas of density n is

J = n(-e) v. (3b)

This current density is substituted in Maxwell's equations (rationalized MKS units)

X E = - (4)

Jo at
VXH=J+E aE (5)o at

and the magnetic vector H eliminated to yield
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X (V XE) = - J . (6)
c

Under the assumptions that the electric field and current density are determined by

Eqs. 1 and 3b, and also that the wave is transversely polarized, we obtain

2
ne iwC 22- nelfL 

k E=- E+ 2 E. (7)
m(i0+Vm) c

For a nonzero solution for E to be possible, k2 must satisfy

2
2 nek2=A'2 (1- 2@P 2 + i . (8)

Here, we have set w = e By analogy with optical terminology, the quantity multi-
p mE

plying w2/c2 is the square of the complex index of refraction of the plasma. The quan-

tity cp is the electron plasma frequency which can be expressed as

w = 56.4 sec - 1 , (9)
P

where n is in units of m . It is seen from Eq. 8 that the relative sizes of wp, o, and

Vm determine the manner in which the plasma affects the propagation constant of the

wave. For instance, in a collisionless plasma with v = 0, the propagation vector is

purely imaginary for < wp and hence the wave cannot propagate in the plasma. A wave

externally incident on the plasma boundary suffers total reflection under this condition.

For cases in which w v + ) << 1 and vm < , the approximate expressionp 'mi m

k c

21
w

p v )
- i (10)

is obtained. This shows directly, upon substitution in Eq. 1, how the plasma frequency

and the collision frequency affect the wavelength and the damping of the electromagnetic

wave. If the plasma density goes to zero, the propagation constant, k, reduces to its

free-space value, w/c. Equation 10 also applies at high pressures where vm >>w, pro-

vided the condition 2 << w is satisfied.
p m

The proper expression for k , containing an average of v m(v) over a Maxwellian

velocity distribution of temperature T,

f= (2r) 3/e _mv /2kTf = T e

2
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is

kZ = a) i Y 3 i z 2 2 f (11)

to the electron energy. The correct averages of 1(w 2+ Vm or v /(w+ v over the

electron Maxwellian velocity distribution may be obtained in the following discussions

by multiplying these factors by2
1 m2 f 4 rv d r vv

kT m

wherever they appear and integrating over all electron speeds. For the case in which

vm is independent of velocity, Eq. 11 reduces to Eq. 8.

1.2 TRANSMISSION MEASUREMENT OF ELECTRON DENSITY AND

ELECTRON COLLISION FREQUENCY

An electromagnetic wave propagating through a tenuous plasma of length L, in which

the conditions wp (y+iw) 1 and either vm X (low pressures) ors << WV (high

pressures) are satisfied, suffers a change of phase

2
W

As, ~~= _(12)
c 2(v 2 + d)

and, provided there are no reflections, a fraction of the power

_2 k 2 2
2 W

p VL mL

1 TNIO ME 2F E D AND

P = e vm ) (13)
o

is transmitted.

Provided the plasma is tenuous and the transition from free space to plasma is not

too sharp, reflections will not be important. The electron density gradient that exists

at the boundary of any plasma helps to make the transition gradual. This transition will

be gradual for a tenuous plasma in which the dominant electron loss is by diffusion, pro-

vided the dimension of the plasma parallel to the direction of propagation of the wave is

large compared with the wavelength.

3
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NARROW DIMENSION

(a)

PLASMA TUBE WAVEGUIDE 

L ef fj

(b)

Fig. 1. Possible plasma tube and waveguide configurations for interfer-
ometric study of plasma.

For a plasma contained in a cylindrical glass tube of radius that is small compared

with the wavelength, reflections can be minimized when performing the interferomet-

ric measurement at microwave frequencies in a waveguide by inserting the tube into

the waveguide through openings in the broad face of the waveguide so that the tube

and waveguide axes make an angle of approximately 10 ° with each other. Figure la

is a diagram of such an arrangement. To prevent leakage of the microwave power

through the insertion openings, cylindrical brass tubing ("chokes") must be joined

smoothly to the waveguide surrounding the opening and must extend approximately

one free-space wavelength along the plasma tube. These chokes act as waveguides-

beyond-cutoff 2 to the microwave signal. If the larger transverse dimension of the

waveguide is "a", the inside diameter of the choke should be no greater than approx-

imately a/3. The plasma tube should be made of fused quarz for lowest loss, but Pyrex

tubing is satisfactory. Corning glass No. 7070 is a reasonable compromise between

these two. The effective length of the plasma is given roughly in Fig. la. A correction

factor n must be applied to Eqs. 12 and 13 to account for the fact that the plasma does

not fill the whole waveguide and for the altered wavelength, Xg, of the microwave sig-

nal as it propagates in the waveguide relative to the free-space wavelength, X. For the

lowest waveguide mode, X = The result of a first-order perturbation

/1 - (X/2a)2

calculation for the phase shift and transmission of a microwave signal through a tenuous

plasma that partially fills the waveguide is

2
po

2 = -0 (14)~c Leff

2(vZ+z)

4

_ I _�___��_I



and

2
po v

-? V - Leff

= e ) (15)P
o

where

2r x=a y=b n(x,y) 2g )xs=a 5 y=b n(x sin 7rx/a dxdy (16)
g -ab =o

and

2
2 noe
po mE 0

Here, n is the maximum electron density. The integration is over the waveguide cross

section, a and b being the broad and narrow dimensions, respectively. If the plasma is

uniform and fills the whole waveguide, reduces to X/Xg. For a plasma of radius R << a,

which is centered in the waveguide and in which the electron density is uniform, qr -

X/xg(Z/ab)(RR ). A typical value for qr in an experimental geometry such as is shown in

Fig. la is 0.2.

To insure that the plasma is tenuous to a microwave signal of 3000-Mc frequency in

the low-pressure case, where vm < w, we must require that w <w< , which with the use
11 -3of Eq. 9 give the result that the electron density must be much less than 10 cm , or

approximately less than or equal to 3 X 10 10 cm 3 . The minimum detectable density,

nmin, is determined by the minimum detectable phase shift, which typically will be

=0.02 radian. Thus, for Leff = 30 cm, q = 0.2, and a 3000-Mc probing signal, nmin,

from Eq. 14, is equal to 10 cm 3 . Figure lb shows an experimental arrangement

whereby Leff may be increased so as to further reduce nmin. A combined phase shift and

absorption measurement give both vm and the electron density.

An absorption measurement sensitive to a 1 per cent absorption, under the experi-

mental conditions just described, could detect an absorption at n = nmin, provided vm/W 

0.25. Thus, for gas pressures with v w, a more sensitive measurement of the elec-

tron density could be obtained from the absorption measurement, provided v were

known. At 3000 Mc, vm = w in helium gas at a pressure 8 Torr.

For high gas pressures with v >> w the experimental limitations are altered. At

1 atm pressure in helium and for a 3000-Mc signal, v / 100. The maximum electron

density consistent with the tenuous-plasma condition p \ 1- v w is n 3 X 1012 cm3
and the electron density corresponding to a 1 per cent absorption for eff =

and the electron density corresponding to a 1 per cent absorption for Leff = 30 cm and

5
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10 -3
= 0.2 is n = 3 X 10 cm . The phase shift at the maximum allowable electron density

under these conditions is only approximately 0.01 radian, and does not provide a useful

means of density measurement. Hence vm must be known if the electron density is to

be determined from an absorption measurement at high pressures. Measurements at

high pressures can be affected by absorption and phase change caused by the gas mole-

cules present. If this effect were large, of course, it might be utilized as a means of

identifying molecular species.

io--J r I-U I./I13.iLAiui 
CALIBRATED CALIBRATED
PHASE -SHIFTER ATTENUATOR

I MATCHED
I LOAD

I ELECTRONIC

DE

MICROAMMETER

RECTIFYING
CRYSTAL

DOUBLE- STUB TUNER

WAVEGUIDE TO
COAXIAL ADAPTER

FERRITE- SWITCH REPLACEMENT
FOR MAGIC TEE# 2

FROM PLASMA ARM

TO DETECTOR

SWITCHING FROM BALANCE ARM
SIGNAL

Fig. 2. Microwave interferometer. Inset: modification of bridge for absorption
measurements alone.

Figure 2 is a schematic diagram of a microwave interferometer bridge. The signal

is generated by a klystron oscillator and split into two equal parts, one part passing

through the plasma and the other part through a compensating arm that is adjusted so

as to introduce a phase shift and attenuation such that the signals when recombined pro-

duce a null reading on the microammeter detector. The difference between the null

settings of the phase shifter and attenuator when the plasma is off and when it is on,

equals the absorption and phase shift introduced by the plasma. It is important that

reflections from the plasma be negligible in order that a true absorption be measured.

The slotted section shown immediately preceding the plasma tube can be used to moni-

tor the standing-wave ratio, because of reflections from the plasma. Measurements

on the behavior of a time-variant plasma can be made by replacing the microammeters

6
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by an oscilloscope.

The magic tee is a four-port waveguide component that divides the microwave power

entering it equally between the two exit arms, or that recombines two signals entering

the appropriate pair of its arms and sends half of each signal into each of the other two

arms. The isolators are used so as to allow the microwave radiation to propagate only

in one direction in the waveguide, thereby minimizing leakage of the microwave signal

between the arms of the bridge and effects arising from reflections from the plasma.

In order to increase the sensitivity, the klystron power can be square-wave modu-

lated and the microammeter replaced by a synchronous detector, which is sensitive

only to signals having the phase and frequency corresponding to the klystron modulation

signal. These detectors are commercially available. They are of considerably greater

importance when applied to the measurement of very low power signals such as are

encountered in measuring the microwave emission from the plasma itself, as discussed

below.

When only plasma absorption is to be measured an increase in convenience can be

obtained by replacing magic tee No. 2 of Fig. 2 (see Fig. 2 insert) by a four-port ferrite

switch. This switch send the signals from the two bridge arms alternately into the

detector arm so that an accurate balance of the plasma absorption, independent of phase

shift, may be obtained by using a synchronous detector or oscilloscope. As discussed

below, the power isolation between the arms of the ferrite switch must be at least 25 db

(roughly a factor of 300).

Higher frequency microwave signals can be used to study higher electron densities,

but this requires either that the plasma tube radius be smaller because the waveguide

dimensions are smaller, or that microwave radiation be propagated through a free-space

plasma, in which case microwave horns (waveguide-to-free-space transitions) must be

employed.

Analogous measurements for higher electron densities have been developed at infra-

red 3 and optical frequencies. 4

1.3 MICROWAVE CAVITY MEASUREMENT OF ELECTRON DENSITY AND

COLLISION FREQUENCY

a. Relation between Cavity Resonance Parameters and the Electron Density

and Collision Frequency

The use of resonant microwave cavities 2 for electron density measurements has

been thoroughly discussed. 5 - 7 The resonant frequency f and the quality factor Q are

the two quantities characterizing a particular cavity resonance. The resonant frequency

is a function of the cavity dimensions and the configuration or "mode" of the electro-

magnetic fields associated with the resonance within the cavity. The Q of a particular

resonance is f/Af, where Af is the full width at half-maximum of the power transmis-

sion curve of the cavity plotted as a function of frequency. Expressed in terms of the

7



cavity parameters, Q is equal to 27r times the ratio of energy of the electromagnetic

field within the cavity divided by the energy lost per second, because of resistive losses

arising from the currents induced in the cavity walls and in any medium within the

cavity and coupling of energy out of the cavity into the external load. The unloaded Q

of a cavity resonance, Q', depends only on the losses at the cavity walls and the reso-

nance mode. Typical values of Qo range from 104 to 3 X 10 for brass cavity walls, and

are approximately a factor of two larger for silver-plated cavity walls.

A plasma placed inside a microwave cavity introduces a change in f and Q. The

effects of the induced electron current J = n(-e) v (Eq. 3b) are conveniently included

in the plasma index of refraction, ,u, which, from Eq. 8, is seen to be given by

2

2 P
2= - 2 Z

v m

,1 (17)

where the appropriate average of the collision frequency vm over the electron velocity

distribution may be included by the means described following Eq. 11.

The change of Q of a resonance of a cavity into which a medium of index of refrac-

tion, p., is introduced is given by

f1 1
2 ] Eo Eo dV

f]E dV

(18a)

V/| f PEo 2o dV\

2+Vrn e fEo EdV/ for a plasma

and the fractional shift in resonant frequency is

Af 1 ([42]R-1) Eo o dV

fo 2f ([ .'E dV
0 0

/ I' i~p~o d (18b)
_w p o 

2 2+v 2 fI Eo dV

where the subscripts I and R refer to the imaginary and real parts of L , respectively,

E° is the electric field of the cavity mode corresponding to f that exists in the absence

of the medium, and the integration extends over the cavity volume. Because the unper-

turbed field, Eo , is used in this expression, it constitutes a first-order perturbation

calculation of the frequency-shift, and therefore is valid only for plasma sufficiently

8



tenuous that the fields are not greatly changed by the plasma so that A f/fo << 1. For a

plasma, it is seen from Eqs. 17 and 18 that

A -2 Vm f (19)Q w ff

The Q of a plasma-filled cavity is given by

1 = 1 + ( 1 ) (20)

where Qe is the empty-cavity Q. It is seen from Eqs. 18 and 19 that a measurement of

the resonance width and shift will yield the electron density and the collision frequency.

Furthermore, from Eq. 18b, it is seen that if vm is known or negligibly small, the elec-

tron density can be determined from Af/f alone.

MAGNETIC COAXIAL
COUPLING (SCHEMATIC)

CYLINDRICAL CAVITY

R MICROWAVE CHOKE

, PLASMA

_ _ _ _ - _ _ _ _ _ T <~- _

_1=0

-=O

ELECTRIC COAXIAL
COUPLING (SCHEMATIC)

Fig. 3. Diagram showing typical plasma tube and microwave cavity
configurations for microwave cavity study of plasma.

A typical microwave density measurement of electron density might involve the

plasma and cavity arrangement shown in Fig. 3. As in the case of the microwave inter-

ferometer, the plasma tube should be made of thin-walled quartz so as to minimize per-

turbation of the cavity resonance. The effect of the tube wall on the frequency shift can

be included in Eq. 18 but, for experimental conditions in which the first-order perturba-

tion expression is valid, this introduces a constant shift in frequency and does not change

the proportionality factor between Aw and the electron density (2). Another effect is

that resulting from the holes in the cavity face because of the plasma tube. This effect

can be accounted for. 8 For a ratio L/R < 4 (see Fig. 3) the error introduced is less than

10 per cent.

The plasma radius R should be between 0.1 R and 0.2 R for satisfactory results.

9
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Coaxial coupling into and out of the cavity is accomplished, as shown schematically on

Fig. 3, by using a loop for magnetic coupling which has its plane oriented perpendicular

to the cavity magnetic field at the loop position, or a probe for electric coupling which

is oriented parallel to the cavity electric field at the probe position. Waveguide-to-

cavity coupling are also possible.

The following discussion is specialized to the geometry of Fig. 3. It is convenient

to introduce a dimensionless form factor

n(x, y) _ 
' yE E dV
n o oS __= ,0 (21)

E E dV

where no is the maximum electron density, so that we may now write

2

Af 1 Po
f 2 2 2 (22a)0 W+Vo a+ v

m

and

2
w
Po 1 m (2Zb)

Q =-c2+ W v
m

The form factor rl then depends on the magnitude of the cavity electric field for the cav-

ity mode that is being considered in the region of the plasma.

Biondi and Brown 5 found that with the type of arrangement in Fig. 3 low electron

densities could be measured by using the TMO 1 0 mode of cavity. This "transverse mag-

netic" mode has an electric field only in the z-direction (parallel to the cavity axis), E =

Ezo J0 o(-), where Jo is the Bessel function of zero order, and Jo(2.4) = O. The mag-
0

netic field is only in the 0 (azimuthal) direction, and hence the magnetic coaxial-coupling

loop, as shown in Fig. 3, is oriented properly for coupling to this mode. Because the

electric field is large near the cavity axis where the plasma is situated, this mode is

sensitive to small electron densities. The TMO2 0 mode which has Ez= EzoJO (55.52r)
0

where Jo(5. 5 2 ) = 0, is also useful for measuring low electron densities, and can be

extended to slightly higher electron densities than the TM010 because its resonant

frequency is higher.

In Fig. 4 are plotted values of l for these two modes as a function of plasma radius,

R, divided by the cavity radius, Ro . The -values are given for two types of electron

spatial distributions within the plasma tube: n = no Jo\ R which occurs at lower pres-

sures when electron loss is due to diffusion; and n = no = constant which occurs at higher

pressures or electron densities for which electron loss is due to attachment or

10
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Fig. 4. Semilogarithmic plots of the form factor l as a function of
plasma radius divided by cavity radius for TE 0 1 1, TM020,

and TM 0 1 0 cavity modes. The electron density is assumed

to be distributed according to n/n o = J 0 (2.4r/R) for one

case, and to be constant over the tube radius for the other
case.

recombination. The perturbation theory gives good agreement with the exact theory for

these two modes,7' 9 roughly up to a density corresponding to

2
Po

2 1. (23)
+Vm

When using the TM02 0 mode for electron-density measurement a ratio of 2Ro/L= 1.8

causes all other cavity-mode frequencies to be sufficiently removed from the TMO2 0 res-

onant frequency. Alternatively, mode filters may be incorporated into the cavity to sup-

press the undesirable modes. Wire mesh placed within the cavity will suppress modes

whose electric vectors are parallel to the wire. As will be discussed in connection with

the TE 0 1 1 mode, slits in the cavity wall suppress modes whose magnetic vector at the

11
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wall is parallel to the slits.

For the measurement of higher electron densities the transverse electric mode,

TE01 can be used. The electric field for this mode is E = Eo J1 3.83r)sin L 

where J 1 (0) = J 1 (3.83) = 0. Because this mode has a small electric field in the plasma

region, and the electric field is everywhere perpendicular to the electron density gradi-
9

ents (assumed to be only in the radial direction), the first-order perturbation expres-

sion has been found to be in good agreement with the exact theory up to values of the

electron density corresponding to

2
o

po
= 10. (24)

m

The coupling to this mode is achieved by rotating the magnetic loop of Fig. 3 90 ° so that

it is parallel to the end walls of the cavity. This mode is degenerate with the TM 1 11

mode which generally invalidates the perturbation theory. The presence of the quartz

plasma tube acts to remove this degeneracy, however. To properly suppress the TM1 11

mode (as well as all other TM modes), azimuthal slots should be cut in the cylindrical

wall of the cavity.

The minimum electron density that is measurable is limited by the width of the cav-

tity resonance. That is, the higher the cavity Q the smaller is the minimum measurable

electron density. The minimum measurable frequency shift will be approximately

/Af 1 (1 ) 1 + ) (25)

)min ( e plasm (25)

Generally, in the low electron density limit 1/Q = 1/Q e . In this case, the smallest elec-

tron densities are measured when the coupling of the cavity to the external circuit is

made as weak as possible so as to maximize the loaded Q of the cavity. In Table 1 are

given the minimum and maximum measurable electron densities for the three cavity

modes, where the maximum density is calculated by using either Eqs. 23 or 24, under

the assumption that vm/ << 1, and the minimum density is calculated by using Eq. 25,

under the assumption that Q = 10 . The cavity is assumed to have a radius R o = 6.25 cm,

a length of 10 cm, and the plasma radius is taken as R = 1 cm with the electron density

given by n = n Jo ( 'r). By silver-plating the cavity walls and taking careful meas-

urements, the minimum measurable density given in Table 1 can be reduced an order of

magnitude further.

At higher pressures at which Vm becomes comparable with w, accurate measurement

of the cavity frequency shift becomes impossible. At higher pressures, Q Q +A

(~-). A measurable frequency shift, according to Eq. 25, must satisfy the inequality
~~~ ~~(Qf-~) ) 2 Q ~ (Q)- BuV

-I I B 1 - s 
_f0 1 1 1 A( .But, from Eq. 19, (A)= -2 so that the inequality

12
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Af m f
reduces to - f -. fy, thereby showing that the frequency shift method is not use-

O O

ful unless v < o. In such cases as this measurement of the cavity Q is necessary,

which, when combined with an independently determined value of vm, is sufficient to

determine the electron density. For example, taking helium at 1 atm pressure, as we

did above, and using the resonant cavity presented in Table 1, we may compute the

ranges of measurable electron densities for the three cavity modes from a measurement

of A(Q). The minimum measurable electron density will be approximately determined

by the condition

Q . - __ &(26)
Q )min Qo'

and Eq. 22b, and the maximum measurable electron density by conditions analogous to

Eqs. 23 and 24.

Vm PO)max
X 2 2 (27a)

m

for the TM010 and TM2 0 modes, and

m max
V max= =10 (27b)

v +c
m

for the TEO1 1 mode. These last conditions have not been justified by a comparison with

the exact theory as were Eqs. 23 and 24, but are of the proper order of magnitude.

Table 2 gives a tabulation of these results, under the assumptions that Qo = 104 and the

electron density is distributed uniformly across the plasma. The plasma radius is

assumed to be R = 0.625 cm so that R/Ro = 0.1. It is seen that the range of measurable

electron densities in Table 2 relative to those in Table 1 is shifted upward by roughly a

factor of the ratio vm/cw evaluated at the high pressure.

This method for measuring electron density depends on a knowledge of vm by some

independent means, and, if vm depends on electron velocity, the electron temperature

must be known, too, so that the proper average over the electron velocity distribution

may be computed.

b. Experimental Methods for Measurement of Af/fo and A(1/Q)

of a Resonant Cavity

In the following discussion we shall describe the experimental methods for measure-

ment of Af/fo and (1/Q). The measurement of fractional shift in resonant frequency,

14
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Af/f o , is the more straightforward of the two measurements, and is a useful diagnostic

tool at lower gas pressures. The measurement principle involves measuring the cavity

resonant frequency with and without the plasma, which is done by determining the fre-

quency for which the power transmitted through the cavity is a maximum or the power

reflected from the cavity back toward the signal generator is a minimum.

REFLECTION MEASUREMENT
OF RESONANT FREQUENCY

TO OSCILLOSCOPE

MICROAMMETER
RECTIFYING I I

CRYSTAL

DOUBLE -STUB
TUNER I RECTIFYING 

TUNER I ~~CRYSTAL
KLYTRON 1 1 j CRYSTAL TO OSCILLOSCOPE

KLYSTRON i IOA RII DOUBLE-STUB I
POWER ISOLATOR DTUNER
SUPPLY I

COAXIALI II
LINE L - - MOVEABLE I

10 dB I PROBE I PLASMA
DIRECTIONAL PICK-U I P RECTIFYING

COUPLER RYTAL I

ISOLATOR LEVEL SET CALIBRATED O ISOLATOR SLOTTED I ISOLATOR
KLYSTRON ATTENUATOR ATTENUATOR CAVITY SECTION RESONANT I DOUBLE -STUB 

WAVEMETER L I CAVITY TUNER

STANDING -WAVE RATIO TRANSMISSION MEASUREMENT
MEASUREMENT OF Q OF RESONANT FREQUENCY

Fig. 5. Microwave resonant cavity circuit for measurement of Q
and resonant frequency of a cavity resonance.

Figure 5 shows a typical coaxial-line microwave circuit suitable for making either

a transmission or reflection measurement of the resonant frequency. The appropriate

components for the two measurements are indicated in the diagram. It is important that

isolators be employed in the input and output transmission lines to the cavity so that

external-circuit reflections cannot perturb the cavity resonance. The reflection meas-

urement has the advantage that it requires only one coupling into the cavity, whereas the

transmission measurement has the advantage that it receives a signal only in the imme-

diate neighborhood of the resonance and, as a result, is slightly more sensitive. Both

types of measurement on either a steady-state or transient plasma are conveniently

carried out by modulating the klystron reflector voltage which so modulates the klystron

frequency that the frequency is swept across the cavity resonance. The oscilloscope

trace, which should be triggered synchronously with the klystron modulation will display

a dip or rise as the klystron frequency passes through the cavity resonance. The fre-

quency of this resonance is determined by the cavity wavemeter (Fig. 5) whose absorp-

tion frequency has been calibrated and is variable. The absorption of the wavemeter will

also be displayed on the oscilloscope trace and may be moved by adjusting the wavemeter

until it is coincident with the cavity resonance, at which point the two frequencies are

equal. If this technique is applied to a repetitively pulsed plasma, the klystron modulation

15
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must also be synchronized with the plasma pulsing rate.

Rose and Brown discuss in some detail the theory and method of measurement of

(A') defined in Eq. 18a through measurement of the standing-wave ratio in the

transmission-line coupling into the cavity. They discuss the measurement in terms of

the equivalent conductance, gd' of the plasma or discharge, which is

=g Ba .Q-'(28)gd

where p is the coupling coefficient between the transmission line and the cavity, which

must also be determined. The method for measurement of the standing-wave ratio and

the means by which A- is determined from the measurement will be described here,

but the detailed theory will not be presented.

Standing-wave-ratio measurements should be made with the transmission measure-

ment circuit shown in Fig. 5 disconnected to minimize complication. The klystron oper-

ates at a fixed frequency during each standing-wave-ratio measurement. In the trans-

mission line which couples power into the cavity there will also be a wave reflected from

the cavity traveling to the left. The combination of the incident and reflected waves

gives rise to a standing wave in the transmission line. Thus, as the movable probe

pickup is moved along the slotted section, the microammeter deflection will vary between

a maximum and minimum value. A quantitative measurement of the ratio of these two

values is made by re-adjusting the calibrated power attenuator when the probe is at a

position corresponding to a minimum so that the microammeter reading is the same as

it was when the probe was at a position corresponding to a maximum. The difference in

the power attenuator reading in decibels (db) is the power standing-wave ratio in db, R.

R is related to the voltage standing-wave ratio, R (not in db), by the usual equation

R = 20 log1 0 Rv. (29)

Such a measurement could be made on a repetitively pulsed plasma by replacing the

0

z:E

o0
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0

0z

0
z
0iZ

0Z

Ct

6

Xo WAVELENGTH X o WAVELENGTH X

UNDERCOUPLED OVERCOUPLED

Fig. 6. The variation of position of a voltage minimum as the klystron fre-
quency is varied across the cavity resonance. Slope of the dotted
lines is due to the change in the wavelength in the transmission line.
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microammeter with an oscilloscope. Furthermore, by pulsing the klystron only for a

short time during the plasma cycle at the time when the measurement was to be made,

the accuracy of measurement could be increased. Equivalently, a marker generator

could be used to indicate the time on the oscilloscope trace at which the measurement

was being made.

One further measurement must be described. That is the determination of whether

the cavity is undercoupled or overcoupled to the transmission line. The coupling is

increased, for instance, by increasing the depth to which the coupling loop extends into

the cavity volume. The distinction between undercoupling or overcoupling is made by

varying the klystron frequency in stepwise fashion across the cavity resonance while

adjusting the position of the probe pickup so that it remains at the position of a given

voltage minimum. The positional behavior of a voltage minimum for the two cases is

illustrated in Fig. 6.

The next step is to describe the particular standing-wave-ratio measurements that

are to be made. The basic idea is that the fraction of incident power that is reflected

from the cavity at resonance is a direct function of the conductance of the cavity and

any medium within the cavity. Thus such a measurement made with and without the

plasma yields sufficient information to determine (, provided is known and losses

in the coupling unit connecting transmission line and cavity can be corrected for.

The resonance curve of the cavity without the plasma must first be measured. Fig-

ure 7 shows a typical experimental resonance curve and on it are defined three power

0I-

w

4CrWC,

0
2

4)

Xo WAVELENGTH X

Fig. 7. Typical experimental resonance curve.

standing-wave-ratios that are to be measured: Ro, the ratio at resonance; Roo, the

ratio very far from resonance (if losses in the coupling loop are negligible, R o );

and Rh , the ratio at the wavelength = ± -, where

17

"0

_ II I -- ---------- I'~~~~~- �_1.._1--·�1� 1 -I -



4 L

i -r LiL

I-, .t

Ir= 
si!- -1

[l I:~:t

:
i

. ' . .. ..L 
!A

.+ " .

- -Il t-- tE !,

TiiI
rt u. I

L,- -' 7k-sj

'-, -
'XI- ~

2e8. i
26

22.
2--20L -

.+I ...

3 ,__ -i .i_ i:

. 11

, 
_I !i 

I
4 6 8

Rodb

I2

10 12 16

44

42

43

3R

Rhdb

R $

18 20 22 24 26 28 30 32
Rodb

34

32

30

28

26

94

I I

_42"

,i"

.:1

ttI l i

1; . I 

1 37

-..-35-

Li7tt

t

'- i

1- ta, .', tt

b-

$.

-
I

F
4 ~ r~4:T
:_.

Fig. 8. Standing-wave ratio, R h db, as a function of standing-wave
ratio on resonance.

18

32 34 36 38 40 42 44 46 48
Ro db

- 30-

.... 2 7-

'26-
25-

.23-

1, -,

22

20

io

Rhdb

16

14

12

.11
"0 2

Rh db

24[

Ia

16

I .
~::

iL

..
il

I~r~

1

":~lz

....
fl

Tt~j

n-.

P�
t0�
...
� : 1 '.. .

.

R

Ii_ . II
1: .- .I 

i, L

II

i _i
<Hi 

I

a)

''

::ttiLI:Rt

lz
I

Du

l___l'

...........I

Y---r

I? i

I;i 

_1 - ,I 

_11

; E i. 

-I

I-r
..;4~

_-W__

�; _ � I -

' T �j .

f tl
i

17' ·

:i---

11~ 7: -7

t + -+ 

1-

LL·-:·
i]41-:l· l "

or

II1t
··

I

3z1

1 .....
Lk

. . .:iwrlr le
I 'L I_- i-

t', '-



(30)
X f

O 0O
QL: AX - Af'

and QL is the loaded Q of the cavity. The purpose of these three measurements is to

determine the empty-cavity equivalent conductance, g, the coupling coefficient, , and

to correct for losses in the coupling circuit (Roo O).

The procedure is to measure Ro and R, and at the same time determine whether

the cavity is overcoupled or undercoupled. By convention, R is taken to be negative

if the cavity is undercoupled. That is, if R were measured as 15 db and the cavity

were undercoupled, then it would be taken to be -15 db. From Fig. 8, Rh is then deter-

mined. With Rh known, the frequencies at which Rh occurs on the resonance curve can

be determined experimentally, and thus AX can be determined. From Eq. 30 QL is then

determined. Referring to Fig. 9, it is then possible to determine the coupling coefficient P.

From Fig. 10 the conductance of the cavity, g'c, is also determined. The plasma is now

turned on and the standing-wave ratio at resonance is again measured. It is also neces-

sary to determine whether the cavity is overcoupled or undercoupled for this case.

Referring to Fig. 10, the total conductance of the cavity plus the plasma, g'T=gc g d' is

determined, and gd is found by subtracting g'c from g'T. The coupling coefficient is

unchanged by the presence of the plasma, so that (A) is determined immediately from
(A Q sdeemnd meiteyfo

oJ
7.01

601

-20 -18 -16 -14 -12 -10 -8
Rodb

OL

Ro db

Ro db

Fig. 9. Ratio of to loaded Q
ratio on resonance.

plotted as a function of standing-wave
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Eq. 28. The plasma tends to cause the cavity to be undercoupled. It is therefore best to

begin with the empty cavity overcoupled with R = +10 db, so that it will not be too

greatly undercoupled when the plasma is introduced.

Gould and Brownll have described another method for measurement of the dis-

charge admittance which involves a more complicated experimental arrangement, but

the measurement itself is more simple and direct to carry out.

In some cases 12 it has been found useful to operate the cavity in two noninteracting

modes simultaneously, one mode being used to produce the plasma by microwave break-

down and the other mode to study the plasma. In all microwave studies of plasma it is

essential that the probing signal not heat the plasma electrons significantly. This problem

is most serious in the afterglow of a plasma where the electron temperature is near the

gas temperature. The condition that the microwave heating be negligible requires that

rate of microwave energy absorption by an electron be small compared with the rate of

energy loss by the electrons, because of elastic recoil collisions,

2E2
<-e aveag e m 2m -T )
eE). time average 2m(v 2 + 2) < M-Vm2 (TeT

+w g

where m is the electron mass, M is the gas-atom mass, k is Boltzmann's constant, and
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T and T are the electron and gas temperatures, respectively. For a rectangular

waveguide of lateral dimensions a and b, in which P watts of power are propagating in

the lowest waveguide mode, the electric field at the waveguide center is2

X
E2 g (31)

max = 6.63 X10 4 ab k '

where Ema x is in volts/cm, and a and b are in cm. For a resonant cavity, remem-

bering the definition of the loaded Q as 2r times the ratio of stored energy to energy

dissipated per cycle, we see that the power flow into the cavity per second must satisfy

the relation

EE 2

Energy stored o oVW

p Q Z 2Q

which can be conveniently rewritten as

2 120QPX (32)
E =

o V

with Eo in volts/cm, X in cm, and V the cavity volume in cm 3 . In this equation Eo repre-

sents a time-and-space average electric field within the cavity. More sensitive detection

techniques, which will be outlined below, can be employed if lower-level microwave

signals need to be employed.

Substantial portions of the cavity walls may be removed1 3 without greatly disturbing

the resonance properties, provided this removal does not act to suppress the mode

according to the above-mentioned criteria. This allows greater freedom in the manner

in which the plasma is introduced into the cavity.

1. 4 THERMAL RADIATION MEASUREMENT OF ELECTRON TEMPERATURE

The emission of radiation from a perfectly absorbing and nonreflecting body into

free space has a spectrum that is characteristic of the temperature of the body. In the

long-wavelength limit where photon energies are much less than the thermal energy kT,

the specific intensity is

If = cy2 lIX(33)
kT watts. steradian 

\cyle' steradian

where If is the power emitted per frequency interval from unit area of the emitting sur-

face into unit solid angle, X is the wavelength, and kT is in joules. This expression is

derived by requiring that the spectrum be the same as that of electromagnetic radiation

in thermal equilibrium in a three-dimensional reflecting enclosure.

The analogous one-dimensional problem for a perfectly absorbing nonreflecting body
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in a waveguide may be solved to obtain for the radiated power flow per frequency inter-

val in one direction in the waveguidel4

wattsP =kT watts (34)
(cycle/sec)

Comparing Eqs. 33 and 34, we see that Pf is equal to the power emitted from an area,

X , of a body in free space into 1 steradian of solid angle.

If the waveguide-contained radiating body is not completely absorbing, but absorbs

only a fraction, A, of radiation propagated through it, reflects a fraction, r, and trans-

mits a fraction, t, it can be shown that it emits an amount of power in this same prop-

agation direction,

Pf = A kT = (-t-r)kT. (35)

This expression follows immediately if one requires that such a body emit as much

energy per second as it absorbs when placed in a waveguide between two ideal radiators

having its temperature.

At microwave frequencies the emission from a plasma is due only to the electrons

to a good approximation. This radiation is due to the accelerations undergone by the

electrons in collisions (Bremsstrahlung), or as they orbit in a magnetic field (cyclotron

radiation). If the electrons have a Maxwellian distribution of velocities at a tempera-

ture T, the microwave emission from the plasma will be characteristic of the electron

temperature according to Eq. 35. Thus, a measurement of the plasma emission, trans-

mission, and reflection can yield the electron temperature. In practice, if reflections

Fig. 11. Microwave bridge circuit, balanced crystal-mixer detector, and
synchronous detector for measurement of electron temperature.
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are negligible, the temperature measurement can be accomplished in a single null

measurement by using the microwave bridge circuit shown in Fig. 11. Many of the wave-

guide components have already been described. The noise standards are DC electrical

gas discharges and, as with the plasma tube (see Fig. la and lb), should be inserted

through the broad face of the waveguide at an angle of from 6 to 10 ° with respect to the

waveguide axis. The noise standards have been previously calibrated by using a heated

matched load as a standard. Typical noise temperatures are 18, 000°K for a neon dis-

charge, and 12, 000°K for an argon discharge. Noise standard A may be augmented by

amplifying its radiation with a traveling-wave amplifier. The IF amplifier will have,

typically, a 10-Mc bandwidth centered at 30 Mc with a gain of 80 db. This amplifier

selects that part of the radiation from the plasma and noise standards which is centered

at 30 Mc on either side of the klystron local-oscillator frequency. The switching signal

to the ferrite switch is also used as a synchronous reference signal to the synchronous

detector so that it amplifies only that component of the IF amplifier output having the

proper envelope. The synchronous-detector signal is thus proportional to the difference

between the signals of the two arms of the bridge so that a null measurement can be made.

The measurement of the steady-state electron temperatures proceeds as follows.

With only noise standard A on, the bridge is balanced by adjusting the balancing atten-

uator. Noise standard B is then turned on, and the calibrated attenuator adjusted until

a balance is achieved. At this setting, the power from noise standard A traveling in

either arm of the bridge is determined and corresponds to the temperature of noise

standard B. Noise standard B is then turned off, and the plasma turned on. The cali-

brated attenuator is readjusted to again achieve a null. At this null, the power flow in

the balance arm equals the power flow in the plasma arm in the frequency range that is

being detected:

kTS = t kTSff + (1-t)kTp (36)

where reflections are assumed to be negligible, kT S is the effective power flow from
eff

the standard in the arms of the bridge as determined by the calibrated attenuator setting,

Tp is the plasma temperature, and t is the plasma transmission.. Equation 36 requires

that Tp = T independent of t, so that Tp is determined in a single measurement.
p Seff

When making temperature measurements near room temperature, the radiation from

the calibrated attenuator must also be included. For example, if kTS is the power flow
o

leaving noise standard A and the calibrated attenuator is set at an attenuation A and has

a temperature T R, then kTS = (1-A)kT S +AkT R . This type of experimental arrange-
eff S

ment can detect temperature changes of 5K in a perfect radiator. The sensitivity is

reduced in proportion to (l-t) if the body is not a perfect radiator. (1It)

If reflections from the plasma are important, at the null point T = T
(1l-t-r) Sf
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so that Tp can still be determined if r, the power reflection coefficient, and t, the

transmission coefficient, can be measured. r can be determined from a standing-wave-

ratio measurement, at the point between noise standard B and the plasma. The trans-

mission t can be determined by using this bridge to make an absorption measurement on

the plasma, as described in section 1.2.

For this type of measurement to be effective, the plasma must not reflect too

strongly (preferably not at all) and must absorb a sufficient fraction of power so that its

emission is large enough. These criteria are especially important if the electron tem-

peratures are only of the order of 1000 °K. The conditions that these criteria impose on

the plasma parameters have been discussed in section 1.2.

An alternative method of microwave measurement of electron temperature is the

reflection method. 14 This technique allows the determination of the electron tempera-

ture in a plasma from a single measurement, even for cases in which reflections from

the plasma boundaries are not negligible. In Fig. 12 such a microwave circuit is shown.

Also shown are the electronic components for the time-resolved measurement of the

MICROWAVE CIRCUIT

I-…1

I

i
i

iM
i
i

i

i
iI

Fig. 12. Microwave circuit for reflection measurement of electron
temperature and the electronic components that are neces-
sary for measurement of transient temperature variations.
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transient electron temperature of a repetitively pulsed plasma.

To apply the reflection technique successfully, it is necessary, as in the bridge-

temperature and bridge-attenuation measurements, to use a high-quality ferrite switch

that has 25-30 db power isolation between its various ports and is well matched to the

waveguide circuit. The criterion for good isolation between various ports is necessary

because any signal from the noise standard arm that leaks into the receiver arm through

one of the possible undesired paths adds coherently to the desired signal. For example,

the resultant signal for 25-db power isolation will still vary ±10 per cent as the rela-

tive phase of the two signals changes.

The two states of the ferrite switch are indicated by the circulating arrows in

Fig. 12. The measurement is made by first balancing the circuit with the plasma off, and

with the plasma on, and then adjusting the calibrated attenuator until a null is again

achieved. At the null, the effective noise standard power, kT S , which travels unat-
eff

tenuated to the receiver via the movable short arm, is equal to the sum of the plasma

emitted power, EkTp, plus that part of the standard power which is reflected from the

plasma arm into the receiver, rkTS , or in equation form,
eff

kT =T kTS +E kT , (37)
eff Seff + kTp

where E and r are the power-emission and power-reflection coefficients of the plasma

and reflecting-short configuration.

If in the plasma arm the only absorbing component is the plasma itself, the plasma

electron temperature is equal to the effective noise standard temperature, T , as
eff

determined by the calibrated attenuator. To see that this is the case, it is only

necessary to consider a plasma, wave-

SHORT WAVEGUIDE SHORT guide, and perfect radiator in the con-

9I kp- -figuration shown in Fig. 13. The plasma

rkTR kTR may be partly absorbing and partly

PLASMA PERFECT RADIATOR reflecting. When the plasma and radi-

ator are at the same temperature,

the power flow to the left must equal

the power flow to the right in each

Fig. 13. Plasma and perfect radiator in frequency interval (for Tp = TR):

waveguide. EkT + kT R = kT R (38)

which gives

c= 1- r (39)

for the emission coefficient of the plasma in terms of its reflection coefficient. Substi-

tuting Eq. 39 in Eq. 37, we find that T = TS , independent of the plasma reflections.
eff
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This method also allows greater freedom in the manner in which the plasma tube is

mounted in the waveguide.

Also shown in Fig. 12 are the electronic components necessary for measurements

of repetitive transient temperature behavior. The principle of the technique is to gate

the IF amplifier so that it samples the radiation from each arm of the reflection arrange-

ment for only a short time out of each cycle. The plasma is pulsed each time the ferrite

switch is in the state that allows plasma radiation to reach the receiver. The sampling

gate may be used to sample the electron temperature during either the build-up or decay

of the plasma. The gated output of the IF amplifier is converted by the pulse smoother

and stretcher to a square wave whose amplitude is proportional to the difference in the

signals sampled from the two arms of the microwave apparatus. This square-wave sig-

nal is fed into the synchronous amplifier, and a null reading is achieved by adjusting the

effective noise standard temperature with the calibrated attenuator. Manual adjustment

of the calibrated variable delay allows the study of the evolution of the electron tempera-

ture during and after the plasma pulse. Such a technique15 has been used to study the

electron temperature decay in the afterglow of a pulsed discharge in helium. The accu-

racy of measurement was ± 50°K. Greater sensitivity can be achieved by inserting a

low-noise amplifier, such as a parametric or traveling-wave amplifier, into the micro-

wave circuit between the balanced crystal mixer and the isolator. Part of the limitation

of the measurement accuracy is due to the slight variations of the discharge from pulse

to pulse.
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II. GENERAL PLASMA DIAGNOSTIC TECHNIQUES

We shall now discuss various plasma diagnostic techniques other than microwave

techniques. In contrast to that of the previous section the purpose of this section will be

only to survey these techniques and some of their limitations.

2.1 PLASMA PROBES

a. The Langmuir Probe and the Double Floating Probe

The Langmuir probel6 is in direct electrical contact with the plasma. By observing

the current flowing to the probe from the plasma as the probe potential is varied, the

electron temperature and density may be determined. When the probe potential is biased

positive with respect to the plasma potential, only electrons from the plasma are col-

lected and the current to the probe will be negative. Further increases in the probe

potential do not greatly change the current because it is limited to a value determined

by the random electron current in the plasma. As the potential is decreased, not all of

the electrons are able to reach the probe because of the potential barrier, the number
eV /kT

having sufficient energy to reach the probe being proportional to e p e, where V
p

is the probe potential, and Te the electron temperature. For probe potentials suffi-

ciently negative, the probe current has reversed sign, since only the ion current is now

collected.

The double floating probe17 is a modification of the Langmuir probe, whereby two

identical probes, separated by approximately 1 cm, are introduced into the plasma, and

the current flowing between them as a function of their potential difference is measured.

The double-probe configuration floats electrically with respect to the surrounding plasma,

in contrast to the single Langmuir probe. This is advantageous in certain cases, for

instance, when the plasma is produced by radiofrequency or microwave breakdown, and

the potential at any position in the plasma is not necessarily well defined.

Electronic methods of rapidly sweeping the probe potential through a complete cycle

have been developed to allow the study of transient plasma phenomena. Harp18 has given

such a circuit for the Langmuir probe, and Olsen and Skarsgaard, 1 9 using a double probe,

have studied a transient helium plasma.

Both single and double probes are useful only at lower pressures where the electron

and ion mean-free paths are large compared with the probe dimensions and with the

charge sheath between the probe surface and the neutral plasma. The sheath thickness is

of the order of the Debye length, ID, which is approximately TD 60 / cm, where T
-3

is the electron temperature in K, and n is the electron density in cm . For
-3 ~D

T = 104 °K and n = 1010 cm , d 2 0.06 cm. The electron mean-free path in helium is

approximately 05 cm, where p is the helium pressure in Torr. Hence, the use of the
P Chen20 has discussed probe theoryn2

probe above -Torr pressure is questionable. Chen has discussed probe theory and

experiment in detail. He includes a discussion of the effect of collisions and the feasibility
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of probe measurements at higher pressures.

b. RF Plasma Probes

Radiofrequency plasma probes may either take the form of a solenoid surrounding

the plasma tube or of a small coil or dipole that is immersed in the plasma. The former

method 2 1 involves the measurement of the change of impedance of the solenoid because

of the presence of the plasma, which can be related to plasma electron density and col-

lision frequency, v . This method can be applied for pressures vm >> , in which case the

solenoid can be calibrated by using an electrolyte solution of known conductivity. Similar

calibration procedures can be applied to a small coil that is immersed in the plasma.2 2 ' 23

Finally, a metallic probe immersed in the plasma exhibits a resonance in the collected

DC current when the applied frequency equals the electron plasma frequency. This last

method can be applied only when the electron collision frequency is much less than the

electron plasma frequency.

2.2 OPTICAL PLASMA DIAGNOSTICS

Measurement of the optical line spectra 2 5 emitted from a plasma can be used to

identify the various constituents of the plasma. At lower pressures these lines are

broadened by the thermal motion of the emitting particle (Doppler broadening) and by

the random electric-field fluctuations (Stark broadening) that are due to the fluctuating

charge density around the emitting particle. The Doppler broadening (for the lighter

atoms) can be used to determine the temperature of the emitting particles, and the Stark

broadening depends primarily on the electron density and only weakly on the electron

temperature. At higher pressures broadening effects caused by the perturbations on the

emitter of neighboring gas atoms make such line-shape measurements unpractical.

Measurement of the absolute intensity of spectral lines and the absolute intensity of

the continuum emission are two techniques that can be used to determine electron density.

The relative intensities of spectral lines or the ratio of the line intensity to the adjacent

intensity of the continuum emission can be used to determine electron temperature.

These types of measurement generally require that the system be in local thermody-

namic equilibrium. That is, that all particle constituents be at the same temperature,

and the excited states be populated in a thermal-equilibrium distribution. For the last
requirement to be satisfied, the electron density must be sufficiently high that the col-

lisional depopulation rate of the excited states greatly exceeds the rate of radiational

depopulation. In the presence of a large neutral particle concentration in the plasma,

the condition of local thermodynamic equilibrium may be difficult to satisfy.

The optical continuum emission, in addition to Bremsstrahlung radiation, is due to

radiation arising from the capture of free electrons into various excited states of the

atoms and ions. The recombination continuum corresponding to a given state in which

an electron is captured is distinguished by the presence of a low-frequency cutoff edge
26

corresponding to the capture of a zero-energy free electron. McWhirter has used the

28

r I --_-



frequency dependence of the continuum near these cutoff edges to determine electron

temperature in a highly ionized hydrogen plasma.

Measurement of excited-state and ground-state densities is effected by measuring

the absorption of a certain frequency line that is transmitted from an external source

through the plasma and experiences a resonant absorption by the particle whose density

is to be measured. This technique is applicable only when the emission of this same line

from the plasma itself does not mask the absorption, as in the afterglow of a pulsed

plasma. 2 7 The external source is a gas-discharge run in the same mixture of gases

as the plasma that is being studied. Determination of absolute densities requires knowl-

edge of the relative line shapes of the emitting and absorbing media (this problem is

eliminated if the plasma tubes and plasmas are identical) and of the cross section for

absorption. 2 8 Determination of relative changes of density of a given species does not

require this additional information.

2.3 OTHER TECHNIQUES

Some other techniques that might be suitable for plasma diagnostics will be men-

tioned, along with appropriate references.

The velocities of propagation of acoustic waves 2 9 or of ion-acoustic waves are char-

acteristic of the neutral-gas and the electron temperatures, respectively. It is also

necessary to know the specific-heat ratio in interpreting the acoustic wave velocity,

which may be difficult if complex gas molecules are present. At frequencies of the

order of the ion-atom collision frequency the ion-acoustic wave and neutral-acoustic

wave couple strongly, 30 thereby making interpretation difficult.

For the determination of the neutral or charged species identity the following meth-

ods might be employed: time-of-flight or magnetic mass spectrometry; molecular res-
onances 31,34 at radio and infrared frequencies; ion cyclotron resonance absorption3 2

(applicable only for low charge densities and pressures); and titration 3 3 of a flowing

plasma by admitting a measured flow of gas to the plasma flow.
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