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A simple waveguide arrangement has been developed for the study of microwave absorption and emission from
a magnetized afterglow plasma column. The time and frequency resolved measurements are performed by a sam-
pling radiometer. A comparison and null technique permits the direct measurement of the electron temperature.
Continuous plots of the temperature vs frequency, magnetic field, and afterglow time are made possible by means
of a servoloop. The width of the emission or absorption spectrum in the range of upper hybrid frequencies is used
to derive the electron density which, together with the temperature measurement, allows a more complete analysis

of the plasma decay.

INTRODUCTION

ICROWAVE radiometers have been used for a
number of years to measure noise emission in
transient processes.! Their basic design goes back to
Dicke’s switched radiometer? which compares the unknown
noise signal with a calibrated reference noise signal. The
measurement is made by adjusting the reference signal to
equal the unknown signal to yield zero radiometer output.
This null technique has been retained in a sampling radiom-
eter, while the simple alternate switching from test to
reference source has been modified to short duration
sampling of both sources. The sampling is performed by
gating one of the radiometer’s amplifier stages, typically
an if. stage.

Most of the time gated radiometers still use a ferrite
switch at the input since the test channel and the reference
channel are physically separated. However, in the present
case the transient noise signal and a gated reference signal
have been separated in time so that by using a suitable
waveguide setup both signals are measured in a single
channel, eliminating the need for a ferrite switch and there-
by simplifying the instrumentation and improving the
receiver’s noise figure by the insertion loss of the switch.

The noise sampling and comparison technique was
developed mainly for the measurement of the radiation
temperature in a partially reflecting plasma. However,
with minor modifications in the waveguide system and the
reference signals, the method proved to be applicable for
a number of other measurements. These include the
emitted noise power, the power absorption coefficient, the
power reflection coefficient, and, using standard slotted
line techniques, the complex scattering parameters of the
plasma column in the waveguide.

The plasma column passes through the waveguide in
such a way that the incident electromagnetic waves

. 'D. Formato and A. Gilardini, Proc. Fourth Int. Conf. Ioniza-
tion Phenomena Gases, Uppsala, Sweden Vol. 1, 1A99 (1960); J.C.
Ingraham and J. J. McCarthy, RLE Quart. Progr. Rep. No. 64,
MIT 1962, p. 76; B. L. Wright, RLE Quart. Progr. Rep. No. 80,
MIT 1966 p. 99; J. H. Noon, P. R. Blaszuk, and E. H. Holt, J.
Appl. Phys. 39, 9 (1968).
2 R. H. Dicke, Rev. Sci. Instrum. 17, 268 (1946).
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strongly excite plasma resonances. In the frequency range
of the upper hybrid resonances the plasma column has
a strong absorptivity and emissivity which are crucial for
the electron temperature measurement. The electron
density is derived from the upper hybrid resonance condi-
tion. Thus, emission and absorption measurements are
used for plasma diagnostics.

The main emphasis in this paper is on the experimental
setup and the measurement technique. The basic proper-
ties of the plasma resonance are mentioned to show how
the measurements are used for diagnostic work. A typical
result is shown and further applications are indicated in
the conclusion.

I. SAMPLING RADIOMETER

For completeness we briefly describe the radiometer. The
block diagram is shown in Fig. 1. The input stage consists
of a superheterodyne receiver. Both the signal and the
image sideband of the receiver are used. This eliminates
the need for a tunable microwave filter and improves the
noise figure by at least 3 dB compared to a single side-
band receiver. The center frequency of the receiver is
easily tuned by changing the local oscillator frequency.
The ambiguity in frequency response has been minimized
by choosing a low intermediate frequency with a wide
bandwidth. (In our case the 3 dB if. frequencies are 3.5
and 10 MHz.) The resultant microwave receiver response
approximates a rectangular bandpass of 20 MHz width
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FiG. 1. Block diagram of the time gated radiometer.
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except for a notch around the center frequency. The
frequency spread is less than 19 at S-band frequencies
which is sufficient for the present noise measurements.

The amplified i.f. noise is applied to a crystal detector
operating in the square law regime. An RC filter eliminates
the high frequency components at the detector output.
The low level video signal is amplified to a few volts and
applied to a sampling unit, consisting of a high series
resistor followed by a transistor shunt switch. The duty
cycle of the noise samples (typically 1072) is increased by
pulse stretching. This operation is performed in two steps.
An RC filter forms the average value of the sampled,
detected noise over the sampling width. A pulse stretcher
holds this value for a time long compared to the sampling
width, but shorter than the sampling repetition time.

The stretched noise samples are applied to a synchronous
detector (such as a PAR lock-in amplifier) which selects a
desired frequency component from the sampling pulse
spectrum and averages it over a time r. In Sec. IV we
show that the output becomes proportional to the noise
power difference between the unknown signal and a refer-
ence signal.

The radiometer sensitivity is limited by output fluctua-
tions. By definition, the smallest detectable noise power
difference produces an average output signal equal to the
rms output fluctuations. When expressed in blackbody
noise temperatures (P=kTB) the sensitivity was found
to be

7f'[(T.s"’_Tr)2'f"(Tref_|“'Tr)2:|z

_—4 BrAt/t,

where the terms and some typical values are shown in
Table 1.

II. WAVEGUIDE SETUP

The measurements are concerned with the extraordinary
waves in an axially magnetized afterglow plasma column.
The waveguide arrangement serves to excite these waves
and permits observation of reflected and emitted waves.

The plasma column passes perpendicularly through the
narrow sides of a rectangular S-band waveguide (Fig. 2).
In the unperturbed fundamental waveguide mode (TEiq)
the incident electric field, the propagation vector, and the
static magnetic field parallel to the column axis are all

TaBLE I. Typical data and performance of the sampling radiometer.
Observed and calculated sensitivity are in fair agreement.

Predetection bandwidth B=7.5MHz
Sampling pulse width Aty =20 psec
Sampling repetition time t,= 20 msec
Integration time r=1sec
Receiver noise temperature T,=330K
Signal noise temperature T,=500K
Reference noise temperature T1=290K

Radiometer sensitivity AT=12K, (AP=2.5X10"15 W)
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perpendicular to one another, leading to a strong coupling
of the waveguide fields to the extraordinary waves in the
plasma.

Considering the power flow in the waveguide, the dis-
continuity created by the traversing plasma column can
be described by an absorption coefficient 4’, a reflection
coefficient R’, and a transmission coefficient 7. Two of
these coefficients are independent since power conservation
requires A’+R'+T"=1. Two measurements would be
necessary to determine the coefficients.

The transmitted wave can be made to interact again
with the plasma column by terminating the waveguide
in a perfect short. The incident waves are then reflected
and absorbed, but not transmitted, and the resultant
waveguide termination (short and discontinuity) is char-
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Fi6. 2. Block diagram of the main elements for sampling and
comparison measurements on a magnetized afterglow plasma column.

acterized by only two coefficients 4 and R. Thus, the
interactions are enhanced and a single measurement is
sufficient to describe them (4+R=1).3 The absorption
coefficient can be maximized by adjusting the position
of the waveguide short.

The transient nature of the pulsed afterglow plasma
allows the measurement of the unknown and the reference
signals in a single waveguide on a time sharing basis. At
time intervals when the test plasma has completely
decayed a gated reference signal is incident which is
totally reflected by the waveguide short.

¥ The idea of using a shorted waveguide for a strongly reflecting
plasma was used earlier by J. C. Ingraham (Ph.D. thesis, MIT
Dept. of Physics, 1963, unpublished). The present setup is simpler
and arranges the plasma column in a new way so as to excite the
upper hybrid resonances.
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The reflected signal is separated from the incident signal
by means of a waveguide three-port ferrite circulator.
The incident signal is introduced into port 1. The power
level can be accurately controlled by a precision attenu-
ator. The reflected power leaves at port 3, passes through
two waveguide isolators, and enters the radiometer. A
high isolation between the radiometer’s local oscillator
and the plasma column is required in order to avoid
electron heating in the resonance range.

III. PLASMA GENERATION AND
ELECTRONIC EQUIPMENT

The plasma is produced by gas breakdown with rf
electric fields. The rf field is pulsed and the measurements
are performed during the decay of the plasma (afterglow).
The frequency (20 MHz) lies in the range of the electron—-
neutral collision frequency resulting in low breakdown
field strengths. The rf signal is produced by a pulsed low
power signal generator. A driver and rf power amplifier
supply 500 W breakdown pulses of typically 100 usec
width. The high rf power results in a stable, repeatable
plasma production from pulse to pulse. The rf power is
coupled via a transmission line to a resonant circuit. Two
cylindrical electrodes which fit tightly on the quartz
tube containing the gas are connected to symmetric taps on
the coil of the ungrounded resonant circuit. Complete
shielding of all rf elements prevents interference with other
sensitive instruments.

The plasma is contained in a cylindrical quartz tube
(2 cm id., 50 cm discharge length) connected to a standard
high vacuum station. Rare gases in the pressure range of
5 to 100 mTorr have been investigated. The plasma column
is located axial to a uniform static magnetic field produced
by an eight-coil air-core solenoid. The magnetic field can
be varied from B=0 to B=2 kG by adjusting the regulated
magnet current.

The sampling technique requires synchronization of all
pulsed signals. A master pulse generator supplies pulses
at arate of 50 Hz. These pulses determine width and repeti-
tion time for the sampling unit of the radiometer. A fre-
quency divider (flipflop) generates 25 Hz square waves
which are used as reference signals for the synchronous
detector. They also trigger a pulse generator required to
gate the rf breakdown signal. A variable pulse delay
determines the time in the afterglow at which the measure-
ment sample is taken. The delay is swept automatically
so that continuous plots vs afterglow time can be taken.

Reference signals can be gated at a rate of 25 Hz. A
solid state noise source (290 K < T,<100000K) or a
microwave signal generator is used as a reference source.

For the radiation temperature measurement the radiom-
eter operates as a null detector. In order to make con-
tinuous plots of the temperature, a servoloop maintains
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F16. 3. Typical time sequence for afterglow noise sampling. The
upper part represents the plasma noise emission during break-
down pulse and afterglow. The lower picture shows the radiometer’s
noise power samples. For each breakdown period (0<?<2/,) a signal
sample (P;) and a reference sample (P2) are taken.

zero radiometer output while other parameters are varied.
The radiometer output voltage is amplified in a dc ampli-
fier and controls the direction of rotation of a servomotor.
The motor adjusts the precision attenuator which deter-
mines the reference noise power so as to yield zero radiom-
eter output. A voltage, proportional to the attenuator
position and calibrated in temperature units, is supplied
for the vertical axis of an X~Y recorder.

IV. MEASUREMENT TECHNIQUES

A typical time sequence for the sampling and comparison
method of afterglow measurements is shown in Fig. 3. The
repetition time for the pulsed plasma generation is chosen
sufficiently long so that the afterglow lies within the first
half-period. The radiometer takes two samples per break-
down period. The first or signal sample P is taken at the
desired afterglow time {, where f,=0 corresponds to the
end of a breakdown pulse. The second or reference sample
is taken at ¢,4-f, where ¢, is the sampling repetition time,
It contains only contributions from reference sources.*

Since the synchronous detector is supplied with a
reference frequency 1/24, the radiometer output is propor-
tional to the fundamental Fourier component of the
sample spectrum, i.e., proportional to the sample difference
AP=P;—P,. The contribution of the uncorrelated re-
ceiver noise which adds to each sample is canceled by
taking the difference.

The noise emission from the plasma is measured easily.
When the reference signal is zero the radiometer output
is directly proportional to the noise power emitted by the
plasma column in the waveguide which is given by®

AP=AET 4B,

where 4 is the power absorption coefficient, % the Boltz-
mann constant, Tr.q the electron radiation temperature,

4 A similar technique has also been used for optical absorption
measurements by A. V. Phelps and J. L. Pack, Rev. Sci. Instrum.
26, 45 (1955).

® G. Bekefi, Radiation Processes in Plasmas (John Wiley & Sons,
Inc., New York, 1966).
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and B the bandwidth of the observed noise spectrum.
For a blackbody the absorption coefficient is one. The
radiation temperature equals the electron temperature
when the electrons have a Maxwellian velocity distribution.

The absolute magnitude of the emitted noise power is
determined with a known blackbody reference noise
source which is gated on while the reference sample is
taken. The radiometer output is zero when the reference
noise power equals the unknown noise power. For reasons
of measurement accuracy it is preferable to use the radiom-
eter as a null detector which eliminates the effect of gain
fluctuations and gives the result independent of the re-
ceiver characteristics. However, measurements are less
time consuming when the receiver output is calibrated with
the reference source and the noise power measured
absolutely.

The electron radiation temperature is measured when
the blackbody reference noise source is turned on con-
tinuously. The first sample is the sum of the noise power
emitted by the plasma column and that part of the refer-
ence noise power which is not absorbed by the column.
The second sample is given by the reference noise power
alone. The sample difference becomes

AP=[AkT:eaB+(1—A)kT,eB]
—[kTeetBl=Ak(Tcaa— Trer) B.

Thus, when the plasma column has a nonvanishing
absorption coefficient the radiation temperature is found
by adjusting the known reference temperature for zero
radiometer output.

When a reference noise source with excess noise figure F
is used and the noise power varied with an attenuator at
room temperature (Ty=290K) the reference temperature
is given by

Troe=To[10F—=)104 1 2 1007,

where F and the attenuation « are given in decibels. The
latter includes the insertion loss of the circulator between
ports 1 and 2.

The finite isolation of the circulator can give rise to a
measurement error due to interference between the small
reverse component of the reference signal with the forward
component which differs in samples P; and P,. In the
range of strong absorption the error is bounded by
e=2X10"7? where vy is the isolation in decibels. In the
present case ¥y=30 dB and ¢=6.3%, which is comparable
to the temperature fluctuations. Note that, for given
radiometer output fluctuations, the uncertainty in the
temperature measurement increases as the absorption
coefiicient becomes smaller.

The power absorption coefficient is found by measuring
the reflected power from the plasma column in the shorted

waveguide. An incident microwave signal is gated on
while the signal sample is taken. Choosing the incident
power Pin. about 30 dB above the noise emission level,
the latter can be neglected and the radiometer output
becomes proportional to

AP=(1—A4)Piy.

Two calibration points are easily obtained. Complete
absorption corresponds to zero radiometer output, while
the zero absorption level is obtained when the plasma
breakdown is turned off. The losses in the quartz tube and
radiation from the holes in the waveguide sidewalls cause
a negligibly small absorption.

Since the absorption coefficient is measured with a
monochromatic signal source at a level well above noise
level the measurements have a high frequency resolution
and low fluctuations. Again the finite isolation of the cir-
culator causes a measurement error

e=2X10-7/2/ (1~ A)3.

It can be reduced by cascading two isolators or by cancel-
ing the reverse signal with a phase opposite signal provided
by an external path between port 1 and 3 containing phase
shifter and attenuator.

When the waveguide short is replaced by a matched
termination, the same measurement technique yields the
power reflection coefficient (R') of the plasma column.
The power transmission coefficient (7'} can be found by
introducing the test signal at the side of the waveguide
short. Complex measurements are made by means of a
slotted line which is inserted between the plasma column
and the circulator. The microwave signal of the movable
probe is applied to the radiometer input. Measuring the
complex reflection coefficient for different terminations
gives the scattering parameters of the equivalent four-
terminal microwave circuit for the discontinuity. For the
purpose of determining the plasma parameters, however,
temperature and emission or absorption measurements
are the significant ones.

V. EVALUATION OF MEASUREMENTS

The absorption coefficient of extraordinary waves in a
cold plasma shows a resonant behavior at the upper
hybrid frequency w= (w2-+w,?)* where w, is the electron
cyclotron frequency (w.=eB/m) and w, is the electron
plasma frequency (w,2=ne?/me).> Due to the diffusion
process the electron density at a given time in the after-
glow falls from a maximum value in the column center
to zero at the wall. In a uniform magnetic field this
spread in density gives rise to a spectrum of upper hybrid

¢ A. F. Kuckes and A. Y. Wong, Phys. Fluids 8, 1161 (1965).
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frequencies. Resonant absorption can be observed at a
fixed frequency within the range of normalized magnetic
fields [1— (wpmax®/0?) < we/w< 1.

Typical absorption measurements for different after-
glow times are shown in Fig. 4. From the lower onset of
absorption (we/w)p=[1— (wpmax’/w?) ]! one finds the maxi-
mum electron density. With increasing afterglow time the
density decays and the onset point shifts toward w./w=1
where resonance occurs for vanishing density. Even in the
late afterglow the plasma column behaves in the resonance
range like a blackbody (4 =1) which permits an accurate
measurement of low electron temperatures. The narrow
absorption line for w./w> 1 is a side effect due to the fring-
ing fields of the holes in the waveguide side walls.

The density decay, as derived from the absorption
onset, is shown in Fig. 5. The exponential decay results
from ambipolar diffusion of electrons and ions to the walls.
Electron densities in the range of #,=10%-10" cm=3 are
conveniently measured. From the decay time one obtains
collision data. Since by Kirchhoff’s law the emission is
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F16. 5. Electron density decay in the center of the plasma
column as derived from the onset of absorption.
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proportional to the absorption, one can also determine the
electron density from the emission spectrum.

The radiation temperature vs afterglow time is found
by the direct measurement described in Sec. IV. Under
the present experimental conditions (#,~10"% ¢cm~? and
Te~6000K at t,=0) the electron velocity distribution
relaxes to a Maxwellian within less than 1 usec so that for
t>>1 usec the measured radiation temperature equals the
true electron temperature. Figure 6 shows the measured
temperature decay of the electrons in the center region of
the plasma column. The electrons lose their excess energy in
elastic collisions with ions and neutrals. They can gain
energy in collisions with metastable ions and thereby
slow down the temperature decay as indicated in the
later afterglow.

In a nonuniform plasma column resonant absorption
and emission occur in a well defined resonant layer as a
theoretical calculation of the problem shows.” At the
onset magnetic field the upper hybrid resonance lies in
the center of the column. The electron temperature mea-
sured near (w./w)y describes the conditions at the column
center. Likewise, near w./w=1 the electron temperature
characterizes the electrons in a layer near the wall where
the density is low. Thus measuring the electron tempera-
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ture variation. The tem-
perature can be measured
only in the range of nonzero
absorption, i.e., in the hy- L N I R
brid frequency range. MAGNETIC FIELD we/w

500
ARGON

Smlorr

RADIATION TEMPERATURE (°K )

"R. W. Gould and R. H. Ault, Bull. Amer. Phys. Soc. 13, 888
(1968); R. H. Ault (private communication).
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ture vs magnetic field at a fixed afterglow time shows the
radial temperature variation.

Figure 7 shows several measure temperature profiles at
different times in the afterglow. In the center region of
the plasma the electron temperature is essentially uniform
but there is a pronounced temperature drop toward the
side walls.
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A pulse demodulation technique is described which, by employing the zero crossing technique, enables one to
avoid the usual photomultiplier bandwidth limitation imposed by the anode risetime. The sensitivity limitation
imposed by the photoelectric quantum noise is automatically eliminated. A light pulse with 0.4 nsec risetime is

demodulated.

RIOR to the invention of the zero crossing discrimina-
tor,!* timing precision of photomultiplier anode
pulses was limited to essentially the risetime of the pulses
because of their characteristic amplitude fluctuations.®:
That is, while a conventional amplitude discriminator will
trigger on a large pulse early in its rise and on a small
pulse late in its rise, a zero crossing discriminator triggers
when a shorted stub of transmission line reflects an in-
verted and delayed pulse which pulls the anode signal
back through zero, so that the timing of the pulse is
essentially independent of its amplitude. The present work
shows how the zero crossing technique can be used to
increase photomultiplier bandwidth in optical pulse
demodulation applications.

Consider a sequence of light pulses, each described by
the photon density I(A\), where X is the optical wave-
length and ¢ gives the time behavior of the pulse envelope.
If such a pulse is incident on a photocathode whose
quantum efficiency is g(A), then the probability there is
no primary photoelectron prior to the time ¢ is readily

* This investigation was supported in part by Public Health
Service Fellowship No. 5 FO1 GM38076-02 from the National Insti-
tute of General Medical Sciences and in part by NASA Grant NSG-
581. The author is presently at the Hewlett—Packard Physical
Eiec(:)tzonics Laboratories, 1501 Page Mill Road, Palo Alto, Calif.
94304.

1P, Orman, Nucl. Instrum. Methods 21, 121 (1963).

2D. L. Wieber and H. W. Lefevre, IEEE Trans. Nucl. Sci. NS-13,
No. 1, 406 (1966).

3 Instruction Manual No. B-3658, EG&G, Inc., 35 Congress St.,
Salem, Mass. 01970.

*D. A. Gedcke and J. W. McDonald, Nucl. Instrum. Methods
58, 253 (1968).

8 F. J. Lombard and F. Martin, Rev. Sci. Instrum. 32, 200 (1961).

& J. R. Prescott, Nucl. Instrum. Methods 39, 173 (1966).

calculated to be (on Poisson statistics for the photons)

P(Olz(x,t>,q<x>,t>=exp[— f f ’ q(A)I(M’)dw]

Eexpl:—Q /0 ' 9(;’)dt’J.

For a Kerr cell modulating a laser of wavelength A, the
photon density conveniently separates into a product of
densities in time and in wavelength so that one has

IO =1 ()5 (A —)o). (1a)

ey

Similarly, for a pulsed light emitting diode, one has
I0NO=T'@I"(N). (1b)

The probability density function for the liberation of
the first primary photoelectron after the pulse begins is

pALI(AD),g(N),0) = —(8/3) PO I(\1),g(\),2)
=04(t) exp[— / Qg(t’)dt’].

Let the pulse begin at /=0 and end at :=T7. Since Q9(¢)
is the liberation rate of primary photoelectrons, if the
incident light be made feeble enough that the probability
of liberation of a single photoelectron is small, say,

(Q9(1))y*>10T, 3)
then

pAI(ND,g(N),0 =09 O[1—0{Qs (N T}]~Q9(t). (4)



