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Fig. 4—Efficiency vsrlrive as obtained with a
selected MS4511F diode.

excursion of 0.5 inch), with no change in
electrical performance. Power variation for

a temperature change from 25°C to 70°C
averages ~0.7 db with an additional power
drop of 1.3 db up to 100°C. The power out-

put, however, remains constant from O“C to
25”C.

lVhilethese result saretypical, substan-
tially higher efficiencies have been obtained
with specially selected diodes. Conversion
losses as low as 7.7 db, including a 1.5-db
output-filter loss, have been repeatedly

achieved. A plot of efficiency vs drive ob-

tained with a MS4511F diode is shown in
Fig. 4.

The authors thank W. Venator for his

help in the compilation of the experimental
data.
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Application of a Fast Microwave

Switch to High-Peak-Power

Plasma Diagnostic Experiments*

INTRODUCTION

The purpose of this communication is to
report a unique method which eliminates

difficulties encountered when observing a
microwave pulse of high energy transmitted

through a plasma. It has become increas-
ingly Important to observe the character-
istics of low-pressure plasmas being irradi-
ated with high power microwave pulses.
Knowing the time dependency of electron
density during the time in which the high
power pulse is irradiating, the plasma gives

an insight into recombination, diffusion,
degree of ionization, etc.

* Received September 16, 1963. The work rePOrted
in this, cpmmu,nication was done while L. Lapson was
a partlcmant m the Undergraduate Science and Re-
search Program of the National Science Foundation.
The microwave switch used in this work was de-
veloped with the Rome Air Development Center,
Rome, N. Y., Contract No. AF-30(602)-2135.

EXPERIMENTAL PROBLEM ENCOUNTEIUZD

The experimental setup is schematized

in Fig. 1. The plasma is irradiated with

pulses of peak power of approximately 0.1 to

1 Mw at 5.5 Gc, a f’RR of 60 and a width of

5 Ksec. The cm plane wave is incirfent on the

bottle and the full power of this wave travels

through the bottle during the “formative

time lag” of the gas. The gas used in our
case i~ H~ at a pressure of 1 mm of Hg. Fol-
lowing this time lag, the gas ionizes and tbe
transmitted power is attenuated severely.
The pick-up horn receives a pulse as shown
in Fig. 2 where t, refers to the time at which

the gas is ionized. This is similar to the spike
and flat leakage familiar in TR tubes. The

flat leakage is approximately 35-4o db be-

low the spike. The time variation of electron

density can be deduced from the instanta-
neous attenuation of the flat part of this sig-

nal. Thus, it is desirable to display the signal
on a CRO. This was impossible to do, since

the relative magnitudes of the spike power
(hundreds of kilowatts) and the flat power

(watts) are as shown in Fig. 2. Any attempt
to observe the flat part of the transmitted

signal simultaneously with the spike re-
sulted in crystal burnout.

What is required is a component that
will separate the high-power spike from the
low-power flat, allowing the flat to emerge

independent of the spike from a single port.

The spike may then be discarded by feeding

it to a high power dummy load.
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Fig. I—Simplified schematic of plasma
diagnostic experiment.
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Fig. 2—Sketch illustrating the relative, amrdi-

tudes of the sr]ike and the flat portion.
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plasma diagnostics. The RF dynamic

switching time is 20—30 m,ec. Fig. 3 also

depicts the various waveforms at the three

ports of the circulator. The spike emerges at
D at full peak power. The switch and associ-

ated circuitry is shown in Fig. 4.
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Fig. 3—Simplified schematic of improved experi-
mental setup employing circulator and fast-acting
high power switch.

CIRCUI.AR

THE SWITCtJ

Depicted in Fig. 3 is the additional mi-

crowave circuitry necessary to accomplish
THE MODULA”~~

the separation of the spike and the flat por- Flg. 4—The switch and associated circuitry.

tions. The critical component is the fast-act-
ing broadband, high-peak-pou-er switch.’

The switch is capable of hold-off powers in The experimental arrangement operated

excess of a megawatt at short pulse widths satisfactorily. The results are best shown by
and, hence, its usefulness in high power the two oscillograms of Figs. 5 and 6. De-

picted in Fig. 5 are the RF detected en-
velopes emerging at ports.4, C and D. Peak-

I H. Goldie, “A fast broadband high power micro-
wave switch, ” Micvowaw J., vol. VI, PP. 76–81;

power levels in this oscillogram are 140 kw.

August, 1963. Note that the switch is fired after the spike
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Fig. 5—OsciUogram of detected RF envelopes.
D) The u~per trace oscillograpbs the spike which
is allowed to Pass through the switch tube, dem.
onstrating the hold-off capability of the switch.
The spike ~eak power level is 130 kw. A) The cen-
ter trace depicts the power received by the pick-up
horn. The flat leakage is about 35–4o db below
the peak power level of the spike. The s~ike peak
power is approximately 140 kw. The flat leakage
cannot be seen on this trace but reference may be
made to Fig. 2. C) The lower trace is the desired
waveform. The small spike appearing at the left is
due to the reflections of the switch when cold
(VSWR = 1.07) and has a peak amplitude of aD-
proxinmtely 80 w. The important portion follows
after the switch has been fired. It can be seen that
the waveform attenuates slowly with increasin~
time illustrating an increasing concentration of
charge density in the plasma. The attenuation
remams constant in the final portion of the pulse
marking the onset of equilibrium conditions in the
plasma. This latter part of the pulse has a power
level of approximately 40 w. These oscilloxrams
yield no information on the afterglow.

Fig. 6—Oscillogram of detected envelopes. The
upper waveform is the detected envelope of the
signal irradiating the bottle and creating the
plasma. The Pulse is 5 usec in width, occurs at a
PRR of 60 PPS, has a peak power level of 230 kw
and a frequency of 5.5 Gc. The lower trace is the
detected RF envelope at port C of the circulator.
The instantaneous attenuation of the lower trace
reht~ye to,the up~er trace, now easily available, is
of cntlcal Impel-tance in plasma diagnosis.

travels through the switch exhibiting the
hold-off capability of the device. The switch
may be fired at any time during the RF

pulse. This allows a useful flexibility iu the

event that the spike width varies. The flat
portion of the transmitted pulse is reflected
when the tube fires. Switch losses are con-
stant during the switchiug time and are
known. The tube remains on for 3(I psec.
This flat portion, when displayed on a
CRO, yields the usefd information. The
attenuation of the flat portion relative to the
irradiating pulse power at one instant of
time is found by uoting the over-all losses of
the system including the plasma. The sys-
tem is then calibrated by removiug the gas
from the bottle and measuring the attenua-

tion at the same instaut of time. With the

system calibrated, the CRO then displays

db attenuation against time over the entire
flat portion. This information is then related
to the electron concentration. Fig. 6 depicts

the flat portion of the transmitted pulse
displayed directly under the irradiating
puke. Explanations are given in the caption.

CONCLUSION

The use of the fast acting (20-30 nsec)

high-peak-power (ml Mw) switch in con-

junction with a three-port circulator has al-
lowed us to 1) separate, in a clean manner,

the spike of energy transmitted through a
plasima bottle cluring the formative time lag

from the flat low level (N35–40 db below

the spike) portion aud 2) display the flat por-

tion superimposed under the irradiating
pulse in order to obtaiu instantaneous atten-
uation against time. The component which is
necessary to do this is described by Goldie.l

The switch electrical characteristics may
also be found by referring to Goldie.l

The authors would like to thank Prof. J.

Shmoys for his advice and encouragement.
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Graduate Center
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Dominant Mode Propagation in

Ge and Si with Carrier Density

Decaying Exponentially in Time*

Nag and Dasl have recently made a
theoretical study of microwave propagation
in a semiconductor-filled rectangular wave-

guide when the semiconductor has a time

dependent carrier density. They have as-
sumed c and u to be time dependent in the

wave equation for the TEOI mode wave and

obtained a solution for the electric field E=
by perturbation techniques for small

chauges in carrier density. An equivalent
propagation constant can be obtained for

Germanium and Silicon by solving the wave
equation for Ez, assuming no time variations
in e and u, and then later inserting their

time dependence. This is an impIicit phys-
ical assumption iu au earlier work of Jacobs,
et al.2

Cousider the case of X band propagation
or o = 27rx 1010 cps iu Ge or Si having a life-

time ~.= 10-G sec. In one microwave period

of duration, T= 10–10 see, the fractional
change in the excess can-ier conductivity is

* Received September 30, 1963.
L B. R. Nag and P. Das, “Microwave propagation

in semiconductors with carrier density varying in
time, ” IRE TRANS. ON MICROWAVE THEORY AND
TEC_H~IQUES, vol. MTT .10, pp. 564–567; November,
1962.

2 H. Jacobs, F. .4. Brand, J. D. Meindl, S. Weitz,
R. Benjamin and D. A. Holmes, ‘<New microwave
techniques in surface recombination and lifetime
studies, ” PROC. IEEE, vol. 51, pp. 581–592; April,
1963.

The fractional change in the total conduc-
tivity would be even smaller. For longer
lifetimesz,a and higher frequencies, T/~G

would be smaller than the value obtained
above. If we define the propagation constant
in a semiconductor-filled guide as jI’, theu r

is given by

r = [U2A46– (r/a)2 — j~pa]llj. (2)

Using the time dependence for u and e as
given by (3) of Nag and Das,l (2) may be

written as

r = [a’y{~. - ,,e--~/Tc} _ (T/a)t

- jcw{a. + me-’’}’} ]“2 (3)

or

[
~zwl + Iwl

1

1/2
r=y, l– e–cr. (4)

-/s2

where

7S = [LU2WS — (m/a) 2 — jwT,] 1/2.

For small changes in carrier density, (4) can

be approximated by

For Ge and Si at X band frequencies or

higher, the time dependent propagation
constant obtained by LNag and Dasl can be
shown to be equivalent to that of (5). From

their work, r can be written as

r = Y.(1 + ja2e–tJ”) (6)

where ja~ can be written as4

For Ge and Si, the values of the terms
in the brackets {} both tend to unity.

For o=27rx1010 cps and 7,= 10-s see,

GJ’7.2~4 X 10g. The ratio of CI to UI is given by6

/T’\

: \l + M’.’/
(8)

w,=/ , <

\l + co@

where ~ is an energy dependent relaxation
time and the brackets () denote weighted
averages over energy. For a constant relaxa-
tion time, el/uI = T. A reasonable room
temperature estimate of T k 10–13 sec; thus,
we choose c1/ul = 10–1: sec. Then it is readily

seen that

M’+’%3=2’x’0-a“a)
~ s 2 x 10-7. (’b)
CIT.

For bigher frequencies and longer lifetimes,
(9a) and (9b) are even smaller quantities.

a S., Deb and B. R. Nag, “Measurement of lifetime
of c?rrlers in semiconductors through microwave m.
flectlon, ” J, AzM1. Phys,, vol. 33, p. 1604; April, 1962.

4 The typographical error in the final term of (11)
of Nag and Dasl has been corrected in (7) of this corn.
munication.

6 R. A. Smith, “Semiconductors,” The Syndics of
tbe Cambridge University Press, London, England,
PP. 217-218; 1961.


