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EVALUATION

The objective of this effort was to develop precision timing switch

techniques for use In multi—switch Hertzian generators and in Hertzian arrays.

The application of Hertzian generators as r—f sources in radar and communi-

cation systems depends very strongly on the development of switches with jitter

small compared to one r—f period.

Several triggering techniques were investigated in the effort. Field

dis tortion triggering was evaluated over a wide range of operating parameters

but was limited by a relatively high percentage of missed closures. UV trig-

gered spark gap switches performed well but are limited to applications below

1 GHz. Photoconduction induced in silicon by microjoule laser pulses demon-

strated very fast rise time and very low jitter giving the potential for

microwave frequency Hertzian generator operation but is limited in operating

voltage.

The results of this effort are considered to be very useful in that the

limitations on very low jitter switching techniques were specified and ex-

perimentally verified . In addition preliminary experiments with optoelectronic

triggering in solid semiconductors indicate promise of giving the required

low trigger jitter required for Hertzian generators at microwave frequencies.

~~~~~~~~ t2/~~~~.
FRANK E. WELKE R
Project Engineer
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SECTION I
INTRODUCTION

The object of this Investigation was to identify means for the low jitter initiation
of fast , repetitively operated switches with performance parameters appropriate for
use in microwave Hertzian transmitters. Of particular interest In this context are
Hertzlan devices involving arrays of switches In series or parallel arrangements
which require a high degree of synchronization. The Investigation was concerned
primarily with one such configuration known as the Frozen Wave Generator. The
potential of this device as a very simple , lightweight transmitter , capable of multi—
megawatt performance, is of interest for both radar and electronic countermeasures
applications. The specific performance goals of the switch sought in this program are
commensurate with multimegawatt generation of microwaves by means of the Frozen
Wave G~ ierator in the frequency range between 1 and 10 GHz .

Known methods for accomplishing, at least some of the switch performance
goals, suffer from complexity and inefficiency. For example , it has been shown~~
that ultraviolet light pulses can provide the necessary swItch synchronization when
the switch is placed in a momenta ry (nano seconds ) overvoltage condition . However ,
when applied to the Frozen Wave Generator, the pulsed overvoltage requirement becomes
untenable In devices designed to operate much above 0.5 GHz .

Initially , we sought to trigger rapid breakdown in liquid dielectric switches via
fast photoconduction processes. Conceptually , the approach has many attractive
features including the high dielectric strength and chemical stability of certain aprotic
liquids which are also thought to be photoconduct ing. However , the photoconduct ing

response was found to be too small to be useful , and we turned Instead , to impulse -
drIven , field distortion triggering In high pressur e gases where Initiation of transmission
line spark gaps with jitter In the sub-nanosecond range was , In fact , achieved. However ,
this success was offset by the statistical characteristics of missed switch closures
which degrade performance , particularly In large , series arrays . The Investigation
of a third technique Involving quasimeta llic photoconduction In silicon successfully
demonstrated switching with jitter In the picosecond time domain in an array composing
a small Frozen Wave Generator. This technique seems to offer an approach which

1



could be extended to much higher power and higher frequencies than In the present
inveetigatiosi. Such an extension could open important new avenues for microwave
pulse generation.

2
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SECT ION U

TECHNOLOGY BACKGR OUN D

1. HERTZ IAN ARRAY CONTEXT OF THE INVESTIGATION

a. Frozen Wave Generator

The Frozen Wave Generator is a simple and potentially very efficient Hertzian
generator employing multiple switches . Its principles of operation and various con-
figuration possibilities have been thoroughly considered in Reference 1 and will be
reviewed here very briefly.

A schematic of a basic six—cycle Frozen Wave Generator is illustrated In Figure 1.
In this case six elements of a transmission line which can support TEM mode propaga-
tion are initially charged to potentials + and - V0 as shown. The result under static
conditions is then the “frozen wave” shown In Figure 1(b). When the switches A through
G are simultaneously closed , the frozen wave is free to propagate . Two identical
square waves of amplitude V0 (peak—to—peak) will appear , one leaving the system at
Switch A , the forward wave , and one at Switch G , the regressive wave. A transmission
line short placed just beyond G reverses the latter which then joins the forward wave as
illustrated , thereby creating a pulse having a width equal to twice the electrical length
of the device. The wave period will equal two transit times of each segment of the
system , I.e., the segments are one—half wavelength.

The pa rticularly attractive feature of the Frozen Wave Generator is its high
theoretical effIciency , 80% . That is , 80% of the energy Initially stored in the system
is released In the sine wave component of the output square wave. One of the difficulties
in achieving this high conversion efficiency is that associated with the simultaneous
and fast rising closure of all of the switches of the system. Jitter in the initiation
process produces random frequency modulation which robs spectral energy from the
fundamental, U jitter includes “missed closures , ” that is , lag time variations exceed-
ing one-half RF period , the device may not in fact produce an output , or at least a
useful one. The probability of the latter event Increases with the number of switches
which must act In concert for a useful output.

3
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b. Other Hertzian Devices

A single switch devIce is exemplified by a resonant cavity-type Hertzian genera-

tor ~~~. Such sources are of particular interest at high frequency (e.g., 10 GHz) where
physical constraints mIlitate against multiawitch structures such as the Frozen Wave
Generator. If the rela tive phase of large arrays of these sources could be accurately

controlled , some very Interestin g possibilities arise . One of these would be In the
area of synthetic apertures where one could achieve the high range resolution inherent
In sho rt pulses with the high angular resolution of the aperture . Another example lies

in the area of electronically steerable arrays where rapid scan and sma ll resolution
cells could be achieved , Such systems would ordinarily involve large numbers of Indi-

vidual sources , e. g . ,  - 10~ , although special applicati ons can be visualized which
would require as few as, say , ten c~ements , La either case , and in contradistinction
to the multiawitch Hertzian example above , the elements to be synchronized or controlled
in a pha sed array are electrically in a parallel confi guration. Thus , the statistics of
j itter may ha ve qui te a different impact on performance . For example , the misfiring
of a single, or even several elements contributes in only a small way to the output of
a large array. On the other hand , liz the series multlswl tch case , a single misfiring
can even preclude an output pulse.

The Travatron is another Hertzian device which has seen considerable Initial
succes s~~’4 ’~~. schematically similar to the Frozen Wave Generator , the Travatron
swi tches are closed sequentially as they become overvolted b~ an input traveling wave .
In its simplest form , the Travatron is theoretically 40% efficient as compa red to the
ideal value of 80% for the Frozen Wave Generator. However , the relati ve simplicity
of the Travatron is its key asset. Switch jitte r in the Travatron can lead to spectrum
spreading and a degree of fm noise just as in the Frozen Wave Generator . The ability
to command the switch closures in the appropriate timing sequence with low jitte r
could reduce these effects and elevate the signal quality of this potentially important
device.

c. Prior Switching Art

The spark gap switch , employing gaseous , liquid or solid dielectric , has been
used in virtually all of the reported Hertzian devices . In the present Investigation

,5



the scope of switch candidates has been expanded to Include an investigation of photo-
conduction controlled switching in liquids and solids.

The spark gap is well known for its ability to provide rapid switching between a
very high and a very low impedance state via avalanche breakdown. It is suitable for
very high voltage (multikilovolt) operation and, therefore, provides the capacity for
switching in very high power Hertzian devices . The central problem In applying spark
gap tecb.no1o~ r to devices like the Frozen Wave Generator or the other arrays cited
above lies in the jitter which may exist . The problems associated with spark gap
jitte r have been extensively studied. In an in-depth study~

6
~ of the triggered spark

gap , as many as fifte en triggering methods were cited from the literature. Although
this study surveyed the art up to 1965, the more recent literature reveals only variations
of these methods. The most promising techniques for low jitter seem to be: (1) ultra-
violet Illumination of the electrodes of a spark gap which is momenta rily in an over-
volted state , (2) field distortion methods involving three electrode systeins,and (3)
laser pulse initiation of breakdown in the dielectric space of the gap. The latter
technique seems to be a useful one~

7
~, but typically involves a laser of more complexity

than the relatively simple Hertzian devices of interest In this investigation.

One of the attractive features of optical triggering , such as UV triggering, is the
isolation afforded between the trigger source and the triggered gap, Since this is an
optical path, one is not concerned with such problems as high voltage isolation or
capacitance of control electrodes . Moreover , the low jitter capability of pulsed UV
illuminated overvoited gaps has been established~

8
~ and may be as small as 25 pa .

These referenced experiments Involved the rapid , simultaneous overvoltlng of two gaps
with provision for the UV light produced by the discharge of one switch to illuminate the
other . The effective spectral content of the triggering pulse was observed to be between
200-300 urn , the trigger mechanism being photo-Induced electron emission at the
cathode of the triggered gap.

In a recent study~
1
~, some success was found in applying UV triggering of ove r-

volted gape as a means to synchronize the multiple switches of a 250 MHz Frozen Wave
Generator. However, the degree of success became marginal at generator frequencies
of 500 MHz and the method became totally unworkable at 1.3 GHz. The failure of this
method stems from the need for overvoltage conditions which must be brought about
with ever Increasing speed as the microwave frequency of the device rises , Ultimately

6
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the charging time and the microwave period converge 8G that , In effect , the spectrum
energy conversion process , fundamental to Hertalan devices , fails to take place.
Beyond thie basic limitation, the methodology creates considerable complexity In the
efficient generation and application of high overvoltage pulses.

This investigation was undertaken with a specific aim of overcoming the problems
associated with UV triggering. Specifically , we have explored switching methods In
which the initial electric field is below the self breakdown field of the switch. This
condition eliminates from consideration those methods requiring a pulsed overvolted
state. The candidate methods of this investigation have Included: (1) photoconduction
switching in liquids and solids , and (2) field distortion triggering in gases and liquids.

2. SWITCH REQUIRE MENTS

a. General Objectives

The goals of this investigation are for triggered switch techniques which could be
utilized in multigap Hertzian generators to yield megawatt level perform ance in the
frequency range from 1 to 10 GHz. The specific numerical goals of the program were
formulated in terms of the fundamental properties of the triggered spark gap switch and
included voltage hold-off (60 kV), Impedance (50 ohms), jitter (50 pa), pulse repetition
rate (400 pps) and rlsetime (less than 1 ns). With the exception of the goal for jitter ,
all of these objectives have been achieved routinely in prior Hertzlan generator develop-
ment. Therefore , the concentration of this Investigation has dealt with the jitter problem.
In seeking new approaches not Involving pulse overvoltage conditions , we have relaxed
the specific voltage and impedance ta rgets to admit switching methods In media such
as silicon where lower values of these parameters are more natural.

b. Jitter

The goals of this program regarding jitter allow for the practical realization
that two given switches may not , in fact , close with 100% reliability over their life-
time within a 50 pa time Interval. Some misfi ringa may be tolerated In these objectives
although the tolerance will depend upon the nature of the particular Hertzian array and
the statistical character of the jitter .

7



For example, If P Is the probability that one switch falls to close within the pre-
scribed 50 pa interval, then a system contAIning n switches will produce an “acceptable”
waveform with an overall probability of (1_p)fl

• Thus , if a typical switch has a 5%
probability of exceeding the 50 pa jitter limit, a wa veform produced by a 20-switch
device will exhibit a “faulty ” cycle about 65% of the time. The seriousness of such a
fault depends upon its magnitude, the degree of signal quality desired and the type of
device (e.g., series or parallel array).

The shape of the lag time distribution about Its mean value can also be important.
If a normal distribution is assumed , the probability of a switch closure with delay t is
given by:

IF 2 2P(t) = i~ exp — t /2t~

where t0 is the standard deviation. The probability that the lag might exceed a parti-.
cular value tm is then given by:

P(tm) = 

-I C/ tO 
P(t)dt = 1. — erf( t i ~.J•~ t0)

If the jitter , equated to the standard deviation is 50 pa , the probability that excursions
greater than this will occur is 0.32. The probability that excursion as great as a
half-period occur , say 500 ps , is only 6 x 10~~ for this assumed distribution.

Actual distributions with rms deviations close to 50 pa showed excursions as large
as 500 pe about 2 to 3% of the time according to the measurements of Reference 1.
Ibis is because the measured distribution was unlike the normal distribution In the
outer extremes. An actual generator built with, say , 20 switches, having the measured
distribution , would have this serious flaw about 50% of the time. For the same jitter
but one described by a normal distribution , the occurrence of such a flaw would be
extremely rare.

8
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3. AREAS OF INVESTIGATION

a. Gases

Prior to this Investigation, the majority of developments in Hertzian generators
have exploited the outstanding properties of gases as the switching medium. The
particular advantages of gases Include: the high breakdown strength which can be
achieved p io6 V/cm); the direct pressure dependence of this strength; the variety,
simple chemistry and wide temperature range of useful gases (e.g. , air); and the
self-healing and ease of replacement features . Partially offsetting these useful
characteristics are the sometimes complicating mechanical design aspects associated
with high pressure containment and, as we have noted, limitations In available
trI~~er mechanisms. The present Investigation has considered gaseous media spark
gape and has attempted to extend the known capabilities of field distorti on triggering,

b. Liquids

Liquid dielectric switches , enployed by the early Hertzian researchers circa

1900, have been unsuccessful In applications such as those visualized I’~ the modern
Jiertz lan array. The dc voltage breakdc wfl strength of typical insulating liquids Is
relative ly low (1O~ to 10~ V/cm) and is characteristically weakened by gaseous
products produced by vaporization or chemical decomposition~~ and by the bridgin g
of partIcles. (10) Moreover , serious decomposition and further degradation take
place under repetitive sparking conditions. Some recent research , (11) dealing with
electronically conducting liquids , has demonstrated that electron multiplication and
repetitive millijoule-level sparking can be observed In purified apro ti c molecular
liquids. In addition some of these liquids are t)~ ught to be semiconductors possessing
properties such as pl~ toconduct1on . Thus, one aim of the present Investigation was
to determine the possibilities of exploiting some of these new-found prope rties. Thus,
one might at once eliminate pressurization problems associated with gases and open
new avenues for triggering the switching medium.

c. Solids

Semiconducting junction devices which can switch In the sub-nanosecond domain,
cannot be considered for application In megawatt level Hertzian devices. However,

9
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some recent thvesti~~ttcna~~
2’ 13) of laser Induced, quasimetallic pl~ toconducticn In

silicon have demonstrated picosecond risetime and picosecond jitter switching. It
also appears that megawatt level devices may be possible. We have explored this
technology In the present program taking an approach which is aimed specifically
at the use of the metlx~d In Hertzian Arrays.

10



SECTION III
INVEST IGATION

1. FAST FIELD DISTORTION ThIGGERING IN GASEOUS SPARK GAPS

The use of a third electrode to produce local field distortion leading to the
closure of a spark gap switch Is widely known, aitheugh to onr knowledge no switch
of this type has approached the performance goals cited above . In most previous
applications of the three electrode, field distortion switch the system Impedance,
switch sell-inductence, and Inter-electrode capacitance have all contributed to lag
and rise times of several nanoseconds. Jitter Is typically of this same order.

Taking advantage of the relatively small energy to be handled In the case of
Interest here , we have attempted to limit Inter-electrode capacitance to approximately
2 pF In a switch geometry which approximates a unIform 50 ohm impedance. By
this approach field changes can be produced within the switch on time scales on the
order of 100 pa.

a. Theoretical Design

The functional design of the three-electrode switch m a y  be described with
reference to Figure 2. Static potential -V0 is placed upon the main electrodes to
produce the Initial field E0. An impulsive trigger signal of pulse heIght V~ is fed to
the third electrode through a blocking capacitance C, thereby producing additional
fields Eti and E12 In regions (I) and (2), respectIvely. Unequal spacings d1 and d2
are visualized In the se regions.

In operation E0 Is some fraction f of the sell-breakdown field EB. The
trI~~erIng Impulse produces total fields E1 and E2 which are given by:

E1 = + E0
E2 =-E t2 + E o (1)

It Is then assumed that the trigger signal and gap spacings are arranged so that

11
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E1 = E2 = g EB; that la both regions of the divided portion of the switch are placed in
a similar overvoltage state where g Is the overvoltage ratio.

Substitution in (1) and noting that Vt = diEti 
= d

2Et2 leads to relationships
between g, f d1, d2, Vt and V0 as follows:

2d1 g + f  ( )

V 2~~~2

These dimensionless parameters are plotted in Figure 3 agaInst the degree of trigger
overvoltage g for two values of I. The curves Indicate the critical importance of
achieving rapid triggering with a relatively small value of g, say g < 2. OtherwIse,
the trigger pulse heIght must be greater than the potential being switched, a
situation which would eventually cause the metbod to be an impractical one.

The determination of the required overvoltage ratio and other design parameters
follow from a particular model of the switch operation. We assume that the lag time
in closure of the spark gap consists of two distinct components: the statistical lag
time and the formative lag 1~ . Thus,

* r _ T + T f (4)

It Is further assumed, as we have done previously, (1) that is determined solely
by field emission to form a critical charge density of initial electrons . Based upon
empirical data , (8) the statistical lag time can be expressed by:

7 x io~ E
2 exp 870/E (5)

where T8 is In nanosecond s and E Is In kilovolts/om. In this estimate of the statis-
tical lag component , the effect of finite rlsetime of the impressed field E has been
disregarded . Based on this rx del, the statistical lag tine, which we have equated to

‘S
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jitte r , has the dependence Illustrated in Figure 4. The values of E
1 and E2 

must then
be approxImately 700 kV/cm to achieve the objectIve 50 ps jitter. Of course , any
finite risetlme of the triggering pulse will contribute to jitter. Thus , In general ,
even larger values of the Initiating field will be required.

The formative time is a measure of the rapidity with which an arc will form
following the statistical events responsible for T5. Controlled by collisional pro-
cesses In the gas, the formative time may be expressed most simply by:

= ~ ‘~~ b’~o~ (6)
131 

- U

where 
~b’~0 

Is the ratio of the electron density at breakdown to the Initial density,
and 

~~~ 
are the Ionization and attachment frequencies, respectively. The

breakdown process then depends upon the electric field, the gas pressure and, of
course, the species . Formative time processes taking place on a nanosecond scale
have been measured for several gases. (14) The experimental data for air are plotted
in FIgure 4 as a function of pressure at the field strength required for jitter near
50 pa . The formative time is a measure of delay and is also related to the risetime.
Figure 4 suggests that the entire pressure range Illustrated would be suitable from
this viewpoint for most Hertzlan devices .

Determination of the overvoltage ratio as a function of pressure points strongly
toward the use of operating pressure near 1O4 Torr (— 200 lb /In. 2)• For air, the
self breakdown field is approximately E

B 
= 35P. Thus , In applying triggering fields

of 700 kV, the overvoltage ratio is given by:

g = 2_X104 (7)

The desirable small values of g can therefore be obtained only at gas pressures near
IO4 Torr or above.

Typical design parameters of an impulsively triggered, field distortion switch
may be tabulated as follows:

‘4
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FIgure 4. StatIstical and Formative Time DependencIes
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Operating Voltage: V0 = 60 kV

Undervoltage Ratio : f = 0. 8

Overvoltage RatIo: g = 2.0

Trigger Pulse Height : V~ = 63 kV

Operating Pressure: P = 1O4 Torr (air)

Upper Gap SpacIng: d1 =0 .l2 cm

Lower Gap SpacIng: d2 =0. 05 cm

b. Experiment

Experimentation employed the arrangement Illustr ated schematically in
Figure 5. ThIs system utilized a nanosecond pulser to apply large amplItude (10 to
50 k V), 1 ns pulses through the blocking capacitor C to the trigger pin of the three
electrode switch. In moat expe ri ments the trigger pulse was steepened to exhibit
an estimated rlsetline less than 100 ps. This was accomplished by means of a liquid
dblect ri c steepening switch. The capaci ty divider probe P2 provIded timing
reference signals to the sweep of the CR0. The performance of the switch was
monitored by mean s of a second probe P1.

The experimental test gap was constructed as illustrated In FIgure 6. The
uniform impedance 50 ohm switch contained an electrode geometry closely resembling
that shown schematically In Figure 2. A pressurizable volumn could be alternatively
employed for liquid dielectric switch studies. The electrode material was hardened
stee l, a material which we have found to be similar electrically to tungsten or
tungsten-copper, but one which suffers less mechan ical damage under sparking
condit ions. The latter is of paramount Importance In liquid switches where wear
processes seem to be more severe than these observed In gases.

Typical test results are shown In the oscilloscope photo in Figure 7. These
waveforms , the output of capacitive divider P1, show the In itial spike at t~, wifich
results when the stray capacitance of the trigger pin Is discharged through breakdown.
The main pulse launched at time t m exhibits an apparent delay tm - t~. The
oscilloscope was triggered by the method Illustrat ed In FIgure 7, and two super-
imposed traces In each case illustrate little measurable jitte r in either t~ or in tm *
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5 ns

Test Conditions

V0 = l 6 kV

Vt =3O kV

P = 8 X  io~ Torr

11 tm

Figure 7. Typical Field Distortion Switch Performance
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Detailed measurements of the time lag and jitter under the conditions Illustrated In
FIgure 7 yIeld an average lag time of 3.4 us and a jitter of 0.15 us. Yet smaller
values of both the lag time and jitter were obtainable when the same gap arrangement
was operated nearer the self breakdown potential. These results are summarized In
Figure 8 where lag time and jitter have been plotted as a function of V0, the potential
drop between main electrodes. VO/VB 

Is then a measure of the degree of undervolt-
age for various observed delays and jitter values. The two curves, illustrating
maximum and minimum delay, indicate the extreme values noted in a series of lag
time trials . Both curves demonstrate that the jitter is substantially sub-nanosecond
when the static potential between main electrodes exceeds about 70% of self-break-
down.

It will be noted that the switching fun ction exhibited in the above experiments Is
not precisely the designed one. Thus, It app ears that closure does not take place
simultaneously In the two regions of the gap space (see FIgure 2). instead the data
Indicate that the two regions of the gap undergo breakdown sequentially. The
explanation of this observation lends support to the basic assumption that field
emission Is the principal source of electrons. It may be seen in Figure 7 that V0
and V~ are both positive. Unde r these conditi ons, the ground referenced outpit
electrode Is the only system cathode until V1 exceeds V0. This tends to produce an
Initiat ing breakdown event In this portion of the switch. Subsequently, the trigger
electrode falls to ground potential so that an overvoltage condition is produced In the
second gap space leading to a delayed closure of the switch.

Switch functlon ,ln which both halves of the switch were simultaneously closed,
was achieved by choosing polarities as In the model of FIgure 2. A narrow, Impul-
slve triggering pulse was generated which was less than 1 us In width (FW HM) with
risetime estin~ ted to be less than 100 pa. A photo of this waveform, as displayed

on a 1 GHz oscilloscope, is shown In Figure 9(a). The triggered waveform, as
observed with the apparatus shown In FIgures 5 and 6, Is Illustrated In Figure 9(b) .
In this case approximately 100 sweeps are superimposed . The positive Impulse Is
due to Interelectrode signal coupling. It may be seen that the delays noted previously

are no longer present. Jitter Is estimated to be near 100 pa or less, relative to the
triggering impulse. It Is noteworthy that one or more missed closures are In
evidence , a factor of significance In lar ge arrays (see Section 2b).

20

Is



3.0 •
14

12 

\

0
vB _ 26 kv VB~~26 kV

10 2.0

\ T~ (ns)

1.0 -

4 -

2

0 I 1 1 1 0 —  1 1 1

0 5 10 15 20 25 0 6 10 16 20 25
V0(kV) V0(kV)

FIgure 8. TrIggering Characteristics of Field Distortion Switch
Left, lag time; Right, jitter.

21



p.-

2 ni

+
(a) Impulse Trigger Waveform

2 ns

(b) Impulse Triggered Square Wave

Figure 9. Impulse Field DistortIon Waveforms
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Subsequent expe rimentatIon was performed with two Identical switches of the
field distortion type . These were greatly simplified versions of the three electrode
switch shown In FIgure 6. The Impulsive triggering of these switches, while
similar In behavior to that Illustrated In FIgure 9, produced a larger percentage of
missed closures , probably due to the necessary division of trigger signals. This
division and its attendant degradation of switch performance Is one whi ch becomes
more serious and more difficult to overcome as the ar ray Increa ses. Therefore , we
have sought alternative approaches In this Investigation.

2. LIQU ID ELE CTRONIC SWITCHIN G

a. Liquid Breakdo wn

In a research effort* predating this Investigation , some positive Indications
were established that electron multiplication (Townsend) processes may exist in
certain liquids , partIcu larly aprotI c liquids . (11, 15) PursuIng the rationale that
energeti c electron processes are Impeded by C-H bonds whose vibrational excitation
constitutes an energy sink for elect rons , (16) we undertook an effort to find Impact
Ioni zation phenomena In simple liquids lacking such bonds. A particularly striking
demonstration of the positive findings of this work Is illustrated In molten sulfur
(FIgure 10) In which 50 mJ spark discharges were produced In the liquid without
phase change at repetition rates of the orde r of io2 Hz. Liquid sulfur has sub—
sequent ly been the subject of a more exhaustive stndy of high field trans port and
photocondu ction prope rties. The current -voltage characteristics (Fi gure 11), seem
to result from bulk effects and the particular dependence Illustrated suggests a
tunneling process whe rein trapped elect rons (and holes) are Induced to tunnel from
localized states into a quasI-conduction band . Carriers of both species then gain
energy In the field and may eventuall y suffe r energ etIc collisions leadin g to
multIplicatIon.

In the early portion of the present InvestigatIon an attempt was made to exploit
these new found liquid properties and to find means for the r apid Initiation of break-

•Partiafl y suppo rted by the Office of Nav al Researc h unde r Contract N00014—74 --C-0215.
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FIgur e 10. Repeti tive Spark Breakdown in Liquid Sulfu r
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FIgure 11. High Field Conduction In Liquid Sulfur
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down. One of the important distinctions between liquids and gaseous dielectrics lies
In the opportunity for operating on bulk effe cts to achieve triggering. For example,
the known aemiconducting properties of the Group VI elements and their compounds
and, In particular, their photoconduction properties, offered new avenues for
optical switch Initiation . That these avenues are not fruitful was a find ing In thi s
program as delineated In the following paragr aphs . However , this method of triggering
in solid semiconductors was later a highly successful area of the Investigation .

b. Photoconductio n

At the outset of this program , it was anticipated that the photogener atIon of
charge carriers in an appropriate Insulating liquid under electric stress would be
an effective means of InitiatIng spark breakdown . In the course of the work , detailed
consider ation was given to the mechanisms by which such a triggering effect might
be obtaInable and evaluation made of the sultabflity for this purpose of the liquids of
pri ncipal Interest, sulfur monochioride and liquid sulfur. ft was ooncltxled that
neithe r of these materials possess the desired combinat ion of photocondu ctive and
optical prop erties , and for this reason , this approach to the problem was abandoned.
The considerations leading to this conclusion are discussed In the following
paragraphs .

There are two distinct mechanisms for Inducing breakdown by a bulk photo-
conductive effect In an Insulating liquid . One of these relies on the variation of the
field required for brea kdown with carrIer concentra tion. The nature of this variation
Is not known for any particular liquid, but there may be anticipated a sIgnIficant
effect given a sufficIently large Increase In carrier density . In this event , the
photogenerat lon of carr iers more or less unIformly in the electrode gap of a discharge
cell would serve to reduce the breakdown field In the medium to a valu e below that of
the pre- existing field . An alte rnative mechanism depend s on the nonunifo rm
absorption of light to produce nonun iformi tles In the conductivity of the medium
between appropriate electrodes . This In tu rn will produc e distortion in the electric
field, the field being Increased In regions of leas t light absorpt ion. If the origina l
field was slightly below the brea kdown of the medium, this Increas e should serve to
trigge r the discha rge.
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Whichever of these mechanisms is operative , the general requirements an the
material are similar: It should show a good photorespon se at wavelengths where it
Is a moderately good absorber , I. e . ,  where the radiation will penetrate Into an
appr eciable fraction of the volume between the electrodes . In effect this means that
the abso rption coeffIcient of radiation to which the medium shows high photosensitivity
should be of the order of the re cipro cal of the gap dimensions .

Experiments on the pbotoconduct lve prope rtie s of the liquids of Interest were
carr Ied out In the cell shown schematically In Figure 12. A desirable feature of this
cell is that the exciting radiation Is introduced through the transpa r ent platinum
coating which forms one electrode . Therefore , all absorption occurs in the high fie ld
region regard less of the magnltnde of the absorpti on coefficient . In most cases the
source was a 100 W high pressure mercury arc lamp which provided radiation from
about 600 to 280 nm.

So far as Is known, no earlier repo rt s exist on the photoconduc tive properties
of sulfur monoch loride . The results of the present tests were essentially negative
In that no respon se was observed that could be Interpreted as true photoco nduction .
A small modulation of the cell current by light (about 0. 1%) was observed for one
direction of applied field but not the other. This resp onse was the reverse of the
usual photoeffect In that the effect of the light was to reduce the current , and was
probably due to an interaction at one of the electrodes. Thus , sulfur monoch ioride
is at best a very poor photoco nductor and not a promising candidate for the desired
applica tion .

The case of sulfur Is somewhat different . Data are available on its photoconduc-
tive and optical properties In the liquid states ind icating that It Is at least a moderately
sensitive photoconductor. Ghosh and spear a7) have reported the spectral dependence
of Its photocond uctive quantum efficiency. Their result s are plotted In curve 1 of
Figure 13. While detailed spectral measurements were not made as a part of this
program , observation s in the cell of Figure 12 were compatible with these results.
They showed a substantial pbotoconductfve effect in liquid sulfur due to ult raviolet
radiation but essentially no response to visible r adiation. Also shown In Figure 13
is the absorption coefficient of liquid sulfur as rep orted by Meyer , Oommen , and
J ensen. (18) A large difference In wavelengt h between the absorption edge and the onset of
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efficient photoconductlon Is In evidence. This implies that the process responsth le
for the long wavelength absorp tion Is not one which yields mobile charge carriers .
The absorpti on data available for liquid sulfur are limited to relatively low values of
the absorptio n coeffIcient . However , the complete curv e may be expected to parallel
curve 3, the absorption coefficient of crystalline sulfur as reported by Spear and
Adams. (19) These data make it clear that sensitive photoconduct lon In liquid sulfur
occurs only at wavelengths where the absor ption coefficient is very high, probably in
excess of 1O4 cm~~ . Photogene ra tton of charge carriers in liquid sulfur Is, therefore ,
restricted to a surface layer of the orde r of 1 pm In depth . For this reason this
material Is not well adapted to the needs of this program.

Sulfur monoch iorkie and molten sulfur are the two liquids which have demonst r ated
the greatest stability with resp ect to repetitiv e spark discharges. However , as dis-
cussed above , they are not well suited to the process of photoconductive triggering.
While there Is no basic reason why all the required properties for such usage may not
exist In one liquid , the likelihood o’ Id entify ing such a liquid within the time frame of
this Investigation appeared remote and emphasis was placed on othe r fast switching
means.

3. OPTOELECTRONIC SWITCHIN G IN SILICON

a. Quas lmetall ic Photoconduction Switching

The original approach explored in this project involved , as described above , an
attemp t to Induce suffi cient carriers by optical absorp tion In liquid s such as sulfur to
provide a rapidly triggered high conductance switch . Because of high absorp tion
coefficient , low quantum efficiency and large dielectri c relaxation time , this approach
has been shown to be unfeasible . Coincidentally , research at Bell Laboratories was
reported~

12
~ at about this time in which successful attemp ts were made to accomplish

this same switching fun ction In sIlicon . ft has been shown that a laser deliveri ng
mlcrojoule i*ilaes can produce qua slmeta llic photoconduction In silicon with a
corre sponding change in conductance from 10~~ (ohm-cm) 1 to 1O3 (ohm-cm)~~ .
The switching speed is limited only by the optical ~~lae since the dielectric relax-
ation time is lass than 1 pe. Electrical signals as large as 100 V (and probably much
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higher) can be switched . Auston demonstrated pulse widths of 15 ps at power levels
of the orde r of 100 W. Zucke r , et al~

13
~ report nanoseco nd risetime switching with

multimegawatt peak power in light-activated multilayer silicon devices .

In the present Invest igation , we unde r took a set of experiments to demonstrate
the feasibili ty of this method of switching In multiswttch arrays making up the
Frozen Wave Generator. Working with high resistivity silicon and a gas laser , we
were able to achieve quasimetallic conduction and vIrtually exact synchronism of
multiple switches In this generator. The sigelficance In the results , In conjunction
with those of Auston and Zucke r , lies In the possibility of generati ng megawat t pulses
In the higher microwave bands by solid semicoixiucting devices. This performance
Is far beyond that of known junctio n devices . In view of the phase stability of the
switches composing an array, even more power could be achieved by coherent
addition of multip le sources . Ultimately , the power might exceed the reasonable
expectations of spark gap devices.

b. Single Channel Switch

Initial experimentation was performed using an 0. 020 ln. wafe r of 5 x 1O’~ ohm-cm
silicon upon which was placed a meta llized mlcrostr ip transmission line as shown in
Figure 14. A gap In the mlcrostrip line , ranging between 0. 005 and 0.025 in. for
various experiments, permitted the light pulse from the laser to penetrate the silicon
surface . Thus , a conducting sheet was formed In the gap region having the real
dimensions of the illum inated gap and a depth equal , approximately, to the recip rocal
of the absorption coefficient . In the devices considered by Auston , a mode-locked
Nd glass laser was used in conj unction with a }~)P crystal frequency doubler to
produce two timed optical pulses with wavelengths of 0.53 pm and 1.06 pm. The
shorter wavelength pulse caused the switch to conduct as jus t described , while the
delayed 1.06 pm pulse was used to penetrate the silicon crystal shorti ng the micro-
strip line. In our experi ments aimed at Frozen Wave Gene ration , a different approach
was taken In which the pulse is shaped by the device (e.g. FIgure 1), while the switch
Is requi red only to tur n on. Thus , dc leakage currents could be reduced In our
experiments by means of the Insulating !~rlar layer depicted in FIgure 14 (a).

The switch circuit for Initial test ing Is shown In F igure 14(b). A coaxial PFN
was used to form a rectangular pulse upon actIvatio n of the switch. Expe ri ments
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were normally performed In the 50 to 100 V range . Higher potentials , perhaps as
high as 1O3 V, couki have been used If a final dielectric coating of the gap region had
been used.

The feasibility experiments were performed with an AVCO Puls ed Gas Laser
(Model C950) which produces 10 us, I mJ pulses at 0.34 pm with a typical repetiti on
rate of 10 Hz. This laser was not Ideally suited to the demonstrations of quasimeta llic
photoconduct lon as may be seen with reference to FIgure 15, which is a plot of the
room temperature opti cal absorl*lon coeffi cient In silicon. (20) The N2 laser
produce s a UV pulse where the absorption coefficient is near io6 cm4 and where
there Is , accord ingly, very shallow penetration of the silicon. Assuming an
Illum Inated conductivi ty in Si of 10~~ ohm~~, the switch in Figure l~4 (a) was expected to
exhibit a resistan ce on the orde r of i0 2 ohms when closed . The use of 0. 53 pm
pulses to close the switch would have been preferred In this regard In that the
penetratio n depth and, therefore , switch conductance would have been about io2

times greater. FIgure 15 also Illust rates the re lativel y la rge penetration at 1. 06 pm
which Auston employed for terminating the pulse . Tie risetime of the N 2 laser was
about 2 ns , a value which did not permit the demonstration to be performed at the
higher microwave frequencies. These deficiencies were offset to a large degree in
our experiment s by the relative convenience of the laser and the ability to observe
the switching phenomena in real time .

Typical switched pulses are shown In FIgure 16. The uppe r trace was obtained
using a 12 ft coax ial cable PFN to generate a 36 na pulse. An excellent retangu lar
pulse was achieved . The observed risetime , about 3 ns , closely trac ked the rise-
time of the Integrated light pulse. The carriers , produced by photoeffect , persist after
the light pulse for a time dete rmined by the shorter of the recombination time or the
drift time In the field . The experiment , illustrated in Figure 14~~), was performed
to determin e thi s characterist ic time . A 100 ft line was used to gene rate a 300 ns
pulse . The observed droop In the launched pulse shap e shown In Fi gure 16(b ) is due
to the loss of carriers with a characteristi c time , in this case of about 200 na.
Various experiments Indicated that this decay rate corresponds to the rate at which
carriers are swept from the Illuminated region of the switch. Thi s relatively slow
loss of carriers presents little limitati on of the technique when a~çlied to Hertzlan
arrays , since the latt er device s require switch closures which persist for only a few
nanoseconds.
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a. 36 ns PUL SE

5 m u g  DIV

b. 300 ns PULSE

200 ni/Ig DIV

FIgure 16. Pulse Launched by Single Channel Optoelectronlc Switch
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c. Optoelectronic Switch Array Experiments

The general success of the single switch experiment led progressively to small
arrays of similar switches with provision for variation in the pulse for ming circuitry.
An array of five elements was arranged in the pattern shown In Figure 17. The five
50-ohm microst rlp lines were laid out on a 2 cm diameter disc which was subsequently
sliced as indicated and mounted In a microstrip holder. The latter contained mIcro-
strip - coax BNC adaptors for each line, making for considerable flexibility in the
traveling wave circuitry.

The laser light was focussed Into a slit pattern (0. 1 X 2 cm) which equally
illumInated the switches of the array . The laser delivered an estimated i0~

6 j  to
each switch element . Approximately 2 y 1O~~ J was then deposited dur ing the first
2-3 us of the puls e.

The synchronization of two channels was evaluated using two elements of the
array shown In Figure 17 with the circuit shown In Figure 18(a) . ThIs circuit should
produce a negative pulse launched by switch 1 followed , after a total delay of 8 us ,
by a similar positive pulse whose leading edge results from the closure of switch 2.
If the se times of appea rance are t 1 and t 2, respectively, the jitter Is observed as the
variation in t 2 - t 1. The waveform Illus t rat ed In Figure 18(b ) Is a superp osition of
10 sweeps trigg ered Internally by the first pulse. The jitter Is not observable at this
sweep rate and must be less than the apparent time interval occupied by the trace-
width , in this case, less than 100 ps.

Three elements of the array were arranged In the circuit shown in Figure 19(a) .
in this case a two cycle waveform was expected and w~is observed as seen in
Figure 19(b) . The beginning of the second cycle corresp onds to closure of switch
element 3. Its timing under rep etitive operation , relative to the first cycle which
triggered the CR0, Is shown in .‘igure 19(c) . The apparent jitter , If any, is less
than about 50 pa.

Further experiments with this array sought to activate all five array elements
simultaneou sly . This objective was realiz ed, although distortions as seen in the
second cycle of FIgure 19(b) became more prono unced and detracted from the other-
wise graphic demonstration of sImultaneity . Such dis tortion probably arose from the
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failure of the UV laser to produce a truly high conductance state upon switch activation
for the reasons cited above.

The technique seems to be one of considerable potentIal. Although time did not
permit analysIs or experiments to determine power limitlatlons, optimal ar ray s and
design approaches for the higher microwave bands, further effort seems to warranted .
The potential is for megawatt power level devices at microwave frequencies substan-
tially above 10 GHz .
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SECTION IV
SUMMARY AND RECOMMENDATIONS

This Investigation has explored mechanisms in all three states of matter which

might make possible extremely low jitter switching In Hertmian arrays. Methods

Involving field distortion triggering in high pressure gases, photocotxiuction triggering

in aprotic Ikiulda and optoelectronic triggering In solid semiconductors have been

investigated. The most promising avenue for further research has been Identified in

the latter area where extremely small jitter and rapid turn-on capabilities are well

matched to the timing requirements In Hertzian arrays.

Of the three methods which were Investigated in this study, the three

electrode, potential divided gap was least innovative. However, success was achieved

In extending the control of such gaps to obtain jitter less than 100 pa. This was

accomplished by minimizing the lnterelectrode capacitance and by driving the switch

with an Impulsive triggering pulse of sub-nanosecond width. The difficulty in the
method, as applied to Hertzlan arrays , lies in the statistics of Jitter as Influenced

by the extremely short, high amplitude trigger pulse. The probability of missed

closures, while not large for the individual switch, looms as a critical quantity In

large series arrays such as those Involved in the Frozen Wave Generator. The

procedures which might be applied to overcoming this fault would appear to be energy

inefficient and complex, thus defeating the Important sImplicIty/efficIency features of

Hertzlan devices .

Switch mechanisms in the liquid state were Investigated based upon newly found

evidence for repetitive discharges In aprotic liquids Involving electron multiplIcation

within the liquid phase . The particular triggering method which was explored involved

the photogeneratlon of carriers In the bulk material. The molecular lIquid candidates

which were stndled failed to exhibit the desired combination of photoconductlve and

optical absorption properties and the approach was abandoned . However , this

switching technique could be a valuable one should the appropriate liquid be found ,

since liquid media offer certain advantages over both gases and solids In spark

switching application. The rapidly expanding researc h In amorphous and liquid semi-

conductors may eventually reveal one or more liquids with the appropriate optical and

chemical properties.
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Recently reported work by others has demonstrated a fast switching mechanism

In silicon with a potential for performance In terms of power handling and speed that

Is far beyond that of semiconductlng junction devices. This mechanism Involves the

fo rmation of a quasimetaflic conduction state in silicon by means of a low energy

visible light laser pulse. The switching speed is limited only by the laser pulse shape

and may be as rapid as 10 pa. By app ropriate series-parallel arrays it Is possible

to hand ie megawatts of power. A successful effort in the present Investigation sought

to apply and evaluate this method of switching In a form which might apply to Hertzian

arrays. The technique was demonstrated In this context In a small arra y composing

a Frozen Wave Generator .

To date, the simplicity, high peak power capability, and abort pulse/wide

bandwidth capabilitIes have been over-riding factors governing the interest in

Hertztan devices . However , their renowned poor signal quality has preciwied their

wider acceptance and use In many applications. Spurious spectral features m eldIng

harmonics, random frequency modulation and noise are characteristic of virtua lly

all Hertz lan device s developed to date . StabIlization of the fast switching function of

these generat ors could remove some or all of these limiting characteristics. The

potential of quasimetallic photoconduction switching In solid state devices appe a rs

to offer the promise of such stabilization at substantial power levels. It Is,

therefore, recommended that fu rther effor t be applied toward realization of this

potential. Principal areas of Investigation should look toward optimizing the optical

radiation source and Its distrIbuti on, toward optimal arrangements of switch

elements for power handling, and toward the delineation of the relationships between

power handling limits and device lifetime. Beyond this, the technology of opto-

electronic switching appears to offer important new avenues of development and new

use-modes In solid state Hertzlan devices which should be pursued .
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