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ABSTRACT

This report describes the design and development of a broadband, high power,

low-pressure microwave switch. Pertinent design information, particularly as it re-

lates to electrical performance and mechanical fabrication is presented, as is detailed

information on the experimental measurement facilities.

Particularly significant results derived are the magnitude of the peak pulse

microwave power that the gaseous switch can control and the rapidity of switching

action. Other features are the low insertion loss with the device either in the active

or passive state. Good isolation was achieved over the entire range of rated power

level. The following experimental results were achieved:

1. Rf power switched up to a megawatt

2. Switching Time 30 nanoseconds

3. Isolation 30 decibels

4. Arc Loss 0. 9 decibels

5. Cold Insertion Loss 0. 2 decibels

6. Spike Leakage none

7. VSWR (over C band) 1. 2 (max)

8. Recovery Time 30 microseconds

9. RF Pulse Width up to I microsecond*

I

May be extended to larger durations but switching peak power decreases. For
example, at 3. 25 microsecond width the switching capacity is 1/3 of a megawatt.
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I. Introduction

This report describes the results of an investigation into the feasibility of

developing a fast, broadband voltage-controlled, microwave gas switch capable of

switching pulsed microwave power. There are several ways to switch microwaves,.

such as ferrite faraday rotators, devices that utilize the B-H loop of fiprrites, high-

vacuum cavities employing the multipactor effect or low-pressure gaseous devices.

In this study the gaseous method was employed. At the time of this choice, available

data suggested that gas switching offered low cold insertion loss and relatively fast

switching over a broad band of frequencies in the microwave range. There was little

evidence available to predict the pulse power handling capability of the gaseous switch

in the low pressure range. Some work had been done on a similar device , but this

design was used only to switch relatively low-power levels.

Also at this time the temperature dependence of ferrites limited their high

power capabilities, and the isolation of ferrite switches was considerably less than

that of gaseous devices. Mechanical switching was rejected because of the very slow

switching times, of the order of milliseconds.

Gaseous devices now used in duplexers are not dc voltage-controlled but de-

pend on the microwave power level for operation. Other gas devices utilizing the glow

discharge to control either phase shiftZ or attenuation3 have power limitation in that

control is lost for high incident powers. In the approach used here a gas-filled triode

tube was designed where the control grid served the dual purpose of guiding the electro-

magnetic waves and receiving the d. c. trigger voltage to initiate the grid-cathode

plasma. The switch tube is depicted in figure 1. This tube was proposed, designed,

constructed and tested. The testing yielded the following data for the TWS."

1. RF Power Switched I megawatt

Z. Switching Time* 30nanoseconds

3. Isolation 30 decibels

4. Arc-loss 0. 9)decibels

5. Cold Insertion Loss 0. 2 decibels

6. Spike Leakage none

7. VSWR (over C-band) 1.2

8. Recovery Time 30 microseconds

9. RF Pulse Width 1. 0 microsecond

*Definitions are given in section 2.
÷TWS refers to Triggered Waveguide SwitchI
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II. Definitions and Symbols

In general, microwave energy entering any component at a Point A and

leaving at a point B experiences a loss between points A and B. The distribution of

power is shown below:

A B

Pt

Distribution of Power in a Two-Terminal Network

The terms involved are:

P. = the power incident at terminal A
1

P = the output power at terminal B
0

P = the total power reflected from the component when Lhe output line is
terminated in its characteristic impedance.

P = the total power absorbed in the component.
a

These definitions apply to a two-terminal pair network. It should be observ.

that in the cases where higher order waveguide modes exist at a physical termination

of the network, each mode should be considered separately. In this report only the

TE1 0 mode, the dominant mode in rectangular waveguide, is considered. Thus con-

servation of energy requires that:
(2-1) P. = P A- P + P

(-)1 r o a

The following definitions apply between terminals A and B:

With the block in the passive state -

(2-2) Cold Insertion Loss = 10 log Pi/Po

With the block in the active state -

(2-3) Absorption Loss = 10 log Pi/Pr
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when the transmitted power is negligible. The absorption loss includes all losses

within the block, i. e., the rf power absorbed by the gas (this is arc-loss), waveguide

wall losses, radiatioh, etc. The dominant loss here is the power absorbed in the

active state, referred to as " arc-loss".

(2-4) Isolation = 10 log Pi/Po

The definition of the breakdown of a gas under the influerce of an adequately high inten-

sity electric field will be defined as the transition of the electron density in the gas

from a relatively low initial value to a density (several orders of magnitude greater)

at which the rate of production of electrons and the rate of loss of electrons are equal,

thus establishing a steady state.

Symbols used in the report are:

a = ionization coefficient

E = dielectric constant

Ao = permeability of free space

A = characteristic diffusion length
X = wavelength in free space

g

w = plasma resonance frequency

w = waveguide angular frequency

p = mobility
vi = ionizing collision frequency
vc = elastic collision frequency

v = total collision frequency

T RF = duration of waveguide field pulse

TD = de-ionization time

T = duration of tube current pulseP

W = conductivity

p = pressure normalized to O0 C

p = pressure at any temperature

ui = ionization potential

'M = average electron energy

d = length of switch tube

x = electron displacement

t = time

m = mass of electron

I.
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e = electronic charge

N= electron density

E = r,f. electric field
0

J= current density

P umicrowave power

b dummy variable

D = diffusion coefficient

V d -drift velocity of electrons

T* a r. f. dynamic switching time

III. Theoretical Discussion

3-1. Discussion of Plasma Resonance

3-2, Transmission Equations

3-3, Switch Tube

3-1. Discussion of Plasma Resonance

The properties of gaseous switching depend upon certain fundamental para-

meters. A discussion of the factors which significantly affect the ability of an esta-

blished plasma to reflect micro\aves is given.

Consider a rectangular waveguide closed off at both ends by windows in which

a wave is propagating in the TE 1 0 mode. The gas is assumed to be ionized and the

electron density N is assumed to be uniform. If PI is the power entering the ionized
0

gas, then
(3-1) P1o r P " Pr

o 1 r'

This can be written as

F H, E H E.0oT o r i r Zr

since the puak transverse magnetic field and electric field arc normal and in phase

with each other. In terms of Z O

Ei Er o'
(3-3) 1 r = 0 and

0 0 0

* It is defined as the time elapsed for the reflected pulse to increase from a relatively

low level to a relatively high level; that is, from the 10% to 90% points on the detected
envelope.
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(3-4) E E2 EE2 then
r 0

(3-5) ;
7o n

where E' and Z' are the electric field and the wave impedance in the ionized gas-
0 0

filled waveguide, and E and Z are the electric field and wave impedance of the empty

waveguide. The wave impedance may be written in the form:

(3-6) Z°

where X is the waveguide wavelength. Substituting Zo, we get

E2 x
E k

0 g

where X is the guide wavelength in the ionized gas. Then the ratio of electric fieldsg
determines the wavelength in the gas. An increase in Eo'/E results in a waveguide-

below-cutoff. The increase in E' comes about by achieving a condition of plasma
0

resonance, of which a simplified and brief discussion follows:

An ideal method for rapidly switching microwave power would be an arrange-

ment whereby a thick sheet of electrons would fill an evacuated waveguide in near-

zero time. Free electrons in a vacuum oscillate 900 out-of-phase with the microwave

electric field incident upon it, and ideally, no energy is absorbed from the field. The

equation of motion of an electron acted upon by a microwave sinusoidally varying field

E cos Wt is:0

2d x
(3-8) m dt- = e E cos wt

Integrating this and dividing by m gives the current

dx e 2 E sin wt
(3-9) i = e-= imw

The current density is

e
(3-10) J = Ne E sin tSmc. o

From the above, the electron current is out of phase with the electric field,

and the conductivity is purely imaginary. The electron gas is characterized by a

I,
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, dielectric constant

(3-11) £ =

The conductivity is imaginary (m1) and is

(3-12) - j where E =E sin wt

Substitution of (3-12) into (3-11) leads to

(3-13) 
1 =- -

where 2

(3-14) 2 = --
p mE

Note that when plasma resonance (w p) exceeds the signal frequency (w), the

dielectric constant of the electron gas becomes negative. It is this condition of a

negative permitivity which causes the r. f. electric field, E ', to increase. In accor-0n
dance with the previous discussion, one has a waveguide-below-cutoff and reflection

from the plasma occurs; i. e., switching action is achieved. A more rigorous deriva-

tion of the dielectric constant which includes the damping term due to collisions may

be found in the latter part of Appendix I.

3-2. Transmission Equations

A qualitative view of the transmission characteristics of the switch tube can

be formulated from transmission line impedance considerations. The significant ap-
proximations are given below; and the derivations are given in the Fourth Quarterly

Report4 and are repeated in Appendix I of this report.

a) The waveguide is assumed to contain an isotropic dielectric of uniform

density.

b) The effects of geometry on wave modes is entirely neglected; i. e., a

TEM mode is assumed instead of the actual TE1 0 mode.

The equations are given as follows:

(3-15) T lo T [0lo 4b ex i 31r b/2 12
315 0og -i 10 log (l+bf - (1-bf expj 3wb
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F

(3-16) R = 10 log R = 10 log (I-b L (- expj3wb)

[(1+ b (1 - + bf exp j3wbJ

2 - 1e2

(3-14) 2 = e
p mC

The above equations have been plotted and are depicted as follows:

Depicted Independent Dependent
Equation In Figure Variable Variable Parameter

4-15 3 W /W T Vc/W4-16 W /ei R V/

4-17Za W / imaginary Vc/-

4-18 Zb •Pp/• C REAL Vc/W

3-3. The Switch Tube

The essential requirement of the switch tube is to establish an electron density

in the waveguide independently of the r. f. field. It must be of sufficient magnitude to

reflect almost all of the incident microwave power and to absorb very little. The

creation of this electron density must be accomplished in an interval of time much

shorter than r.f. pulse widths normally employed in microwave systems.

The dc voltage-controlled switch tube depicted in figure 1 is essentially a

gas-filled thyratron where the tube body serves the dual role of (a) guiding the electro-

magnetic waves and (b) serving as the control grid of the triode. The operation may

be explained as follows:

1. The applied trigger pulse causes breakdown of the grid-cathode space

leading to the growth of a plasma near the grid apertures.

2. Electrons from this plasma are accelerated in the anode space causing

ionization. The ionization leads to a cumulative modification of the

original potential distribution, resulting in anode breakdown and estab-

lishment of a conducting channel through the apertures.

I



PIBMRI-1111-63 8

Upon application of a grid trigger potential there is a delay of a few tenths of

a microsecond, then grid current begins to increase. When the grid current reaches

a certain critical value, conduction is transferred to the anode and the commutation inter-

val starts. A plasma forms in the waveguide. The anode voltage then falls to a very

low value with a time constant of a few hundredths of a microsecond. The tube current

begins to rise at a rate determined by

(a) the modulator circuit time constant

(b) the rate of fall of anode voltage and magnitude of anode voltage

(c) the pressure

During the steady conduction interval the anode voltage is substantially constant and

equal to the tube drop. At the end of this time the pulse foqrmTipn n• l•WQrk-haiLdliv• .r...

it' s charge and the tube current falls to zero. The electron density iS the combination

of the electron gas in the plasma and the charge of the PFN. After the termination of

the tube' a current pulse, the electron density is only a function of the decay time of

the plasma.

IV. Breakdown at High Frequency

The peak power handling capacity of the switch tube is determined by the

maximum r. f. electric field that the tube can pass without initiating a microwave-

induced discharge. An understanding of the controlling mechanisms of an r. f. dis-

charge in a low pressure gas is of importance in determining methods which can be

used to increase the power-handling capacity of the switch.

The breakdown criterion for pulsed gas discharge can be found by considering

the factors that lead to the threshold of breakdown. Brown7 has developed a break-

down criterion for a c.w. microwave discharge at low pressures and has experiment-

ally verified his theoretical result. His resuit was derived from the diffusion equation

(4-1) 8N P -L

by setting ON/Ot = 0; i. e., Pi = L . P is the electron production rate and L isS' e e" e e

* electron loss rate.

The breakdown field predicted by Brown was a function of gas type, pressure,

geometry and wavelength of the c. w. applied field.

The quantitative c.w. theory considered above is not valid when r. f. pulses

are employed to induce breakdown. The condition that there exists a balance between

ionization rate and loss rate does not hold since breakdown must occur within a defi-

nite #,nme interval. The effect of initial density N0 , the applied field repetition rate,
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and the step field duration becomes significant. The characteristic diffusion length,

wavelength and average electron energy assume little significance. Initial density is

not accounted for in the c.w. theory because the free electrons are allowed to build

up in an infinite time. In practice, an infinite time is not allowed for the density

buildup but' a field slightly higher than the threshold field is used to produce break-

down.

The solution of the continuity equation accounting for pulse-type breakdown id*

(4-2) 1 In N.b = -p (p
PR. F. 0op

where Nb is the electron density at breakdown.

Under all conditions the pulsed breakdown field will be greater than the corres-

ponding c. w. breakdown field. In the limit of low PRR and long pulse width the break-

down field approaches the c.w. breakdown field. As the pulse width is shortened, the

field required for breakdown increases. This is due to the time it takes for the elec-

trons to absorb energy from the stepfield (the rise time of the stepfield may be neg-

lected). If the energy equilibrium time between the field and the free electrons is

greater than the pulse duration, breakdown will not occur. To induce breakdown in a
shorter time, the electrons may be overexcited by employing r. f. fields many times

the threshold value. The large fields will supply the electron energy losses, the four

most important losses being, in our low pressure range,

(a) diffusion to the walls

(b) elastic collisions

(c) ionizing collisions

(d) excitation

The latter discussion concerned the pulse width dependence on breakdown; the .

following discussion considers the applied pulse repetition rate and initial electron

density.

Application of a series of r. f. pulses at a given PRR has the effect of lowering

the breakdown field. In the limit of low PRR (for a given pulse width) the breakdown

field is greatest. The field decreases with increasing repetition rate. This is due to

electrons produced in one pulse affecting breakdown conditons for the succeeding pulse.

When the decay of electrons in the afterglow is complete between pulses, the break-

down field will be insensitive to the PRR. The decay in the afterglow is controlled by

ambipolar diffusion except at the very lowest values of electron density where a tran-

sition from ambipolar to free diffuision occurs.
*See Appendix for derivation.
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V. Practical Considerations of the Grid-Controlled Switch Tube

5-1. Switch Tube Construction

5-4. Modulator Design

5-3. Microwave Test Facility

5-1. Switch Tube Construction

Mechanically, the switch tube in essentially a short section of standard rec-

tangular copper waveguide, suitably perforated for grid operation, with the ends

sealed off by microwave pressure windows. An anode and cathode is attached to the

upper and lower broad walls concentric with the perforations to form the tube. These

assemblies are enclosed by a vacuum-tight ceramic envelope. Figure 5 illustrates

the tube in an exploded view. Figure 6 is a photograph of the switch tube.

* - Thewa&veguifde- boajr w" as nmaci nei ieiii a his Y xyg fen
material is essential for gaseous devices since heating the copper will cause oxygen

molecules to be liberated from the surfaces and contaminate the hydrogen. The OFHC

copper is also necessary for brazing operations in an inert or hydrogen atmosphere.

The grid holes were drilled first, and then the kovar self-centering heliarc ring was

brazed concentric to the grid. This was done using a nickel-gold-copper brazing flux

at a temperature of 10600 C. The mating ring to this heliarc ring is then attached to

the anode and cathode assembly in a separate operation. One of the complications in

the fabrication of the switch tube was the attachment of the waveguide windows at each

end of the waveguide. The waveguide windows were especially designed for this tube.

They are made of kovar and 707 glass and are of triple-iris design for high mechanical

strength. The bakeout temperature of the tube, dictated by the type of cathode, was

4500 C. Thus the temperatures that these windows must safely withstand should be

7000 C. The windows had to be attached at an intermediate temperature which was

selected to be at 6000 C. A type R. N. solder was used and the welding was done in a

hydrogen atmosphere. Special jigging was required and this resulted in several failures

before the successful tube was brazed. The waveguide body at this stage of construc-

tion could easily withstand the planned bakeout temperature of 450-5000 C. The last

remaining mechanical process was the attachment by a heliarc weld of the entire anode

and cathode assemblies. These assemblies were completed and the heliarc ring was

brazed to the ceramic envelope inside of a bell jar by an induction heating weld. The

ring attached to the waveguide itself had a maximum outer diameter of 1. 875 inches.

Figure 1 illustrates the heliarc weld. The anode assembly is OFHC copper with a

molybdenum plate for mechanical strength. This plate is bonded on to the anode cup

as illustrated in Figure 1. The cathode assembly consists of the cathode, cathode-

baffle, cathode heat shield, heater and the titanium hydride reservoir. The exhaust
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tubulation can also be seen. The spacing of the anode-upper grid was 0.100 inch dic-

tated by the maximum voltage that the pulse-forming network can handle and is a funda-

mental specification. The distance between the lower grid and cathode-baffle was ap-

proximately 0. 900 inches and is not critical. Too close a spacing would require ab-

normally high grid potentials to initiate a plasma in the lower grid-cathode region.

Too large a spacing would merely make the tube physically large. The thickness of

the two control grids was chosen as small as possible within the bounds of mechanical

strength. The selected value was 0. 040 inches with each hole 0. 125 inches in diameter.

The final assembly was baked out and exhausted. No leaks were detected.

The unit was heated in a bell jar to 4500 C and the long process of outgassing began.

This procedure is essential for an uncontaminated active cathode. The effective-ca -
thode area was approximately 12-14 square centimeters. The tube was then pumped

down to a pressure of 0.1 microns and the aging process was initiated. The tubulation

was pinched off, and the tube was cleaned and plated. Following the aging test, poten-

tials were applied and preliminary d. c. measurements were performed.

5-2. Modulator Design

The purpose of the modulator is to supply the necessary voltages and currents

to operate the grid-controlled switch tube. A simplified diagram with a schematic is

presented in Figure 7.

The principal elements requiring attention in the design are the:

(a) pulse-forming network

(b) the load resistor

(c) the grid signal system

(d) the charging system

a) The pulse forming network used was a section of 50 ohm cable cut to a length
which gave a two-way delay time of one microsecond. Hence, the elapsed time between

the formation of the conducting path through the tube and the termination of the com-

plete discharge of the network is one microsecond.

b) The load resistor, aside from dissipatinL, the pulse power satisfactorily, should

be insensitive to frequency up to the highest components in the load pulse.

c) The trigger generator, synchronized from a timing oscillator, pulses the con-

trol-grid through a filter (de-spiking network) circuit. The trigger amplitude was

readily adjustable. The instrumentation is diagramatically depicted in Figure 8. A

one-ohm spoke resistor, designed for minimum inductance, was used to oscillograph

the rise of cathode current.

I
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d) The basic considerations involved in the design of the charging system is the

method by which charge is added to the PFN, and the rate at which the PrN is charged.

A charging diode in used to insure that the PFN current discharges through the tube

and not through the charging system. The path of the discharge current is shown in

Figure 7 by the arrow denoting ip,

5-3. Microwave Test Facilit,

Figure 8 depicts the r. f. test facility to examine the operating characteristics

of the switch. Basic considerations are the accurate measurement and determination

of:

(a) peak power handling capacity

(b) r. f. dynamic switching time

(c) rate-of-riseof tube current

(d) isolation, cold and hot insertion losses

(e) de-ionization time

The average power was measured (off a calibrated directional coupler) and

then converted to peak power by calculatiop. Highly stable, temperature-compensated

thermistors were used. The overall accuracy of power measurement was probably no

better than + 10%.

The switching times were measured by observing the rise time of the reflected

pulse when clipped or the fall time of the transmitted pulse. Refer to the second os-

cillogram of Figure 10.

The test setup was flexible in that the r. f. pulse could be advanced or delayed

with respect to the tube trigger pulse. Thus with a triggered plasma (thyratron dis-

charge) occuring in the waveguide the electromagnetic field could be adjusted to arrive

as shown:

RF PULSE ARRIVAL TIME SWITCHING
POSSIBLE

(a) before the thyfratron discharge occurs No

(Ib) during the tube current pulse interval Yes
S(c) in the afterglow period following the Yes

cessation of tube current

(d) after the termination of the afterglow No
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VI. Experimental Data and Data Analysis

6-1. Experimental Data

The waveforms of the switch tube are depicted in Figure 9, where the rate-

of-rise of tube current is given. Typical switching data is given in rigure 11. Figure

12 is a plot of the data of Figure 11. The switching time was found to be a sensitive

function of the anode potential. This dependence is graphically illustrated in Figure 13.

The r.f. dynamic switching time is defined on this curve.. Figure 10 depicts switching

oacillogramns. Figure 14 shows the dependence of the threshold-of -breakdown value on

the tube potentials. Figure 15 reports the de-ionization times.

6-2. Data Analysis

The magnitude of the electromagnetic step~fietd'that thetub. couldhbld76ff-

was observed to be 13 rms ky/cm (1. 9 megawatts) and the duration of this field was 0.7

microseconds. Higher peak power levels than this caused a microwave initiated dis-

charge in the waveguide. A relatively low gas-pressure was used. Very low pressures

required enormous dc trigger potentials on the grid to initiate thryratron action. When

thryratron action was initiated by a relatively high value of grid-cathode trigger poten-

tial ineffective switching occurred. Isolation was poor at this level, and during the

switching interval intermittent arcing occurred which ultimately resulted in high ab-

sorption losses.
What may have been the reason for this arcing is as follows: since the

operating pressure was very low, the mean free electron path (MFP) was probably

greater than the grid-to-grid dimension. We note that when the grid-cathode trigger

potential was not applied, no arcing occurred at the very high r.f. power levels. In

this case, the negative bias on the grid kept high-velocity initiatory electrons out of the

waveguide and an rf induced discharge could not begin. On the other hand, when the

negative bias was overcome by a high-potential trigger applied to the grid, high-velocity4

initiatory electrons were introduced into the waveguide space through the lower grid

apertures. Accelerated by the anode field through an MFP exceeding tube dimensions

the electrons attain very high velocities. All conditions for field emission discharges

are met at these long MýffP and intense electric fielao., It is probable that field emission

was the mechanism which caused the breakdown. In fact, white filamentary sparks which

appeared near the grid holes and extended from grid-to-grid were visually observed

through the microwave glass pressure windows. Multipactor phenomena was ruled out

as the primary mechanism because of the presence of the dc field; and Townsend dis-

charges will not occur at these low pressures.

These effects were lessa pronounced at lower r. f. field levels. When the

field was lowered, the pressure could be increased slightly without an r. f. discharge

occurring. This allowed easy triggering of the grid for thryatron action. The field level
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at this operating point was 10 rms kv/cm (1180 kilowatts). The external switching char-

acteristics were good at this level; hence, the switch tube carries a nominal rating of

one megawatt. The data is presented in Fig. 11.

In Figure 14 the threshold-of-breakdown is given for a pressure of approxi-

0.2 mm of Hg. The field value is 5.4 rms kv/cm (334 kilowatts). In this experiment

the tube was subjected tq an electromagnetic stepfield which traversed the gas-filled

waveguide. The threshold-of-breakdown value occurred when the transmitted pulse' s

attenuation increased from a relatively low value (0. 2-0. 3 dbs) to a relatively high value

(30 dbs). In addition, a visible glow is seen through a sighting tube; the instrumentation

is depicted in Fig. 8. In this data the threshold field is a function of the grid bias, as

shown at the lower part of the table, and anode potenttal as shown in the upper parItof

the table.

In order to explain why there is a slight increase in rf threshold-of-break-

down electric field (top half of table II), one must note that, previous to breakdown, the

percentage of anode field lines terminating on the lower grid is a small fraction of that

terminating on the upper grid. What we then have is, as far as the waveguide gas

volume is concerned, a dc sweeping field. This sweeping field decreases the number

of initiatory electrons before the r. f. intense stepfield arrives. Reference to equa-

tion (A2-3) in Appendix II denotes the threshold field goes as In NB/NO; a very slowly

varying quantity even with decade changes of NO, the initiatory electron density. This

probably explains the reason for a small increase in threshold fields with the large

changes in sweeping field.

The same agrument used above can be utilized to explain the large increase

in the rf threshold-of-breakdown (see bottom of table II) with increasing negative grid

bias with constant anode field. The significant difference here is the bias voltage con-

trols both the number and velocity of initiatory electrons into the waveguide space from

the hot cathode. When the bias voltage is relatively large and the anode voltage is held

constant at some high value, the rf holdoff field is a maximum. This is due to the com-

bination of anode sweeping field and the grid potential barrier developed. The large

value of bias prevents electrons from entering the .veguide region so that the only

source of initiatory electrons is that due to cosmic rays, inter-atomic collisions (Saha

collisions), etc.

When the bias is reduced somewhat, the breakdown field is reduced in quali-

tative accordance with In NB/No. When it is reduced to zero, many of the energetic

electrons from the cathode enter the waveguide space by virtue of their thermal volo-

cities (and perhaps influenced by a small fraction of anode field which penetrates the

cathode region). This causes the breakdown field to decrease by as much as 40%0. If

the anode field is reduced to zero for the condition of zero grid bias, the breakdown

I
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fiel~l further reduces. This last point is not verified on the data sheet but may be de-

duced from the complete data on table II in conjunction with the qualitative discussion

above.

As a final statement; if a method can be devised which can prevent all initia-

tory electrons from appearing in the waveguide space prior to and during rf wave inci-

dence, the holdoff field approaches infinity.

The cold insertion loss is a function of the VSWR, wall losses, radiation and

rf power absorption of the gas. The value was small, as expected, since the switch

in the unionized state is transparent to microwaves and acts as a low loss section of

waveguide. See Fig. 12.

The hot insertion loss (combination of the cold insertion loss plus the r.f.

energy required to maintain and intensify the discharge) was moderate and did not ex-

hibit sharp fluctuation over the incident peak power range of the switch. The greatest

part of this switch loss is the r. f. absorption, probably accounting for about 0.7 db of

the total 0.9 db. See Fig. 12.

The isolation, a number indicating the amount of power being transmitted past

the switch when a plasma is formed, was about 30 dbs, or only 0. 17 of the incident

power. The isolation can bedirectly interpreted to give the average value of electrondensity

during the switching interval. The (experimental) ratio of Vc/w = . 033 when the pres-

sure is 0. 2 mm of Hg. From L. Goldstein's5,8 work, the plasma density may be
11

found and is 8 x 10 electrons/cc.

The recovery time, a factor primarily dependent on tube geometry (see Fig. 15

and eq. 4-7), was obtained experimentally by employing a low-power probing generator at

a c.w. frequency of about 5gcs. The measured recovery time was 30 microseconds

and varied little with changes of anode voltage (1 - 3kv) and pressure (approxima'tely

0.1-0.3 mm of Hg).

The recovery time is seen to increase slowly with increasing anode voltage.

One reason for this is the higher electron densities achieved by increasing the dc peak

current through the tube. The recovery time also shows some dependence on pressure.

This is to be expected since increasing the gas preq-ure increases the gas density and

hence, also the dc peak current through the tube (assuming tube potentials are held con-

stant). The deionization time, in turn, is a function of the initial electron density which

decays exponentially from the initial value N*, according to the relation N N o

2 0

where T A /D a, is the decay time constant, A the diffusion length and Da the ambi-
polar diffusion coefficient. The time required to reach a particular value of N is the

decay time and is proportional to log (N/No). It is seen to depend both on the initial
electron density N and on -r.

0

*This initial value is the maximum value of N achieved in the discharge and is not to be

confused with the initiatory electrons discussed on pages 13 and 14.
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The insensitivity of recovery time to applied negative grid bias for small
ranges of grid bias voltage is shown in the lower part of table IMl. The negative bias

on the grids causes a positive ion sheath to appear in the grid apertures. This pre-

vents electrons from entering the waveguide region removing the possibility of further

ionization. Qualitatively this means that the deionization time in essentially a function

of the geometry (which determines A 1, the diffusion coefficient (Da ) and the value of

electron density N at the cessation of the tube current pulse.

The actuating time of the switcti was found to be a sensitive function of the

static anode potential and an insensitive function of pressure except at extremes. The

curve of r. f. dynamic switching time as a function of anode potential is given in

Figure 13. The reason for this sensivity is the influence of the anode field lines on the

electrons ejected into the waveguide space by the positive grid trigger pulse. The

electrons attain high kinetic cnergies rapidly traversing the waveguide toward the

anode where a plasma begins to form, This plasma, highly conductive, " extends" the

anode toward the cathode resulting in a plasma filling the waveguide in a very short

time. The nominal switching time is approximately 30 nanoseconds.

Noise Temperature

Since the TWS (thyratron triggered waveguide switch) in certain applications

may be part of a low noise microwave receiving system, an attempt to rate the noise
temperature from existing data will be made. The noise temperature will be considered

uniform over the waveguide space of the TWS. Basically we ask, " What is the noise

power output change of the TWS when inserted between a source and an output port in

the "on" "off" states? If the power absorbing component appears as follows:

S~~SWITCH---o
T > 0T

T9p e

Source Effective
Tempe rature Output

Temperatu re
(1)

then the effective temperature Te is given as:

T Tp (1 1/ + /

where T is the operating temperature of the TWS in °K.P
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Using the above relation which states that the effective temperature TC is

proportional to the noise output of the source plus the component under test, the following

table may be computed based on measured data:

Measured
Switch Loss *T T T

0 P e

Mode dbs L 0K 0K 0K

On 0.70 1.175 0 325 48.5

Off 0.10 1.047 0 325 14.3

*By assuming that T = 0 OK the noise temperature contribution of the TWS is found.-
g

Noise contributions due to thermonic emission of the grid are expected to

be low because of the large grid radiating area resulting in cool operation. The cathode

is completely baffled and one would expect very small noise contributions from cathode

material sputtering on other electrodes within the TWS.

Life

The significant factors affecting the TWS lifetime are:

a) window deterioration

b) gas cleanup

c) internal electrode sputtering

Upon close examination of the tube, it was noted that a thin deposit of material ac-

cumulated on the vacuum side of the windows; a check on the low power VSWR and in-

sertion loss characteristics revealed no substantial changes. High power operation

remained unaffected. This deposit has formed while operating after a period of approxi-

mately 125 hours. The windows continue to perform their intended job satisfactorily.

Gas cleanup is non-existent because of the use of an adjustable titanium

hydride reservoir which maintains a constant pressure. This reservoir has been used

in many types of commercial thyratrons. Use of low-vapor-pressure materials and a

rigorous outgassing-bakeout procedure has minimized the possibility of gas impurities.

Sputtering, which can shorten the life of anodes and cathodes, is minimized

here because of the complete baffling of the cathode from the remaining electrodes. An

active cathode is essential to switch tube operation. Anode deterioration is minimized

because of the use of a molybdenum plate which is highly resistant to distruction by

sputtering. This plate is bonded to the OHFC copper electrode which comprises the

anode assembly.

The TWS was built and first tested inJulyof 1962. During the past ten months

it has operated satisfactorily for 150 hours, though not for more than 6 hours on a continuous

basis. The tube appears to have lifetime comparable to ordinary ceramic hydrogen thyratrons.
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VII. Conclusions and Recommendations

A working laboratory model of a grid-controlled gaseous switch tube has

shown its capability of:

(a) controlling large amounts of microwave pulse energy by using a low

potential trigger voltage, i. e., an electronically (voltage-sensitive)

controlled device.

(b) short switching times, in the neighborhood of 30 to 40 nanoseconds

(c) broadbanding over the entire C band with a VSWR < 1. 2

(d) moderate-to-low loss characteristics when in the active or passive

state

(e) good isolation between the incident and transmitted power when in the

active state

(f) switching power over a wide range of peak powers from watts to a

megawatt

(g) no spike leakage

(h) a recovery time of moderate value

The effects of environmental changes on tube characteristics have not been

investigated.

Further work on the switch should tend toward increasing the peak microwave

power handling capability and shortening the recovery time. With regard to the former,

a program is underway to better understand the r. f. power limitation by constructing

an experimental tube with a means of measuring pressure. As regards the latter, a

tube is under construction which will be capable of applying pulsed (and delayed)

sweeping fields by inserting opposing electrodes in the narrow walls. A study of the

methods by which a reduction in arc loss can be accomplished is contemplated.

Another area that should be investigated is that of applying a dc magnetic

field parallel to the electric field to cause electron path curvature. This would in-

crease the collision cross section by constricting the electron gas resulting in higher

electron densities. This would allow operation at a lower pressure which would in-

crease the rf holdoff fields.
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Figure. 11 Table I

TYPICAL SWITCHING D.TA OF SWITCH TUBE

switching PRR T Pinc Prefl Po Isolation Arc-Loss -la. Loss

Mode P e (Peakt Power in Kilowatt DB DB DB

1 Off 20016.6 0.066 16.0 0.15

2 On 16.6 12.6 .0033 35.10 1.2

3 Off 33.3 0.053 32.6 0.10

4 On 33.3 27.0 0.066 27.0 0.9

5. off 66.6 0.091 66.0 0.05

6 On 66.6 55.0 0. 076 29.0 0.8

7 Off 100.0 0.123 99.8 0.05

8 On 100.0 83.25 0.093 30.0 0.8 .'F

9 Off 133 0.160 132. 5 2

10 On 133 109.8 0.10 31.0 0.8

U off 226 0.233 220 0. 0o

12 on 226 186.5 0.10 34.0 0.8

13 Off 333 4.16 332 0.05

14 On 333 280 0.05 38.0 0.7

15 Off 100 0.7 681 3.14 645 0.25

16 On 652 565 0.29 35.0 0.6

17 Off 7 03 0•) 4.73 745 0.21

18 On 755 660 1.60 27.0 0.6

19 Off 1160 3.60 1110 0.20

20 On 1120 940 0.29 34.0 0.8

21 Off 1190 5.50 1110 0.30

22 On U180 940 " 0.29 36.0 1.0

23 Off 1380 5.95 , 1260 0.30

24 On 1450(1) 895 58.4 14.0 2.1

25 Off 50 1620 9.75 1510 0.30

26 On 50 1680(1) 1130 36.8 17.0 1.7

27 Off 50 1800 11 1750 0.10

28 On 50 1950()1 1380 73 14.0 1.50

29 off 50 5.0 332 .045 308 0.30

30 On 50 5.0 332 267 0.324 30.0 0.9

1. Arcing lside the wavegulde could be heard.

2. Dynamic measurement of Tm (clipping time of rf pulse transmitted past tube)

was made at this power level.
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Figure 14 - Table H

DATA ILLUSTRATING DEPENDENCE OF RF BREAKDOWN FIELD

AS A FUNCTION OF GRID BIAS AND ANODE VOLTAGE

Rjr Level Necessary Reservoir Anode Grid Filament
to breakdown the gas Voltage Voltage Bias Voltage

Pinc Ei.RMS Er Ebb Zcc

(peak (ky/cm) (volts) (kilovolts) (volts) (volts)
kilowatts)

270 4.9 3.4 0 0 0

264 S. 1 (Pressure is 1.0 0

300 5.2 "-0.2 mmofM ) 2.0 0

310 5.3 3.0 0

334 5.4 3.5 0

302 5.2 1.0 -100

310 5.3 2.0 -100

320 5.35 3.0 -100

334 5.40 3.5 -100

62 Z.35 3.4 0 0 6.3

106 3.1 -50
104 3.05 -100

100 3.0 -200

102 3.0 _ _ _ _ -300

328 S.4 3.0 2.0 0

510 6.7 3.0 2.0 -50

540 7.0 3.0 2,0 -100
560 7. 1 3.0 2.0 -200

aat the midplane of the waveguide where the rf field has its maximum value

I
I



RECOVERY TIME DATA

Recovery Time* Anode Voltaie Reservoir Voltage Grid Bias
(nicroseconds) (dc kilovolt) (ac (volts)

30 1 3.5 -20
36 2 3.5 -20
42 3 3.5 -20

26 1.5 2.5 -20
34 1. 5 3.5 -20
36 1. 5 4.5 -20

34 1.5 3.5 -10
34 1.5 3.5 -20
34 1. 5 3.5 -40
60 1.5 3.5 -80

Fig. 15 Table III

*V'or definition see Section II.

I



APPENDIX I

Derivation of the Transmission and Reflection Characteristics of the Microwave Switch

T = Normalized Transmitted Power in DB

R Normalized Reflected Power in DB

Pt Normalized Transmitted Power

P = Normalized Reflected Powerr
v = Mean Electron Drift Velocity

W = Microwave Signal Frequency

W = Plasma Resonance Frequency

vc = Total Collision Frequency = - Pc P

b = Dummy Variable =

E c Complex Dielectric Constant

Eo 0 Dielectric Constant of Free Space

E = Dielectric Constant Relative to E.0

e = Electronic Charge

m r Electron Mass

X = Free Space Wavelength

p = The Complex Propagation Constant

d = Distance Along the Z Direction of Tr~nsmission

N = Electron Density within The Plasma

(Y Complex Conductivity of Gaseous Plasma

3 = Current Density

c Velocity of Light in Vacuo

P = Probability of Collision (cm)"I
c

PO Pressure (in mm of Hg)
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A qualitative view of the transmission characteristics of the switch tube can be

* formulated if one employs the impedance concept of transmission line theory. This view

is justifiable because guided wave propagation through the switching device does not dif-

fer greatly from plane wave propagation through the same unbounded plasma, except for

effects of waveguide geometry on the propagating mode or modes. Basic wave proper-

ties, thereby, are essentially the same in both cases.

The polarizability and conductivity (excluding the permeability) completely

describe the plasma with regard to wave control in the plasma.

The polarizability is the parameter which is most easily controlled in the

.. . sw-tch t'be.--T -a•--es-eca-usei -esign• of the dielectric constant is controilib te

value of N. Variation of the sign of the dielectric constant and, therefore, wave propa-

gation conditions are controlled by the ratio of the plasma resonance frequency Wp (see

equation 3-14) to the electromagnetic field frequency W. The small loss component of

plasma conductivity will be considered in formulating the transmission characteristics.

This loss component depends on vc/w. The parameter v. is the total collision frequency

of the electron with both positive ions and neutral gas molecules. These collisions cause

an in-phase oscillatory component of electron motion with regard to the incident micro-

wave field thereby causing some power absorbtion by the gas. Ratios of Vc//W from 0. 01

to 10 will be used.

Reference to the adjoining figure shows the idealized regions of the bounded

plasma. The plasma is assumed to contain an isotropic dielectric of uniform density.

Unform

= Zl, l r Plasma Z3

incidence f transmission

d=0 d=-4

IDEALIZED REGIONS OF SWITCH TUBE

The problem is one of determining the reflected and transmitted powero due to

multiple reflections at plasma surfaces P and Q.

i*
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There are five quantities of interest:

J~1z 1
(Al-i) The incident wave E= E c ; Hi = .11 i

..(AI-2) The reflected wave Er E.z ." Hl

(Al-3) The field within the plasma

JHs -JPZ-

Hm =T -

(Al-4) The transmitted portion Et = E3 J ; Ht I . Et
T3

The boundary conditions are defined

at P Eo+ E= + + E

at P Eo - El z= 1(e - E

+ Jp2 d J0 2 d J0 3dat E E2 C + E_ 2 = E 3 C

at+ E, j0 2d -Jpd Z 2  J0 3d

a + E-c = . E3 C

Solving for EI/E° and E

--..- 3/-o



Al-4

Zl l+ Z2 J2

E E 77 + + 1 . E____

1 r2 3)__ __ _ _ __ _ _

E3 Et j 3 z 4 j 2 d

The intrinsic impedance Z1 =Z Z and Z= Z Z

henceb= b = [53 and 2 = b = -

Inserting these parameters into (5) and (6) and squaring the absolute values

yields the (normalized) reflected and transmitted powers.

2 2
(A1-7) Pr = Power Reflected (I (1- b ) (1- exp (4 7 jbd/X))

Power Incident (1+ b)Z - (1 - b) exp (4 n jbd/X)

(Al8) Pt Power Transmitted = 4b exp (2r jbd/k) j 2
Power Incident (l+b)f - (1-bf exp (4 n jbd/X)

The switch tube is 3/4 of a wavelength long. Substitution of this value yields

the expression used in the report. The entire transmission properties, therefore, de-

pend on one parameter, b, which is a function of the gas characteristics, the incident

microwave frequency, and the tube geometry.

The equivalent dielectric constant of the plasma, described by b, can be found

by using the equation of motion for electrons given below. (This assumes that electron

current predominates and that ion current is negligible.)



Al-5

(Al-9) d m v v-jwt(AI-9)t m c 0~)=-eE

The drift velocity of the n (electrons/cc) free electrons is

o e E 0tjwt(Al-10 v(t) = (=v.j)

The current, made up of the real and displacement currents is

N 2 Ne c(Al-li) J -Ne v(o) = - - E-
(V + j W W)c

(Al-12) Vx H = J +

(Ai-13) VxH = J- jW E= Ne - joE

The equivalent dielectric constant is shown between the square brackets

2 V 2HNe --c Ne E

The dummy variable b is defined as ; = % . Hence

Al-15) b= - + j ; W2 2 No

It is assumed that the mean total collision frequency vc is independent of the

drift velocity. This restriction is not prohibitive because certain gases exhibit a slowly

varying vc with changing potentials. S.C. Brown has shown that helium exhibits a mean

collision frequency depending only on pressure.

i-......
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"APPENDIX II

Derivation of the Breakdown Field for Pulsed Discharges

The continuity equation for electrons is:

ON 2(A2-1) P - L z vcN'V DNIT-e e

. . i•ere-vi N is the nhurmier obriew ele-ctrons ad-p 9r-ou-uc[-per-s-ec-on-•nal•'• DN is the

number of electrons lost by diffusion per second. To a first approximation 7 2 DN

may be replaced by - N/A , then integrating over time (the duration of the applied

field) yields
NB

(A2-2) (v i dt
N 0

0

where breakdown occurs at time r for an electron concentration of N The solution,

after dividing both sides by the pressure, is:
1 NB a Dp wee = e1E

(A2-3) In NB - where f.p'r NJo pd (pA)

where afd has been substituted for v. The coefficients as a function of the effec-

tive electric fields are then determined to yield the threshold field values. This has

been done by Gould and Roberts6 in the high pressure ranges and by MacDonald9 in the

low pressure range. Both 2apers deal with air howevqr.
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