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r        1.   gmSäS 9t  cont;ractual..E^qÖ. 

The objective of this contractual effort la to 

determine the feasibility of Improved high power duplexer 

performance using a plasma which Is confined by a magnetic 

field. Specifically, the objective la the reduction and 

direction of heat losses, decrease of sputtering and gas 

clean-up of a plasma by magnetic confinement. The program 

j        alms toward the development of a stable and controllable 

magnetic plasma confinement sehen». The following tasks 

will be carried out In a period of twelve months beginning 

June 1, 1964. 

r 

r 
r 
r 

r 

i 
i 
i 
i 
i 

1.1 A study of the properties of high power microwave 

plasmas In a magnetic field. 

1.2 Determination of the characteristics of various Pen- 

ning type gas mixtures in a confining magnetic field. 

1,5  Investigation of the following properties of magnetic- 

ally confined plasmas, 

1.3.1 Thermal Properties 

1.3.2 Arc Loss 

1.3.3 Recovery Time 

1.3.4 Qas Clean-up 

1.3.5 Noise 

1.3.6 Leakage Energy 
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1.4 Determination of High power limitations of the magnet« 

Ically confined plasma duplexer. 

1.5 Experiments to check the results of bhe analytical 

program. 

1.6 Design of an exploratory development model duplexer 

utilizing the results of the feasibility study, 

1.7 Consideration of methods of size, weight and power 

consumption reduction In the prototype duplexer. 

-2- 
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2.   Abstract 

Three methods of reducing the recovery time of the 

magnetically confined plasma dupiexer are Inve Igated. 

One methoü, the use of a plasma tuned cavity, is partially 

successful, but Is too complicated to be practica .  A sec- 

ond "lethod using d.c. sweeping electric fields is unsuccess- 

ful. A third method, using thin dielectric fibers to reduce 

the average ambipolsr diffusion distance in the plasma is a 

satisfactory compromise solution to the problem of achieving 

an acceptable recovery time and having a very effective con- 

fining magnetic field. 



3-   Conferences. Lecturest Rtr^rta snd Publications 

3.1 Conference on 25 March 1965 at Eicon Laboratory, Inc. 

3 1.1 Presents Maurice Reiner, USAECOM - Louis W. 

Roberts, Dr. Edwin Langberg, William Qhen, Eicon. 

3.1.2 Experimental Program: Discussed the multiple 

recovery phenomenon and the objective of using 

partially deionlzed plasma for microwave tuning 

of an oversize cavity. Demonstrated recovery of 

an oversize cavity. 

3.1.3 Conclusions: Preliminary results using an over- 

size cavity indicate that it may be possible to 

achieve & useful recovery by this nethod. Inves- 

tigation of this approach to be continued. 

3.2 Conference on 15 April 1965 at Eicon Laboratory, Inc.. 

3.2.1 Present 1    John Carter, USAECOM - Louis Roberts, 

Dr. Edwin Langberg, William Ohen, Eicon. 

3.2.2 Experimental Programi Results of attempts to 

achieve a useful recovery time using the over- 

size cavity approach. Contract status discussed. 

.4- 
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I 3.2.3 Conclusionst The oversize cavity approach to 

recovery time control shows some promise, hut 

other methods should be Investigated before 

design of the exploratory model duplexer is 

completed. A 60 or 90 day no-cost contract 

extsnslon should be considered to allow time 

to complete the investigation of recovery time 

control, and to allow adequate time for delivery 

oi'  long lead-time components. 

3.3  Conference of k  May 1965 at Eicon Laboratory, Inc. 

I 4.3.1 Present; Mdurlce Welner, FSAECOM - Louis W. 

Roberts, Dr. Edwin Langberg, William Qhen, Eicon. 

3.3.2 Experimental Program; Discussed the results of 

I the attempts to control recovery time by means 

of the oversize cavity. Design of exploratory 

model duplexer discussed. Plans to attempt to 

control recovery tine by means of d.c. "sweeping" 

fields discussed. 

I 3.3.3 Conclusions; The oversize cavity method of re- 

covery time control is probably not feasible, 

and other methods should be evaluated before 

finalizing the design of the duplexer. 

I 

I 
I 

I 
I 
I 
I 
I 
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3.4  Paper presented at the Hexagon, Fort Monmouth, N. J, 

on 20 May 1965 at the High Power Microwave Tubes 

Symposium co-sponsored by The U.S.Army Electronics 

Command and The Advisory Group on Electron Devices. 

3.4.1 Authors; Louis W. Roberts, Dr. Edwin Langberg 

William R. Qhen. 

3   3.4.2 Titled High Power Plasma Duplexer Stu^*,. 

-6- 
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4.   Control Of The Puolexer Recovery 

It has been apparent that the recovery time of pi re 

noble gases or noble gas Penning mixtures In the cylindrical 

TE,., c&vlty la too long for most practical duplexer appilca- 

tlons when an effective confining magnetic field Is used. 

Th^ee methods of controlling this recovery time have been 

Investigated during the quarter: a) the oversize cavity 
I 
i        method, b) the use of a.c. "sweeping" field, and c) the 

reduction of average utnblpolar diffusion distance by filling 

the gaa container with thin dielectric fibers. 

4.1  The Oversize Cavity Method 

The recovery of the TE^ cylindrical cavity has In- 

dicated that it is possible to transmit a low "»evel signal 

through it while the gas is still partially ionized. 

The most slgnlricant variable which determines the 

transmissions through the plasma is the plasma frequency. 

The effective dielectric constant of the plasma is 

I 
I 
I 
I 
I 
| € « €o 

!; 1 -Up/u))
2 ...(4.1) 

I        ImmGdiately after the transmitter pulse 

I üü  » üu ...(4.2) 
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and the plasma behaves as a microwave reflector and little 

penetration of the plasma takes place. 

When 

^  - u) ,.U.3) 

the dielectric constant of the plasma Is less than that 

for free space^ detuning the cavity and resulting In some 

reflection and some transmission. 

Finally whri 

a  « u) ..(4.4) 

the plasma is basically transparent, and has no effect 

on the transmission of microwaves. 

The condition where ur ;r u is the one of interest 
P 

in attempting to use the partially deionlzed plasma to tune 

the cavity. At this time, the dielectric constant Is less 

than that for free space, and the cavity resonant frequency 

should be considerably higher than without any plasma. 

Therefore, by appropriately Increasing the cavity size, it 

should be resonant at the desired frequency during the time 

that the plasmas has a relative dielectric constant less 

thm  unity. 

-8- 
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4.2 The Use of d.c. "Sweeping" Fields 

Certain types of TR tubes have used d.c. electric 

I        "sweeping" fields as a means of recovery time control. 

Such fields are established between an auxiliary electrode 

or grid and the metal microwave electrode structure of the 

tube In such a way that the sweeping electrode is shielded 

from the microwave fields (or suitably choked), but tne 

d.c. electric fields tend to rapidly remove electrons from 

the microwave interaction region. Such sweeping devices 

typically reduce recovery time by a factor of 10 to 30 

f»        without significantly changing the high power performance 

of the tubes. The quartz bottles used in the cylindrical 

I        ^*11 cavity do not lend themselves to the convenient in- 

stallation of sweeping electrodes. However, a preliminary 

1        investigation to determine the feasibility of this approach 

r       was carried out, and the results are discussed In Section 5 

of  ils report. 

4.3 The Reduction of Average Ambipolar Diffusion 
Distance by Pilling The Qas Container With 

| Thin Dielectric Fibers  

Filling the bottle with thin fibers of quartz has the 

effect of Increasing the surface area for ion-electron re- 

combination and reducing the average am' Ipolar diffusion 

distance. The primary result Is the reduction of the 

r 
-9- 
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recovery tliae. One of the reasons for using magnetic 

confinement Is to decrease amblpolar äiffuslon. In this 

respect the effect of quartz wool counteracts the effect 

of the magnetic field and no significant effect of the 

magnetic field on the recovery time can be expected. 

However, the magnetic field has two other effects« 

It cht )ges the complex dielectric constant of the plasma 

as well as the plasma shape within the bottle. One can, 

therefore, expect that a magnetic field can change the 

arc loss to some extent even in the presence of quartz 

wool. This arc loss change does not necessarily influence 

the quartz bottle wall temperature. The neat is dissipated 

primailly in the quartz fibers Inside. Due to transparency 

of the quartz bottle, the heat transfer from the interior 

may be largely by radiation directly to the cavity walls. 

-10- 
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5.   Experimental Program 

The experimental program for the  eighth quarter 

I        consisted of the Investigation of the three methods of 

recovery time control discussed In Section 4 of the report. 

5.1  The Oversize Cavity M^thoü of Recovery Time Control 

T The TE-11 ©ylindrical cavity was modified to lower its 

resonant frequency substantially by adding a section of pipe 

to increase the cavity length by approximately 150 electrical 

degrees at the operating frequency. A style 2 quartz bottle 

centrally located in the cavity was used as the plasma con- 

J        talner, The electromagnets were used to develop the cusp 

magnetic field. The cavity, modified as described above, 

had a low level Insertion loss of about 8 do., and was reso- 

nant below the cut-off frequency of the rectangular S-band 

waveguide. The recovery response of the cavity is shown In 

Figure 5.1. Without magnetic field, the cavity had a very 

pronounced transmission of the probing signal during the 

time when m     &   w. However, the start of this transmission 

period was nearly 2 ms after the transmitter pulse, and lasted 

about 2 ms. With magnetic field, this transmission period 

was considerably less pronounced. 

-11- 
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The cavity extension was shortened In several steps, 

until at 75 degrees overside, the cavity recovery began to 

approaeh the standard cavity recovery. None of the Inter- 

mediate length showed any more useful recovery character- 

istics than the 150° extension. 

It should be pointed out that to properly evaluate 

the oversize cavity approach to recovery control, the cavity 

diameter, as well sa length should be increased, or with the 

standard cavity, the operating frequency should be increased 

considerably. An increase in cavity diameter, beside requir- 

ing a new cavity and quartz bottle, would require a new pair 

of electromagnets, and probably a new magnet d.c. power source, 

An Increase in the operating frequency of the high power ex- 

perimental equipment would require a new magnetron, and all 

new waveguide. Both of these alternatives are beyond the 

scope of the present contract. 

5.2  The Use Of d.c, "Sweeping" Field 

Two metal electrodes were sealed into a style 1 quartz 

bottle as shown in Figure 5.2. The entire electrode struc- 

tures were made of tungsten to withstand the heat of sealing 

to quartz, and for Its inherent reslotanco to sputtering. 

Small Insulated wires were attached to the outside terminals 

of the electrodes, and brought out of the cavity through the 

[ 
r 
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I output coupling aperture In such a way as to minimize  coup- 

ling to the r.f. fields. No significant detuning of the 

I cavity was produced by the electrodes and leads. The bottle 

was mounted conventlally in the cylindrical TE,,, cavity, 

and the standard -usp magnetic field was used. The cavity 

was operated at , mera  up to 2  megawatts peak, 2  kilowatts 

average with argon fills from 10 microns to 2000 microns. 

1 The bottle was rotated in the cavity to change the position 

of the sweep electrodes relative to the microwave electric 

field within the cavity. No reduction in recovery time was 

observed under any conditions without magnetic field. Under 

certain conditions, the application of a d.c. sweeping voltage 

I produced a very slight recovery time reduction (1-2)0, with 

magnetic field. The on*/ electrode d,c, polarity which pro- 

I duced any observable sweeping action was with one electrode 

d positive and the other negative. Under these conditions, 
I 
* the maximum d.c. voltage was limited to about 30ÖV, Above 

| 30ÖV, a d.c. glow dischar^ was initiated by the r.f. and 

sustained by the d.c. voltage resulting in several db. In- 

f sertlon loss, and considerable noise generation. When the 

quartz bottle was removed from the cavity after a total 

operating time of about six hours, at power levels up to 2 MW 

peak, the Inside surfaces of the quartz near the tungsten 

electrodes were heavily coated with sputtered metal. 

-15- 



5.3  The Reduction Of Average Ambipclar Diffusion Distance 
By FUUng The Qas Container With Thin Dielectric F3^r6 

A style 2  ruartz bottle was completely filled with 

loosly packed high purity quartz fibers. An attempt was made 

to keep the fiber density as uniform as possible, but because 

of the necessity of filling the bottle through a small hole, 

some non-uniformity was unavoidable. 

The fiber filled bottle was then mounted in the IE.,, 

cavity and connected to the tube exhause system. The bottle 

was outgassed by r.f, ionization as described in Section 5.1 

of the Sixth  Quarterly Report. The quartz fibers retain a 

large amount of water, and require many hours of outgassing 

before a stable gas fill can be achieved. Initially, the 

complete recovery time was about 10 ixs due to the large amount 

of water vapor driven out of the quartz fibers. The recovery 

time gradually increased to about 400 M-S after several days of 

outgassing. The arc loss decreased until the full recovery 

time increased to about lOQis, then remained essentially con- 

stant, although the recovery time eventually increased to 

about ^OOjis. 

The 3 db. and full recovery time as a function of magnetic 

ileld are shown in Figure 5.3. The magnetic field does not 

increase the recovery time  very much - in fact, the 3 db. 

-16- 





recovery tends to be decreased slightly by the cusp magnetic 

field. This is probably due to rhe redistribution of plasma 

in the bottle. The magnetic field tends to move the plasma 

away from the inside surface ol the quartz bottle, whare the 

quarts fibers are less dense, toward the center of the bottle, 

where the fiber density is more uniform. The recovery time 

variation with gas fill pressure is shown in Figure 5.4. 

The magnetic field reduced the 3 db. recovery time 

throughout the gas fill pressure range of 120 microns to 

above 1000 microns. The overall effect of the quartz fibers 

on recovery time was about a ten-fold reduction in both the 

3 db. and full recovery compared to the same gas fills without 

the quartz fibers. 

It is reasonable that such a reduction in recovery time 

might be accompanied by some increase in arc loss» However, 

the increase in arc loss is not as severe as might be ex- 

pected. Figure 5»5 shows the arc loss as a function of gas 

pressure with and without magnetic field. This represents 

about double the loss under the same conditions without quartz 

fibers.  It Is significant that the arc loss is conslstantly 

about 5C$ higher without magnetic field than with a field of 

UJ-DA - 1,36. The variation of arc loss with magnetic field 

is shown in Figure 5.6. 

-18- 
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The quartz fiber had little effect upon the high 

power attenuation of the cavity. The 3C db. to 33 db. 

attenuations shown in Figures 5^7 and 5.8 are typical 

of argon fills without quart- fibers. 

The increase in arc loss associated with the addition 

of quarts fibers naturally results in some Increase in the 

temperature rise of the quartz bottle. The quartz fiber- 

filled bottle was baked at 10000C and tipped off so that 

all temperature rise experimentation could be done with the 

same fill. The bottle, after the i000oC had a slightly 

longer recovery time than previously, when it had been out- 

gassed with r.f., probably beciuse some regions of the fibers 

are not sibjected to sufficiently high energy Ion bombardment to 

completely outgas them. The recovery transmission curves of 

the baked,, quartz fiber-filled bottle are shown In Figure 5.9. 

All other high power performance characteristics were the 

same with the baked bottle as they had bean with the bottle 

connected to the tube exhaust system. 

The temperatux'-e rise or the quartz bottle was measured 

by painting a series of dots on both the input and output 

ends of the bottle with temperature sensitive paint. The 

effect of magnetic field upon temperature rise was somewhat 

Inconclusive, probably due to the non-unlformlty of tempera- 

ture rise caused by variations In quartz fiber density. The 

-22- 
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magnetic field lowered the temperature of the Input end 

of the bottle slightly, an^ increased the temperature of 

the output end. The maximum temperature rises of  the in- 

put and output ends wert 300oC and l60oC respectively at 

a power of 50 megawatts peak, 50 kilowatts average. No 

cavity cooling was used. 
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i 6.   Conclusions 

6.1  Recovery T^ Control By The Overaize Cavltv Method 

I The Investigation of the oversize cavity method of 

recovery time control indicates that It may be possible to 

have sufficiently good low level signal transmission during 

the time when the plasma Is partially deionized to be useful 

as a duplexer. Such a system would have a definite lower 

1        limit to the puls-* repetition rate, as the low level trans- 

I 
I 

I 
I 

I 
I 

I 
I 
I 
I 

I 

mission would be unsatisfactory when the plasma is fully 

deionized. 

There are many problems in designing a suitable over- 

size cavity and gaa container. The adjustment of the cavity 

|        for low power signal transmission, a cut-and-try process 

usually done on a low level test bench with a sheet metal 

mock-up cavity, must be done at high power with a fully 

operational, leak tight cavity and gas container. There ie 

no known material which can simulate the dielectric proper- 

I        ties of a plasma when m    &   a.    The re-ijaining time and funds 

in the present contract do not permit such a program, and no 

further experimental work will be done on this approach. 

-27- 
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6.2 The Uae of d^c. Sweeping Fields To Reduce..Hecoyery Tlm^ 

The results of the investigation of d.c. sweeping fields 

as a mean? of recovery time control du not warrant any further 

experimental efforts on this approach. A more effectivs elec- 

trode design could probafcly be founl, but the problems o? 

cavity detuning, r.f. coupling to the lead wires, and sputter- 

ing of the electrode material would be very difficult to over- 

come, and no further work will be done with d.c. sweeping fields, 

6.3 The Reduction Of Average Ambipolar Diffusion Distance 
By Filling The Qas Container With Quartz Fibers 

The quartz fiber method of recovery time control Is a 

compromise between effective magnetic confinetttent and an 

acceptable recovery time. However, the magnetic field Is 

effective In reducing the arc los»fl and probably In reducing 

gas clean-up at the Inside surface of the quartz container. 

The quartz fiber filled bottle provides satisfactory 

duplexer performance over a fairly wide pressure range. Most 

of the experimental work was done at pressures between 100 and 

1000 microns. Nothing seems to limit the upper pressure which 

can be used; although at pressures above 1000 microns, magnetic 

confinement will be less effective. The lower pressure limit 

will be determined by the maximum acceptable arc loss. At 

pressures below 200 microns, arc loss Increases rather rapidly 

(see Figure 5-5)# and this probably represents «bout the lower 

-28- 
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limit for useful duplexing. 

No experimental work has beer don*» to establish tKe 

gas clean-up rate using quartz fibers.  It Is expected that, 

after a brief period of gae absorption by ths fibers, the 

effects of saturation will reduce the clean-up rate so that 

It 1» not very different than a plain quartz bottle. The 

fibers may even act as s gas reservoir, releasing some of the 

absorbed gas a: the pressure decreases and arc loss (and tem- 

perature) rises. The  fiber filled bottle Wcte operated for 

about 40 hours at power levels between 40 end 70 megawatts 

peak, 40 to 70 kilowatts average. No evidence cf gas pressure 

charge, other than the initial outgasing, or of any deteriora- 

tion of the quartz fibers was observed. Quartz fiber filled 

bottles will b« used as the BBans of recovery time control In 

the exploratory model duplexer. 

.29- 
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7.   Program For The  Next Interval 

1. Complete the fabrication of the exploratory 

model daplexer. 

2. Evaluate the duplexer at the highest power 

available. 
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9.   List of Symbol^ 

m Microwave Frequency 

uk   Cyclotron Freqiiency 

Plasma Frequency 

Absolute Dielectric Constant 

P 

€    Absolute Dlelectr.lc Constant of Free Space o 
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