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INTRODUCTION AND SUMMARY

The main purpose of this repor t is to discuss the research and

development carried out by RAI under ONR Contract #N00014—75—C—1115 during

L the year ending 30 June 1979. However, the report also presents a background

summary of previous work under this contract. Basically the project has

demonstrated the viability of a new and novel technique for very high p ower

microwave pulse amplification.

This new method is based on time compression. The basic ideas were

first published in a November, 1972 HAl report sponsored by ONR entitled

“Naval Applications of Superconducting Devices.” Analytic development of

the concept, utilizing electromechanical interactions was sponsored by

ARPA via ONR and resulted in a June, 1976 RAI repor t, “Electromechanical

Energy Conversion at Microwave Frequency.” From that study it became

apparent that the most immediate application probably lay in microwave

pulse amplification , and that purely electronic techniques were more viable

than mechanical methods for this purpose.

Further analytic and experimental research on superconducting

microwave pulse amplif iers , sponsored by ONR , resulted in a January, 1978

RAI report entitled , “Superconducting Microwave Energy Compressor.” That

report outlined some characteristics of such a device and discussed

preliminary experiments on a low power demonstration prototype.

The two fundamental features of this new technique are: (1) the

accumulation (or “storage”) of large amounts of microwave energy from a

low power source; and , (2) the subsequent rapid release (or ”switch”) of

this energy into a high power pulse.
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In the past year , research has been directed toward developing

and demonstrating this technique at higher microwave energy and power.

Both supercond ucting and room tempera ture storage techniques have been

studied and demonstrated experimentally . Energy storage of more than 6 J

of S—band microwave energy was achieved , power gain in excess of lO~

was demonststrated, and a new type of high power electron beam microwave

interference switch was developed.

Patent disclosures covering the basic technique and the electron

beam switch have been made and patent applications are being processed

by ONR. Much of the scientific and technical results discussed later in

this report have been published in scientific literature . References to

these publications are given in the text .

The basic components which are used in the foregoing technique of

pulse generation are an overmoded microwave storage resonator and a

microwave interference switch. Both of these components have been developed

and studied by RAI in prototype form. The concept and first test of the

switch were reported in Appl. Phys. Lett. 32, 68 (1978). An updated report

of that research was also given at the September, 1978 Applied Superconductivity

Conference as a paper BA—6 and published in IEEE Mag—l5, 33(1979). Micro-

wave energy storage in TE mode superconduc ting resonators was also repor ted

at that Conference as Paper BA—7. Some unique characteristics of micro—

wave pulses formed by this technique (phase coherence and frequency

modulation) were reported in Appl. Phys. Lett. 33, 466 (1978) issue.

From the for egoing exper imental basis, an extrapola tion can be

made to estimate the limits of the technique which are set by supercond ucting

material characteristics or microwave technology . RAI, in collaboration

,- 
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with General Electric—Tempo , has made such an extrapolation which indicated

that at S—band frequency and above this technique has the potential to

produce microwave pulses at power levels exceeding that from any alternative

technology, including the relativistic electron beam devices. The

details of this extrapolation are contained in a 1978 GE report to BMDATC,

Huntsville. As an example of a relatively small—scale device , a 4 liter

volume (‘~4” radius sphere) Nb superconducting resonator can accumulate up

to m,1O 3 energy from a 10 watt X—band source. Switched into a lOnsec

pulse results in a peak power of “el Cv and power gain of “lO
s
. Further

analysis (RAI Report #29819 GE—Tempo) indicates that such devices can be

scaled up to ~ liter volume where energy 5 x l0~ J and peak pulse

power at X—band __ loll W seem feasible. However, it must be emphasized that

experimental research thus far has been at relatively low power. Much

more research and development must be done to carry the technique to its

high power limits.

MICROWAV E ENERGY STORAGE

tn~ order to accumulate large amounts of microwave energy , large

resonator volume is necessary. This large volume in turn complicates the

electrodynamic characteristics of the resonator by introducing a large

number of resonant modes. Consequently , a significant fraction of this

research was devoted to analytic and experimental study of overmoded

microwave resonators. Techniques were developed to split off unwanted

modes and to preferentially couple to the desired mode. Experiments were

done at both X— and S—band microwave fequency and with both superconducting

and room t emperature storage resonatora .

I’,
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The S—band superconducting storage experiments were done with a

modes tly overmoded , 15 liter volume, TE022 cylindrical S—band resonator,

fabricated of lead (Pb) plated copper (Cu). Superconductor Pb cannot

achieve the very high power gain noted above for Nb because of a somewhat

higher surface resistance . However, it was chosen for thc~ initial tests

because of ease in fabrication .’ The low power quality factor (Q0) of this

superconducting resonator was approximately at the BCS theoretical limit;

5 x lOs. Curve A on Figure 1 indicates typical data on energy storage

as a function of pump power. Above about 1 J, in this data, the resonator

Q drops to ~-lO~ and the stored energy is about Sx less than the BCS limit.

This break point is a function of surface preparation of the superconducting

material and is the subject of other research . We believe that it is

indicative of a local defect in the material which causes a small spot

to go normal and dominate the Q. However , it should be noted that there

are no “run away” effects — the resonator remains thermally and electro—

dynamically stable. Further, there is no evidence of field emission or

niultipacting. Small sample tests of this material indicate that it remains

superconducting up to rf fields ~ 800 gauss. Consequently we feel that ,

with more careful surface preparation, the BCS limit can be achieved up to

the critical field limit.

Never theless , these “imperfect ” resonators can be utilized to

accumulate very significant amounts of microwave energy. For example, as

curve A in Figure 1 indicates, this resona tor can accumulate ~ 6 3 from a

180 watt S—band 8ource. By contrast a similar room temperature copper

resonator would accumulate only ~ lO~~ 3 from the same source. The surface

- 
- ~~~~~ 
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magnetic field at 6 J is ‘~~4OO gauss; since the critical field is ‘~~8OO gauss

this superconducting resonator could accumulate up to ‘~~ 25 J from a larger

source.

PLASMA SNITCH AND PROTOTYPE Ai’-TL IFIER

A high power plasma discharge superconducting interference switch was

fabricated for this S—band TE022 resonator. This switch utilized a sapphire

discharge tube to confine the plasma and was coupled to the resonator via an

H—plane wave guide T to form a prototype amplifier. Details of the prlnciple

of such amplifiers can be found in our Jan. 1978 Report or in References 1 and 2.

Curve B in Figure 1 indicates the stored energy vs. power for this device .

Dielectric loss in the sapphire dominated the Q as indicated and maximum

energy storage in this prototype amplifier was reduced to ~ 0.5 3 from the

180 watt source.

Power gain G of the amplifier is equal to the ratio of resonator

decay time (I
d 

Q/W) to pulse length I or G = Q/W T . The pulse length

was chosen ~ 1/2~i. sec although either longer or shorter pulses can be

produced easily. Consequently , a power gain of ~~lO~ was anticipated —

limited in this case by dielectric loss in the switch. Pulse power gain

of ~ lO~ was indeed achieved and demonstrated up to a pulse power output

of 750 Kw. At ~ 750 Kw the output power was limited by breakdown in the

output coaxial line and was not due to any intrinsic limit of the amplifier

4 or technique. The 750 Kw pulses were developed by a source power of 75 watts.

At this power the stored energy was .~ 0.4 J and the sur face f ield ~ 100 gauss

— far below the intrinsic capability (20—25 3) of the resona?”~r as noced

above. This small Pb superconducting S—ban-i device , if not limited by

dielectric switch loss or output breakdown. should have a power gain ~ 10 ’

— - — — rr - — - -
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up to the breakdown tield , arid develop ~~50 ~1W , l/2~isec pu lses .

In sun-5mary , this demonstratIon was ultimately limited ifl power by

breakdown in the output coaxial line and not a fundamental deficienty in

the technique . The gain (x10
4
) was limited by dielectric loss in the

switch and in the absence of this loss wculd be ~ xlO
5 
even with this

“imperfect” resonator. And the theoretic~ i (BCS) limit to gain for this

prototype is - 5 x 1O5.

Performance of the amplifier itself could thus be improved by

reducing the dielectric loss in the switch element. After several experi—

ments which verified that the losses were indeed dielectric losses in the

switch tube it was decided to redesign the switch so as to remove the discharge

tube and replace it by an electron (e) beam. This new switch is described in

the next section. An X—band cryogenic e—beam switch has been developed and

tested , and an S—band room temperature switch has also been developed and

tested . However , because of time and funding limits of this Contract , we

were constrained from construction and test of an S—band, cryogenic e—beam

switch. Nevertheless, we are confident that an S—band cryogenic e—beam switch

can be developed as a resonator switch which will not limit amplifier gain.

ELECTRON BEAN SWITCH

In order to resolve the problems of dielectric loss in the switch

element , which limits the gain as just discussed , an electron beam-vacuum

arc interference switch has been developed . This switch is described in an

RAI Patent Disclosure #75—C—3 submitted to ONR on June 16, 1978. The principle

of operation of this switch is similar to the plasma switch described in

Appi. Phys. Lett. 32, 68 (1978) , excep t tha t the plasma discharge tube is

replaced by a vacuum arc or plasma, stimulated by an electron beam.

- — ;,_~~
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The electron beam is generated from a field emission cathode out-

side the wave guide and is introduced into the wave guide through

a foil section in the top wall of the wave guide . The electron

energy is adjusted so as to be large enough to allow penetration

of both the foil and the medium contained with in the wave gu ide .

The experimental development carried out at X—band and S-band -

yielded devices with low insertion loss , hi gh isolation, and switch-

ing rise times of order 1 nsec . The switches have been used for

the purpose of releasing stored microwave energy in a variety of

envirorunents and have been shown to function in evacuated super-

conducting wave gu ides as well as room temperature guides with

several atmospheres of SF6 .  The switch isolation is of order 50d~
at room temperatu re and has surpassed 120 dB at 2° K when pla ted With

superconducting Pb. The insertion lost-; is a function of the media

contained within the ‘wave gu ide and has varied from 0 .5 d B  in an evacu-

ated X-band wave gu ide to 3 dB in an SF 6 pressurized S-band gu ide .

A schematic diagram of the electron beam genera tor is

shown in Figure 1. A five stage Marx generator resonantly charges

a 60 cm length of bluxnlein triax to 450 kV. The breakdown of the

SF6 switch delivers a 300 kv pulse to the 50 ohm foil diode gen-

erating an 8 K amp beam of electrons which penetrates the foil ,

traverses the waveguide at relativistic velocities and impacts on

the far  wall .  The beam reaches fu l l  i nte n s i t y  in approximately

1 nsec and has a duration of 5 nsec , Lut if the wavegiiide contains

a suf f ic ien t  density of gas , the plasma producc-d by the ionizing

~~~~ —---~~~~~
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beam o~ electrons will continue to screen the microwave radiation

unti l  it recombines.

The voltage needed is determined by the electron penetration

requirements. The electron must possess sufficient  energy to

penetrate the titanium foil and the gas in the waveguide . The

gas enclosed within the wave ~uide imposes more stringent require-

ments on electron energy than does the titanium foil. Blooming

of the electron beam over distance in the gas , while not a serious

problem over the relatively small, wave guide dimensions of X-band

or higher frequencies, has limited the S-band switch performance.

As discussed below , higher voltages would improve the S—band per-

formance of the switch .

Using the c—b eam switch , we have carried out three e:-cperirnents

in which energy has been stored in a microwave resonator and re-

leased. The microwave resonator is driven by a low power source

for a period determined by its decay time Tstore and produces an

output pulse upon switch closure at a power level g iven by

= . - (1)
release

Here I is the fraction of power transmitted to the load , and

is the t ime in which the energy is transferred from the-release
cavity after  the switch has closed .

A power gain 
~~~~~~~~~~~ 

of 3~ l0~ was achieved at X—band with

an output pulse 15 sec in duration . The energy was stored in a

superconducting cylindrical resonator operating in’ the mode

with = 3l0~ corre~’ponding to a storage time Tstore of 0 .5 insec .

The cavity was strongly coupled to a superconducting electron beam

- - ‘_.t
~~~,I~~~ ’—
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r switch also located within the cryogenic enclosure . The Marx

generator was used to feed a glass insulated pulse shaping line

extending from the cryogenic switch through the cryogenic enclo-

sure to the room temperature Marx generator. In this experiment

the fraction ot power transmitted to the load was greater than 90~~.

The second and third experiments which employed room temper— .

ature S--band resonators were designed to explore the possibilities

of room temperature microwave energy compression. These resonators

were pressurized with SF6 in order to exp
)ore their potential high

power applications.

The first S—band resonator tested, consisted of a 150 cm

section of waveguide terminated with the switch at one end and a

short at the other end . This 3 GHz resonator oper~~t:ed with a

storage time of 250 nsec and a release time of 12 nsec . The

measured power gain of 12 x indi.catecl a 3 dE insertion loss. A

scope camera photograph of the diode response to thc- output pulse

is shown in Figure 2. The approximately rectangular envelope is

in agreement with the behavior one would expect based on t~ie theory

discussed below. -

Finally, in a third experiment the waveguide resonator was

shortened to 30 cm. The2.5nsec output pulse is shown in Figure 3.

Here the rionrectangular nature of the pulse is believed to result

from the diode response which has become more visible on this

shorter time scale. The output peak pulse power of 50 tim es the

input lcvei, indicated the same 3 d13 insertion loss discussed in

the previous experiment.

—-‘ d..~~~~~~
-
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1—3
As previously discussed, the switching process basically

consists of shifting a reflecting plane by a quarter guide wave-

length . In the absence of the electron beam, the tuned short is

adjusted so that it reflects the microwaves canceling the field a

half-wavelength away at the output. When the electron beam is

L fired it ideally creates a short one-quarter wavelength from the

output which couples the microwaves directly to the matched load.

If the microwave energy is stored in a cavity attached to the

switching section , an exponentially decay ing pulse is emitted

with a release time determined by the cavity—switch coupling. If

the microwave energy is stored in a section of waveguide which

forms one arm of the switch , it acts as a charged transmission

line which is suddenly terminated in a matched impedance and er’~its

a pulse of microwaves with a rectangular envelope.4 The time

length of the pulse is essentially twice the length of the stcra~ e

arm divided by the group velocity of the guide.

Now , in practice, the plasma will have both a f inite penetra-

tion depth as well as loss due to electron lifetime effects. In

order to. take these into account we consider the model of the

switching region shown in Figure 4. Here the output guide of

the H-plane tee is represented by the matched guide impedance 
~

at section 3 and the short a distance Xg/2 awa~’ is shown at 0.

When the electron beam fires we will approximate the resulting

plasma by a uniform plasma in the region ~~~~~ . between 1 and 2.

This plasma will be characterized by an electron density n and an

electron lifetime

The effective dielectric constant in this region is

C — 

~ (w-I. iL)) 
(2) 

- T 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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with ti~~ ne 2/ mE0. The resulting propagation wave vector for  the

mode in this section is

k2 = — (
~J.)

2 
(3)

where a is the wave guide width. For the plasma densities of

interest, the real part of C is negative so that it is useful to

let k = iY. Substituting the expression given by Eq. (2)  for C

into Eq. (3) we have

k 2  -

= + 

~~ 
- i + 

W(~~~~+ V
2 )

] (4 )

Here k is the free space wave vector , fE 0~t0 W . and k is the cutoff

wave vector IT/a .

The wave impedance in the plasma region of the guide is given

by

z = ~~o~
/k = - IZ0kg

/’Y (5)

Here and kg are the wave impedance and gu ide ‘wave vector respec-

tively of the TE10 mode at frequency c~ in the absence of the

plasma. 
-

Z Ciigl / k , = — k2 (6)

We can now proceed to find the impedance at position 3 of

Figure 4 when the plasma is fired. For ~~t small compared to a

guide wavelength, the short at 0 appears to a good approximation

as an open at 1. Then moving across the plasma section from 1 to

2 an open at 1 transforms at 2 to an impedance z(2) given by

Z ( 2 )  = tar~ y 
(7)

_________ - - -- —.---~ —- 1e•~~~~—~~’--—-—•,-- - ————-- -— — - - - ~~~~~~~~~~~~~~~~~ - -
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Here V is determined from Eq. (4) and Z from Eq. (5). Finally,

going approximately another quarter wavelength to 3 we find

Z (3 )~~~~~Zo
- Z ( 2 )  (8)

- 

The wave stored to the left of position 3 sees Z(3) in

parallel with the matched output guide impedance Z0 giving an

effective impedance Z
0Z(3)/ (Z0+Z(3) ). Thu s the reflection coeffi-

cient at 3 for waves incident from the left after the electron

beam has fired is given by

r = l+2Z(3)/Z0 
= (3  -

~~ —~~~tanh Y~~~)  (9)

an~ the fraction of power t ransfcrrod into the output guide

represented by z0 ~~

i = (i — In 2) ~c (
~~~bi) (10)

Here the first factor is the tran smission and the last is the ratio

of the power transmitted down the output guide to the sum of this

power pl~us the power dissipated in the plasma.

- 
Taking v~~ equal to the transit time of electrons across the

guide. we have calculated the fraction ot the power reflected I r~
2

at the output guide , position 3 of Figure 4 , and the fraction f of

the power transmitted to the load Z0. For the S-band case in which

v~
1 2 X 10-10 sec and w 3 x 1o~ , these ar.. plotted versus the

electron density n in Figure 5. These two figures clearly show the

two effects of a non-ideal ref lectinL; region previously discussed.
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As n decreases, an increasing fraction of the power is reflected

rather than transmitted to the output guide. In addition , because

of the electron loss the plasma can absorb energy decreasing the

amount switched to the load . As n increases and the penetration

depth decreases both of these effects are reduced. In the X—band

experiments it was possible to achieve densities of order io12 c/cm3,

giving excellent switching action. However, the S—band experiments

involved propagating the beam over larger distances, and due to

blooming the average plasma densities dropped to approximately

2 x loll c/cm3 . At this density a little over 10% is reflected ,

and almost half of the remaining power is absorbed in the plasma

giving rise to an insertion loss of order 3 dB.

We believe that there are some signi ficant advantages in

using an electron beam to drive the switch. First, nothing needs

to be placed inside the wave guide. In some of our previous

experiments1’2 a tube was used to hold He gas which was then dis-

charged to form a plasma, and the dominant loss in the storage

mode turned out to be associated with this tube. Second , -

the rise time of the electron beam is of order one nanosecond so

that extremely rapid switching can be obtained . This has in fact

been used to obtain significant energy compression at room temper-

ature. Furthermore , at room temperature we were able to use the

electron beam to switch when the system was filled with several

atmospheres of SF6. At this pressure of SF6 the guide is capable

of storing large field strengths. Thus the electron beam switch

offers the potentia:L for the generation of- short high power micro-

wave pulses which are not limited by critical superconducting

fields or air breakdown.

- ---- -;-- 
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F IGURE CAPTIONS

P Figure 1. S—band microwave energy , accumulated in a TE022 superconducting

resonator , shown vs. Pump Power.

Figure 2. Schematic of the e1ectr~n beam gun used to switch the }~-p1ane T.

Figure 3. Output pulse from the 150 cm section of S—band guide.

Figure 4. Output pulse from a 30 cm section of S—band guide .

Figure 5. Transmission line model of the switching region.

Figure 6. (a) Fraction of power reflected from the plasma , ~ f 2
versus electron density n for an electron lifetime due to

— l —10transit V 2xlO sec.

(b) The fraction of the power transmitted to the load

versus n for = 2x10~~° see.
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