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ABSTRAGT

Progress in the bulld-up ef a high f;ﬁcro‘:’.-’av@'powér fa.oeluty eulmigating
in a 10 megawatt peak power C-band klystron svstess l¢ rcportec}.' Detalys are glven
on the deslgn considerations for a C-band peak power suhancement de\.rice (teaveling
wave resonator) capable of boosting high peak powers by alarge facter and making it
available for use with an external load. Approz<hee to the mlerowave switching pgob-.
lem are discussed and progress reported on werk toward a suitable swltche Resm;;s
are given for a prototype low—powér K-band dischargeable resonator about }0B0 wave-
lengths long from which enhanced pulsed power wae catzacted by tmeans of a fast ferrite
O switch. As part of a conrected program of study of the interaction of high micro-
wave power and flelds with materials, work is descrihea on the design of a test cell
Q for subjecting materials to high power densities and the investigation nf special

¥ electrodeless microwave cavities for the study of intrinsic and free surface breakdown

effects.
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71) the (fe"eréoniﬁeni;aﬁd ;Gnsi‘;“ﬁgk.iﬁbn ofn Mgm Migsowave Power Frcllity incdwmling &
variety of high powes micrewave SCUECES Qso Iar entirely in the Coband frequoncy

range}; (2) effost Inthe direction 6f a €-%and h!gh power cakancement davigs for .
boosting the output peale powas of the bighest power souzce i or Fackilty by geu.c 8 b,
with paxt of this eZloxt in the nrea of high power microwave enpinoesiag, components .
developmenty and estings (3) Interaction of high microwave fields sud high misvowsve
ghergy with diclectzie medlas Tials tochalcal note will summarize the wosk pregress

o o

fox the 18 month pertod ending Mareh 31, 195%. . o
Lo Ilgh Pawer Microwave FaelMty

Pursonnel; Profesror S. W. Rosentbal, B Crim=a, M ¥ Kilnger,
. o M. Nursbaum ° o

THs faciVty !nczu;lcs'a number of high power microwave sources n
C=band of varylug capabllitias and sultable for a variety of experimental purposed.

Aes One Megawatt C=band Mamutron Systom
(Raytheon 012632 and QI£509)

. This system is now in operation. It provides a C~band pulse power
source of the order of one niegawatt paak power in the frequency range 52505310 me
with a duty cycle of 0,001 By macans of a speclally designed 4-port claculator and

a varlable fmpedange feamination, as shown in the block diagram of Fig. 1, 1t s °
possible to smoothly vazy the power into a desired load from very small valuos te the
maximum avatlable {rom the magactron. In addition, the load {desirmated as #vork®
o the diagramd ean be of any Lypa (laom a pexlect match to one that is purely reactive
without harming the magoetzen which {2 aliaost completely 1solated from fte The

system requires pas pressurization of 15 psig and ean work up to pressures of 30 .

1. 2 5 Megawatt G-band I\_y‘.."‘an System (Sperry SAC 214)

This swstent s not® In opuraﬁon with a 23 kw drlvey, but weguiras higher
input froms the driver to develop b5 vated outpude AL prescat an 7§ output of about one
megawatt peale in the 5456=5850 ;2 wange with a daty cycle of 0.001 15 available. Tt
ix planned to wse a 10 kw magnetron {now on erder) to obtain the rated output and to
nse a fersite dasulator-yariable hmpedange ag¥angespent (such as shown in Flg. 1) to

proyide the same flexibillly as in the Ragtheow magnetron system.  With its preseat

driver the SAG 214 DIQ\M( s & hivh power slgnal ssuzce of vaviable power, {requéicy,
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pulse width and frequency sweeping casabilithess B8 §HEs 5 Da sledtaris soilibla 57

probing plasmas and paterials. o

C. Ten Megawatt (Peak Poweszt %-band Kiysizon syszer_

ey

This systensis «wnder @nnstructfonby the Spesey SyresaBpe (?anané( for
delivery sometime in Adgust 1961 and witl wg {nsta¥ed §n the ew Researsh an—d '
firaduate Center of the Polyteghnic instbtuie af Fasidngdaley Jaodos &N. V.- It will pro-
vkle pulsed rf power of the ordes of 30 Mmsgaweatts Peak ad a saasdogum puise width of
5 microseconds og a $eduged pca’: pOWee ©f & fregavtls g a pelse widtn of 10 micro-
seconds. Tiis systes wil} perm!t ghe PoteT oulnety f}'eqt!engy, pulse width, and
~epetition rate h; ba varied, aad the Ircengngy te ba Awept. Phe design »f the system
ravides o tnergaged ne:m)mgy and Powas OuUipuUd capablifties in the future_ It is now
ii: the process of betng asgamMled andy after sultable tegting, will be shipped to the
Graduate Genter for installation apd comgl@t!@n therce & sghematic of the output rf

system is showi §n Mg 20 .
=E _ ® ° S. W Rosenthal
@ ] = ® A

. Pover Fnhaneement Davices and Reolated Work

Personncl; Professor M. Suchar, L Jagenko, 1l Toidie, B Ford

At the inltistion of th!s proprain » powar eghancement device was proposedl
for boosting the pealk pulsed power oltaluable from a plven prignary high power source
by a sizeable fuctos. The coufcmp]a.tud uge of tMs dyvlge was at C-band frequencies
irr eantunctios with the high ‘powar Cuband Riysiron s"'st(\m..°'l‘h(3 device 15 essentially
a dlschargeable traveling wave resonator (relessad (o hercafter as a traveling-wave
r;i(:ro\vawe fiiywhesl' or TWF) Lod Lvom the Wgbest avallable primary source (see
e 3).G ° :

1. Problens Coungctod with the TWE

The sabject ef &36&'}(4!51;4 wave resemators has been widely treated in the
hera Lu?az and no detadled atturapl Wit Be gwaelc heve to dfeseribe their operation.
Sufftce 8¢ te say that, f tb:\ q-um.nam ripe be fud wdih o constant amplitude vf pulse of
iong duratien velatlva fo the thag scantred for the erergyr o teavel once around the
ring, theee will Be a butld-up pveried in wbleh cncany feoa the ssuree is partly stored
inthe sing in the farny of a travellop wawe of Increastng amplitude and partly dissipated
in both the tesminatling joad and in wall for othes) Ionses normally assodglated with the

one way attenuntion 8f the ring. Im the abzenze of shstacles ur vellections fram bends
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or other discontinuities, the ring will be resonant when its length {8 exactly an integral
number of gulde wavelengths. At optimum coupling bgtween the source and ring, as
steady state ls reached, the power dissipated in the terminating load will drop to zero,
the amplitude of the clrculating wave in the ring will a;gproach its maximum value, and
all of the encrgy of the source will go toward supplying the waveguide attenuation losses
of the clrculating wave. For arbitrary coupling the power flow assoclated with this
circulating wave will be M2 times that of the primary source where, M, the steady
state voltage multiplication factor, is equal to C/(1 - T~/1 - C2 }» C being the voltage
coupling coefficient between primary and secondary arms of the coupler (always < 1)
and T the voltage attenuation coefficient of the ring (also < 1). (T = % fora ring
of Iength £ and an attennation constant of a népers per unit length.) At critical (or
optimum) coupling C =, /1 - '1'2, T =,/1 - C% and M = 1/C. Thus, for sufficlently
small attenuation, a relatlvely wide pulse of microwave power from the sovrce can be
used to bulld up a traveling wave of much higher power level in the ring which, upon
being discharged by means of a fast acting microwave switch, will yleld an rf pulse of
higher amplitude (though shorter duration) than that of the source for use with any
deslred external load. [For example, It was calculated! that a 537 foot C-band ring
uslng over-slzed copper w vegulde of about 0. 58 db overall attenuation could produce
a 0.55 microsecond output pulse for an 8. 5 microsecond input pulse with an apparent

power multiplication of 6.4 and an efficlency of about 41 percent, assuming optimum

coupling and an {deal switch.

One phase of our program hag therefore concentrated on desipgn considera-
tions for such a 'I"WI, particularly on how to reallze the necessary small attenunation
for substantial power magnification with good efficlency, while mecting the problems
caused by the possibility of higher mode generation in the necessarily over-sized
wavegulde.  One rvpm’t3 deals with possible rectangular geometries, the correspond-
ing number and types of higher modes and thelr control, and the spacing of higher mode
resonant frequencies (for modes of the 'I'I'Jmo type which ave not easily filtered out)
for a C-band TWE of the destred outpul pulse and power magnification.  An examination

was algo made of how T type modes could be ellminated by deliberately introducing
mo ’ ;

a selective loss mechanlsm dlseriminating in favor of the dominant 'I'l’.l() mode. In
addition, thought has been given to the desfrability of using the 'l'l‘f()1 mode in oversized
cirenlar waveguide {nan effort to reduce losses and improve efficiency. his has led

to the possibility of a long resonant cavity In place of a TWIE as a power enhancement

device
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Another aspect hag been the design, construction, and operation of a
95 foot long, low power, X-band prototype TWIF using oversized square waveguide as
a means of becoming familiar with problems-of mode control, frequency stability,

tuning and switching to be encountered in the large C-band TWEF.

A problem of critical fmportance to the ultimate success of the conteni-
plated power enhancement devices (and also onc of the moatl difficult) 18 that of in
efficient, fast, high power, low loss, microwave switch. The various possibilitics
have been under continuous review - the use of gas dlscharges, ijerrites, ferroelectrics,
and multipactor effect. It was tentatively doclded to pursue the phenomena of pas
discharges as the best means of reallving a switch of the desired characteristics while
keeping in mind any new promising developments along other directions as they arise.
In thls connection, two approaches to the switch have been adopted.  One involves the
building of a grid-controlled low pyesaure arc discharge switch tube along with a test
facllity for testing various gwitching tubcsfl The other {s+o investigate the use of

pascous discharges at high or atinospheric pressure as a means of fast microwave
o i

sw{tching.‘

With regard to the directions not being pursued, such as ferrite and ferro-
clectric switching the following remarks may be made. Although the use of ferrite in
high power circulators hag proved feasible (with cooling), the geometries required are
not very favorable for fast switching, while peometries favorable for fast switching
arve unfavorable for opervation at high power levels. Ferroelectrics, particularly
the voltage sensitive typer such asg lend themselves to switching applications, (sce
Apprndix 1 of First Quarterly Letter Report PIBNMRI-853. 1-60, Feasibt!ility of Ferro-
clectric Phase Shifter by Mo Sncher and 1o Bireobawm) untll vecently have been too
lossy for the requirements of this propram. Only recently, with single cx'yﬁt;\]:«‘S
(which however, are not vet in a forim suitable for use in switching) bhave Josses been
reduced to the polnt where ferroclectricos may he commparable with fervites.  The
nmltipactor (or sccondary electron resonance) gwiteh may yvet prove useful "but, in its
present state of developraent, Is not casily held off fn the face of high microwave
powel, so that {tis preferable to use the switeh in s fived state for chavging up the
ring and to use ft 4o the quenched state to discharge the ring. Untortunately, this

meansg that a loss of some 0.3 to 0 4 db (the valune obtained at S-band) s introduced

Ly the switch, heroby severely Himiting the attainable ving power magnitication.

Iy 1 Schwarzkopt {priviate commmunication has pertormied nanosceond switching at
moderate nower levels at N-band by u o ade spark inowavepuide at atmospherie

Jolter s R re.

By
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Furthermore, inthe unfired state the switch {which is part of a waveguide resonant
structure) has an Insertion loss of about 0.5 to 0.7 db. Even if one could overcome

the tendency of the switch to fire at lower than desired power levels and attempt to use
it in the unfired state for charglng up the ring, one is confronted by the too large
insertion loss of the unfired state. It may yet be possible to ovércome these difflculties
by a deslgn more clogely adapted to the requirements of the ring. This matter will be

pursued further.

2. Use of Oversized Wavegulde for a TWF

Calculations were made of the attenuation, power magnification, power
carrying capaclty and possible number of propagating modes to be cxpected for a
500 foot long ring resonator using severcal different rectangular geometries. The
wavegulde was assumed to be copper and the calculated microwave resistivity was
multiplied by 1.21 to take account of surface roughness. The results are given In
Table T at several C-band frequencles. The caleulated losses due to wavegulde
dissipation, T and estimated losses due to wavegulde components (such as mode
filter sections and switches), @ arve separately tabulated; two different possible
values, 0.1 and 0.2 db, are used for the latter. The a dimension, usually simaller
than b, 1s perpendicular to the 'l']'T]O eluctri‘c fleld Hnes and determines the number of
propagating 'l'l‘)mo modes.

It is to be noted that wavepuide of square cross=section generally propa-
gates a Jarger nimber of modes than one of rectangular cross-section of the same
attenuation value and, in particular, 2 lavger number of 'J'Em() modes which are
Hiffcult to filter out {f gencerated. The data would geem to indicate that a waveguide
of the same {nside dimensions as R(}—(ZW})//I' (4. 875" x 9. 75" ur 2. 38 em x 24. 76 cmi,
but with I5 fleld polarized perpendicular to the narrow dimension, rsighs be a practical
cholce because of its avallability and the manageable number of possible 'l'}:“.-hm nodes
(four). Filtering of the remaining modes can be shimply accomplished through use of
an appropriate number of metal geptums perpendicular to the electric field of the

'I'I-',]” 1aode.  The non-conventional wavegalde of 10 ¢m x 26. 81 e seoss~seakion
admits only three TI modes and has comparable attenuation but requires special
mao

fabrication.
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Since filtering out the higher order 'l'iu'“”) modes 1s a difficult problem,
conslderation was given to a method of eliminating these unwanted modes by Introduc-
ing a selectlve loss miechanisim to increase thelr attenuation relative to that of the
dominant 'J'E]O mode. Since the higher modes are closer to cut-off, the assoclated
transverse top and slde wall currents are larger than those for the 'I'If’,m mode. There-
fore, by introducing corvugations In the top wall which increasce the resistance presented
to transverse top and bottom wall currents and by increasing by a large factor the
sldewall rf resistance (for_;uxamp](', by use of nichrome) one may expect substantially
to Increase the attenuation of the '1‘1'22” and '1'1'33() mode In a rectangular wavegulde

without unduly increasing the attenuation of the ‘I'I'im mode. {See Fig., 4.)
>

It can be shown that the attenunation duce to wall losses of an empty

rectangular wavegulde supporting modes of the TF 5 variety may be written as
m
: X 2 N2 2b
i m m -
= o [N A b (e— ¢ hadad ¥
A o {[;17 {1 (ZH)J {(Za) “at‘-a bt}

where a, b are respectively top and slde wall wavepulde dimensions, § the intrinsic
fmpedance of free space, R the skin resistance of a standard metal, ', a factor
4§ al
represcenting the skdn resistance of the top and bottony walls relative to the standard
for longitudinal (axial) curvents, o a similar facter for the top and bottom walls for
: : A

transverse currents, !"H A stmilar factor for the side walls, mithe order of the mode,
L

L

and X\ the frec-space wavelength.

Attenuation calenlations were made for square (b = a) pulde and tall
(b = 2a) guide at X = a/2 (the cut-off Hinit for the | “41. mode) using I“n(‘ = 1, Fm= 21,
]"lt = 20, The table helow corvapares the attenuation of the first three 'l'l-Im) modes
bl {

of the reststive wavepnide with that for o waveguide of standavd metal of the same

geornetry. he quantit V' represents the attennation A novmalized with respect
i i

1t -5 =

to R 70 Ly that is, A A iy B
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Table II

Comparison of Attenuating Properties of Waveguldes Using Specially Resistive and
Standard Materials

Standard Resistive A'o(resist.) Guide Geometry
Material | Material AT {stand.)
A'1 1. 16 3. 67 3.16
Square Guide
J 3
A2 15 W43 13.0 7._;6 b= &
A’3 3.22 36.5 11. 4
Al 0.645 3,13 4. 85
Tall Guide
1 5
/‘\2 1. 15 12.2.5 10. 6 b= 2a
A’3 Z.46 35. 3 14.3

For square guidce, the results show that the 'I'EZO and TE}O mode
attenuations are indeed increased substantially and by a larger factor than the increase
in 'J'EIO mode attenuation, but the latter increase is nevorthcless prohibitive for our
ring resonator applicatfons The same occurs for tall guic;ﬁé (b = 2a), but the penalty
paldin lthe T [*lm mode atienuation is even greater. It is interesting to note, however,
that if one usecs tall guide, as it is proposcd to do in the long C-band TWF, and
restricts oneself to the uwsual consiruction (inaterial having cqual resistivity for both
axial and iransverse currents in all walls). onc obtains a substantially smaller TE]O
mode attenuation as compared with squarc guide of the same a dimension . This
advantage of tall gulde may almost entively disappear if specially resistive material
is used. (Note the A'l value of 3. 13 {or tall guide as compared with3 67 for square
gulde in the resistive material case.) It should also be pointed out that the attenuations
for the T EZ_O and '1']:‘,3) modes are respectively almost twlce and four times that of the
'['Elo_ mode in the tall guide case {standard material), a more favorable ratio than for
square guide. Since for small attenuations the apparent power magnification of a ring
at critical coupling is essvﬁ?ial]y inversely pro])ortioim] to the attenuation, the

resonances of the higher modes will tend to be weaker than those of the '['I:Im mode,

and in this respect, too, tall guide has an advantage over the square geometry.

An examination was also made of the relative spacing of TE - mode
n
resonances in the 500 foot C-band ring. Thig spacing and the assoctated Q's of the

resonances will determine the fcah'{l)hily of obtalning a desired resonance in the T I-Jm

.!)

i
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mode without coupling to unwanted higher order T Emo modes. The case of the
10 cm x 26. 81 cm waveguide was considered for a 500 foot resonant ring for a frequency
range from 5450 to 5850 mc. The frequency spacing Af between two successive

resonances of a given mode is glven by the simple formula

T

-1
Td

Af =

®|lo
m| <

)\ =
T =
g
where 8 18 the length of the ring, c the velocity of light, A the free space wavelength,
X\ the gulde wavelength of the mode concerned, vg the group velocity of the wave, and
T4 the discharge time or time required for the energy to travel once around the ring.

Since gulde wavelength increascs as cut-off 1s approached, the higher order modes
have more closely spaced resonances than the dominant 'l'Iim mode. (As cut-off is
approached the spacing becomes Infinitely close.) Thus, at a frequency of 5650 mc
the respective spacing of resonances for the T EIO' T EZO' '1‘1'330 nodes is 1. 76, 1.55,
and 1. 10 mc. Calculation of the bandwidth between points on the TE]O resonance
curve at which the power magnification drops to one half the maximum value gives

84 kc for an attenuation of 0. 564 db. 'I'hve resonance curve is therefore quite narrow
relative to the spacing between resonances. Furthermore, it becomes evident from
a detailed examination that one may expect to find many polnts in the spectrum where

the resonances {or the two higher modes are sufficiently far from the neighboring

'I'EIO resonance so as not to interfere with it and, in practice, one could always, by
a slight tuning adjustment, cxpect to displace a particular interfering resonance away
{from a desired T [.:]0 regonance.

Another problem {s that of frequency stabllity of the source and dimen-
slonal stability of the ring. To keep the power magnification at 95 percent of
maximum magnification (at resonance) requires a frequency stability of o 01 mc in
5,650 mc which ia hetter than 2 parts in a million. An afc system will therefore be
needed, Involving the Injection Into the ring of low power pulses in the interval between
the high power pulses so as to determine departure from rving resonance frequency and

accordingly to correct the driver frequency of the high power kilystron feeding the ring.

3. Protolype Xeband TWI

Inorder to anticipate some of the problems to be encountered in the
proposcd high power G-band microwave flywheel, such as mode control, frequency
stabflitys internal reflections, and switching problems, a )5 foot low power prototype
ring and flywheel at X-band was destgned, built, and tested. The X-band frequency
range was chasen berause of the availlabilicy of components, test cquipment, and a

&
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igh speed ferrite switch. Another reason was the fact tifat a ring of this size could
be fitted into the available laboratory space and yet contain about a thousand wave-
lengths and give a sufficiently long output pulse (about 0.1 microsecond) together with
a reasonable amount of power magnification. About 80 feet of oversized copper guide
(square gulde, 2. 84" inslde dimension) was used, again because of availability, the
remainder of the ring conéisting of components and bends in RG-52/U (0. 500" x 0. 400")
rectangular wavegulde, mode filter sections in the large square guide, and tapered
transitlons between the square and rectangular cross sections. A schematic of the

ring {8 shown in Fig. 5.

6720

The key question about the operation of the ring was whether there would
be undue interference from higher-order modes, since the 80 foot length of oversized
wavegulde could sustain at least 24 differcent modes above 8.4 kme. The fllter sections
used in the ving (two in all) were designed to eliminate the double-subscript as well as

T F:on modes that might be generated in the tapered transitions but were without effect
on the 1 EZ()’ 1 11,30 [,"4()
due to higher modes In the overgized wavegulde were made (prior to the assembly of

, and T modes. Prellminary tests to detect any resonances
the ring) by measuring the transmission loss between planes A-A and B-B. In the
range 8.5-9.5 kinc, only six sizable resonances were detected, the strongest glving
about 2_35 db of attenuation, the weakest about 1.3 db, while the normal attenuation
throughout this range was only about 0.4 db, exactly the attenuation theoretically

expected for the 'I'FI“) mode.

The wavetalde was then connected in the ring contiguration shown In
the flgure. A two-hole, nominally 10 db {actually 11.4 db at 9. 3 kinc) directional coupler
was uscd to {eed the ring, and a 20 db cross-guide terminated in well matched crystal
detectors was used to monitor the forward and backward wave (if any) in the resonant
ring.

Original plans called for the use of a tuner in the ring to ellminate any
backward wave that might be set up by unavoldable mismatches within the ring.  The
tuner consisted of the conventlonal arrangement of a short-slot hybrid, the coupled
waveguldes belng texminated at one end by twe chock-type sliding shorts. It was
fourd that, although this arrangement was effective, it Introduced excessive loss.
Therefore, 1t was decided to tune out the reverse wave by means of a variable load
(matched load preceded by slHde-screw tuner) at the output end of the main arm of the
fm;.(ling directional coupler. I'his arrangement added substantially less attenuation

(estimated from separale neasurement to be about (. 65 (b total) and served very

well to eliminate the backward wave.
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Using a swept X-band osclllator (HP model 686 A) and a dual-trace
oscilloscope for displaying the output of the monitoring crystals, one could observe
typlical resonance response curves for both forward and reverse waves. These
resonances were about 9 mc apart in the neighborhood of 10 kme¢, in agreement with
the estimate of 950 wavelengths for the overall length. Rough measurement of the
Q fabout 20, 000) gave good agreement with the value (24, 000) calculated using a formula
glven by Millerz and based on the assumption of an over-all ring attenuation of 0. 65 db

and a measured coupling of 10. 4 db at the test frequency.

MeaBurement of the apparent power magnification at 8.9 and 9. 2 kmc
gave 7. 8 db Y 0.2 db for a coupling of 11. 4 db. Upon calculation (see Ref. 1, p. 6),
this corresponds to 0. 65 db over-all attenuation for the ring, precisely the value cal- y
culated independently from separate measurements. The optimum magnification for
the 0. 65 db figt@re would be 8. 55 db, which I8 also the optimum coupling value. This
coupling value could also have been achleved by using a variable directional coupler
made from a conventlonal system of three 3 db short-slot hybrids and two ganged
plungers. However, the additional losses introduced by the extra lengths of line
needed to accommodate thie coupler into the ring would actually have resulted in a

drop in magnification.

A test was made of the power bulld-up In the ring under pﬁlsed conditions.
For this purpose, a pulse generator of 0. 02 microsecond risetine, and a coaxial-type
X-band crystal dlode modulator {rise time of less than 2. 5 nanoseconds) were used to
modulate the rf. The bulld-up time for 80 percent or so of the steady-state power
{n the ring was measured as lylng between 1. 5 and 2 microseconds while calculation

gave a flgure of 1. 4 microseconds.

Finally, tests were made on the ring with a ferrite switch inserted.
(This switch and {ts associated circuitry 18 described in the Section 4 below.) The
insertion loss of the switch wae between 0.2 and 0.3 db and thus reduced the magnifi-
cation of the ring to about 6 db. The operation of the TWF was tested with both cw
and pulsed rf power. Fig. 6 shows the envelope of the rf power switched out of the
rlng under three different switching curvents. (The time scales on the osc';‘illoscope
trace are respectively 10 mps, 20 mps, and 50 mys per division {n Fig. 6 a, b, and c,
with switching currents of 120, 55, and 38 amperes respectively.) The duration of
the output pulse appears to have been about 0. 110 microseconds and the rise time of
the pulse, as observed on the scope (Tektronix 545 A), ranged from about 20 mys at the

lowest switching current to about 10 nuts or less at the highest switching current.

The rf power used was in the milliwatt range.
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It should be mentioned that the existence of interfering higher mode
resonances at a number of frequencies could be detected by the distortion that coupling
to such a resonance produced in the resonance curve of the TEIO mode. This type of
distortion differed from that which ordinarily occurred as a result of a backward wave
resonance set up by reflecti}xg discontinuities in the ring In that it could not be reduced
or eliminated by the avallable tuning arrangement. It might have been possible to
reduce this type of distortion or to decouple the resonances through a tuning element in
the oversized waveguide but no provision had been made for thls and so this method
wasg not tried. Instead, the ring was operated at frequencies where this type of inter-

ference did not occur

4. Fast FFerrite X-band Microwave Switch

The ferrite switch used in the prototype X-band TWF is actually a switch-
ing circulator7 developed at the Microwave Research Institute. It consists of a folded
maglc-tee, two parallel sections of ferrite-loaded wavegulde having a differential
phase shift of 90 degrees, and a short-slot hybrid as shcwn in Fig. 7. Each ferrite
section {8 In the form of a narrow-rectangular tube through which runs a wire which
carried the pulsed current creating the magnetic field which switches the magnetiza-
tlion of the ferrite. he two ferrite sections simultancously undergo a reversal of
magnetization when a pulse of CLI'l’l'cnt of sufficlent magnitude and proper polarity
{g passed through thn wires. 'T'his results in a reversal in sign of the differential
phase shift and a corresponding reversal of the sense of clrculator action. Milli-
microsecond switchi_ng of the r’.i)'cul;tor requires rather large currents to be switched
rapidly. The rise H;nn for the microwave switching Is essentially the same as that of
the switching current (for the range of curvents tried) and thlis depends basically on
the ratio of inductance I, to res st?mve R in the dc circult. The lower limit on L is
ultimately set by the quantity of ferrite material used in the microwave circuit, but
[ can be made sufficiently Targe to glve reasonably short switching times. This is
accomplished by use of a de curvent sourcewhose lmpedance {s large relative to the

effective reststance of the slngle turn of wire producing the switching magnetic fleld.

=

T"he current somo'cc used with th(;fvr rite switch was actually a 300 foot

length of RG-8/U cable of 50 ohms characteristic impedance, open circulted at its
far end and having its outer conductor at the near end connected to the dc winding of
the ferrite cores. The cable Is short-clrculted through this winding via a 5C22
‘Lh'yrai:'m‘. tube ('!']) in response ta an appropriate trigger pulse at the grid of the tube.
(See Fig. 8a.) The current waveform, conslsting of two pulscs of opposite polarity

in himmediate succession, Is shown in Fig. 8b. A peaking capacitor (not shown) is usea
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at the input of the cable to improve the rise time. A more complete description of

this circuit 1s glven in Reference 8.

5. Tast High Power C-band Microwave Switch

As part of the C-band TWI power enhancement program work on a fast

micrewave switch has been In progress with the alm of realizing the following specifica~

tions:
switching time: < 30 nanoseconds (3 x 1()—8 s5ec)
microwave hoidoff power: > 1 megawatt (peak)
arc losses: < 0.25db
isolation*: 40 db
cold Insertion loss: < 0.1db

The type of switch under development 8 essentlally a microwave thyratron {referred
to as a low-pressure arc-diacharge gascous shutter). A schematic showing the
essentlaly of the switch construction 18 shown in Fig. 9. The switching action is
performed by the rapld fonizatlon of the low pressure gas filling the rectangular wave-
guide gectlon and the creation of a sufficiently high electron density so as to convert
the tonized gas into a medium that 18 incapable of propagating clectromagnetic energy
at the operating frequencyé Thus, the permittivity of the gas becomes negative, and
the discharge reglon exhibits the propertics of a beyond cut-off wavepulde which in
turn causes the incldent wave to be almost completely reflected. The rectanguiar
wavegulde {teelf, sultably perforated, serves also as the control grid for the gas-

filled thyratron.

The work on this switch has progregscd to the point where the grid
aperture dimensions for satisfaciory operation of the tube have been determined.
Simulated tubes, using different hole sizes for the grid apertures, were fabricated
and tested. Tt was found that the best operation was obtained with 1/8" diameter holes.
When the tube was filled with hydrogen at €. 7 mmof Hy pressure, the anode holdoff
voltage was as high as 20 kv and the peak current 225 amperes.  The corresponding
grid trigger voltage was as low as 50 volta.  [he electron density for the physical
area of cathode used at the above current was estimated to be approximately
2 x ]013/‘ (:1113 as compared with the requirved value of 5 x ]0”/’ c1113 for C-band micro-

wave switching.  Microsgecond pulses at 1000 ppa were used in the tests.

e —— e e

BN ) ;
This ts defined as 10 log (l’i /1P ) where I’in Is the incident power and P

trans trans

the power tranmmitted past the swltch in the tired condition.
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The construction of a high power test facility for testing arc-discharge
switch tubes has been included as part of the switch tube development program (see
Fig. 10). This facillty is fully described in Reference 4 and will be useful both for

testing switch tubes as well as wavegulde pressure windows.

-

M. Sucher

IV. Interactlon of IHigh Microwave Power and Fidds with Materlals

Personnel: Professor Il Farber, J. Brogan, V. Nanda, E. Moley,

5. Malloy, and N. Poley

During the period covered by this note this group has been primarily
engaged In developing suitable techniques and equipment x'eq(;i1*ed in the study of the
interaction of high power and high flelds with various materlals. The objectives in-
cluded the deslgn of a speclal " sway back” scction for subjecting materials to high
power densitles and the investigation of special " electrodeless microwave cavities"
for the study of Intrinslc and possible {ree surface breakdown effects. Because of
the tmportance of the " microwave switch®, as Indicated carlier in this report, and
because of the experlence of this group with discharges, the relatively high pressure,

d.c. triggeved rf discharge {8 also being worked on within this group.

- The efforts of the group are concentrated currently on three phases.

These are:

1. to study thermal fallure (due to microwave fields);

2. to determine the mechanlsm and the characteristics of a de triggered
microwave spark gap and;

3. to develop a suitable microwave test cell for measuring the Intrinsic

clectrice strength of diclectrie materials (sollds and liquids).

Phase I: Thermal Brealdown of Melectric Materials at Microwave Frequencles

The two most probable methods for the breakdown of dielectric materials
at microwave frequencies are breakdown due to discharges in gas volds in the material
and thermal breakdown due to the dielectric heating of the material. Since the electric
ficldg within the void are greater than in the dielectric mate rial, (for small cylindrical
voids which arce coaxial with the electric fleld the field in the vold {s increased by a
factor equal to the dictectric constant) breakdown vceurs at relatively low microwave
peak flelds and, consequently, for pulse conditions at low average power levels.

The bregkdown in the dlelectric is usually characterized by one or
more narvow, localized channels thiough the miaterial although the bulk of the material

& B
tay not be affected.
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For thermal fallure at microwave frequencies appreciably higher
average powers are needed. [lowever, the required fields are far below the intrinsic
electric strengths of the dielectric materials. The thermal fallure {8 characterized

by the destruction or decomposition of the bulk material near the reglons where the

electric fleld 18 high.

A "pwayback” sectlon of waveguide (Flg. 11) was designed for use as
the dlelectri c test cell. The helght of the wavegulde was decreased in the center
gection by a factor of 29 which results in an equal incrcase In power density and an
Increase In fleld strength by a factor of 5. 4. The length of the tapered sectiGn in the
initial unit was 1 1/2 gulde wavelengths. llowever, this unit had a high insertion
VSWR and another section was designed and constructed with a 3 1/2 wavelength taper.
Although the VSWR wasg decreased the minimum VSWR wasg 2. 0. By increasing the
gap helght by a factor of 2 it was posgsible to attaln an Insertion VSWR of 1. 05 at
5.3 Gc (which corresponds to the output frequency of the available magnetron). The

resultant power denslty increase In the tapered section is 14. 5 times. With a short

()

circult termination the apparent increcase {n power density is 58. The microwave

circuit in which this cell {8 used {5 described in reference 4.

Phase II: A DC 'I'riggered Microwave Spark Gap

Triggered spark gaps have been used as dc protective devices and

switches. In gencral these are spark gaps which are maintained at voltages which

0-90 percent of the breakdown strength of the spark gap. When a trigger voltage

;

Ut

are
is applicd between one of the gap electrodes and an auxiliary electrode a discharge
develops in the spark gap. The speclfic mechanism or mechanisms which occur are

not fully understood but the time delay for developing the discharge has been shown to
be a function of the®trigger voltage, the hold-off voltage across the spark gap, and to

a lesser degree the geometry of the spark gap and auxiliary clectrode.

'
<

2
Schwartzkopf has demonstrated that for moderate microwave powers

it s posaible to construct a switch which {8 capable of switching within a few nano-
seconds.
The objective of this phase is to study the diacharg= paramcters which

may relate Lo the speed of switching, the microwave power capaclty and the Insertion

losses before and after switching.  The results of the study should lead te an under-

standing of the mechanism of the switch and indicate how to design a switch for a

glven microwave power

T T

Private communication
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A microwave spark gap has been designed and constructed (Fig. 12a).
The de trigger will be applied using a standard automotive spark plug. A dc test jig
(Fig. 12c) has also been constructed to determine the dc characteristics of the trigger
electrode. An impulse generator has been agssembled using the modulator section of
an airborne radar unlt (APS/2). Impulses of 15 kv with 0.01 p 8ec rise may be

°

obtained from this unit.

The initially proposed theory for the time delay dependence of the
switch i related to the results of impulse breakdown of air. It has been shown that
the time for breakdown is related to the overvoltage ratio of the applied impulse. The
overvoltage s defined as the ratlo of the voltage at which the alr breaks down for the
tmpulse to the minimum de voltage at which air breaks Jdown. Thus for a ratlo of 1
the time for breakdown ig several microscconds whereas for a ratio of 2 it 18 several
nanoseconds.

The initial studles will determine if a linear superposition of the dc
trigger voltage and the microwave field would have the same time delay as the equivalent
impulse voltage. Another discharge parameter that may affect switching times ia
photo-tonizatlon. There are some triggered spark gaps which depend solely on
photo-fonization rather than a tviggering spark. However, the hold-off voltage must
be within 5-10 percent of the hreakdown voltage in order to obtaln gwitching action.

Tor the discharge triggered pap, the hold-off voltage may be In the range of 50-90 per-

cent of the hreakdown voltage and the higher the voltage the faster the switching action.

hase T11: NMicrowave Test Cell for Intringic Breakdown Studies

The fntrinsle electric strength of diclectric materials 1s so high that
the electrie fields required for brealkdown approach the flelds requlired for electron
field endssion from the clectrodes. Field eratssion wonld modify the measured value
of the ¢lectrice strength Althongh electrodes (or their equivalent) are necessary for
catablehing statte electrie fields it s possible to establlen high frequency electro-
rogneiic fields withont electrode surfaces  (For thls discussion an electrode surface
fa conastdercd to be a metal surface or electric charge at which a normal electric
flebd is terminated. ) Thus the Inftial study has been to determine the feasibllity of

obtaining high electrie fielda which may be capable of breaking down dlelectrics but
do net terminate on metallte surfaces.
Several immethods have been nsed to obtaln higher electric fields than
fet o standard transidssion Hoes. These include:

A Adtranstadasion Hne terodnated by a short clreuit will have reglons where, the field

todce that of o transmdsston Hne terminated In fts chavactevistie fmpedance.
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b) Decreasing the wavegulde slze may increase the fleld by a factor of 5-10 times;
e. g, decreasing the helght of a rectangular wavegulde operating in the HOI mode by

a factor of 30-100 times would increase the fleld by a factor of 5. 5 to 10 times.

¢) A traveling wave resonator could Increase the electric fleld by a factor of 3 to

6 times although it is very scnsitive to small losses in the system.

d) Resonant cavities have been used to obtain increases In field strength by factors

ranging from 9 to 3000 times.
e) Combinations of the above procedures may also be used to obtain high electric flelds.

The optlmum procedure for developlng the electric fields required for
intrinsic breakdown is the one using the resonant cavitles. (The cavity couid be used
with the traveling wave resonator.) Ilowever, to obtain very high fleld gains one
generally uses an operating mode where the electric field {8 normal to the bounding
metal walls.

An analysiz was made of th» cylindrical cavity resonating in the H011
mode where the electric fleld 18 paralle)d to metal surfaces. For a frequency of
5 Ge with 1 megawatt {nput the maximua £ 211 wourld be 0.2 Mv/cm, or 25 megawatts
input power would be requirved to attain e f 211 of ] Mv/cm. Previously measured
values for the electric strength of polvetaylere report a value of 7 Mv/cm which would
require an Input of 1250 Mw {f the Q of the cavity were to remaln 5000 with the dielectric
gample in {t.

A Hmited survey 18 planned of other posslble cavities to determine if
a modification of the geometry would give appreclably greater electric field gains and

still retain the desired fleld configuration.

The proposed program for the following periods 1s as follows:

Phagel: The Inmedlate program s to carry out measurements of the thermal break-

down of several dlelectric materfals. 1t 1s anticipated that these measurements will
permit determining the parameters pf the dlelectric and of the microwave fleld) which
influence thermal breakdown.  Conslderation {s also being glven for the design of
auftable test cells for studylng the behavior of metals interacting with very high
microwave flelds.

Phase 1T: The program for this phase s to determine the parameters of the de trigger-
cd microwave spark gap which influence the switching thme and the insertion losses

of the switch. The overall objective is to understand the mechanisims of the switch

and to deslpgn a high power switch with the following specifications:

[
@
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1} capable of handling the power developed in the microwave flywheel;
2) less than 0.1 db insertion loss prior to switching;
3) less than 1 db insertion loss during switching into the circuit;

4) switching time less than 10 nanoseconds.

Phase IIl: The immediate program will be to continue the prvesent study to determine

the feasibllity of designing an electrodeless microwave fast cell for studylng intrinsic
breakdown of dlelectric media. Subsequent work will be to study the intrinsic strength
of materials (sollds and liquids) in order to obtain a better understanding of the structure

of these materials.
H. Farber

V. Conclusions

By virtue of tests on the prototype X-band low power flywheel and cal-
culations on the modal stability, a microwave flywheel of the type indicated appears

to be realizable if a high power switch of appropriate type can be developed.

In the future, major experimental cffort will be devoted to the deveiop-
ment of a microwave switch including the dc induced microwave discharge at atmos-
pheric preseure and the thyratron type of switch. The state of development of the

multipactor switch will be closely followed.

The cavity type flywheel will be consldered in more detall particularly

with regard to methods of coupling and type of switching components.

Under the investigation of the Interaction of high power with materials,
specific dielectrics will be tested in the swayback cell for thermal failure at increased
power densities.  Further conslderation will be given to the question of realizing

intrinsic breakdown In clectrodeless cavities.
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\ ~ rise time: <10 nanosec
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current
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current

b —
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FIG 6
General Legend: RE Faovelope of Prototvpe X-Pand Ring

Ouiput Pulse Using Ferrvite Switen
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