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THEORY OF A WIDEBAND DISTRIBUTED GYROTRON

TRAVELLING WAVE AMPLIFIER

i. INTRODUCTION

Power levels achieved by gyrotron oscillators have constituted a re.olution in pover .i,1,1iahle

from coherent electromagnetic sources at millimeter wavelengths, i 
- and gyrotron oscillators ha, %

already been successfully applied in an energetic-effects application, the heating of' controlled lusii

research plasmas.'' '
2 However information-carrying-systems such as radar and communi.ati'ns ift

better served by an amplifier with substantial instantaneous bandwidth rather than b an oscillatr \

gyrotron travelling-wave-tube amplifier has been proposed' 4 i' and initial theoretical anal\ses ' ' and

experimental tests 2 -
2 have demonstrated power levels an order of magnitude greater than a,.aiahle in

conventional millimeter-waver travelling-wave-tube amplifiers together with an instantaneous handhidih

of several percent. A bandwidth on this order is of interest in a number of systems but still larger

bandwidth would increase the usefulness of the gyrotron amplifier. Other authors have suggested

gyrotron-like amplifiers which would achieve large bandwidth, viz. a gyrotwistron with tapered ca tines

and magnetic field2" and a slow wave cyclotron amplifier.' employing a non-relativistic hunching

mechanism." 3 The presently proposed configuration is a modification of the gyrotron travelling ,,ave

amplifiers whose operation has already been successfully demonstrated 2s 2 moreover, since it is a fast

wave device, it should be less sensitive to the degrading effect of electron velocity spread.

A scheme in which the input signal is initially injected in the reverse direction of the tapered

waveguide was proposed and analyzed by Lau ', including the effect of velocity spread"3' , for a proof-

of-principle experiment. The experiment was expected to have approximately 15'% small signal

bandwidth and the observed bandwidth is 13%,".

Manuscript submitted April 16, 1981
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An alternative side wall wave injection scheme potentially more suitable for high gain operation is

discussed in the present paper.

I. MODEl. AND ASSUMPTIONS

Figure ]a shows the side view of a circular cross section waveguide immersed in an applied mag-

netic field (B). An annular electron beam propagates to the right along the axisymmetric magnetic field

lines. The electrons have a substantial part of its kinetic energy in the form of gyrational motion and,

in contrast to the conventional travelling wave tubes, the transverse kinetic energy is to be converted

into electromagnetic radiation through the cyclotron maser interaction. Figure lb shows a cross sec-

tional view of the waveguide and the electron beam. We assume (i) that the total length (L) of the

waveguide is much longer than the interaction length (AL) defined as the length over which the cyclo-

tron maser interaction takes place for a fixed input wave frequency; (ii) that the radius (r,, ) of the

waveguide land the amplitude of the app!ied magnetic field (Fig. 3c) vary slowly along the axis so that

each interaction section is characterized by a distinct frequency [Eq. (4)1; and (iii) all the electrons have

te same perpendicular velocity (v, ) and axial velocity (v:2 as they enter the waveguide, and their guid-

ing centers are located on the circle of radius /-,.

The main element in the broadbanding scheme is that different portions of the waveguide

amplifies different frequencies. As a TE,,, wave of certain frequency (w) is launched from the left into

the waveguide structure it will be amplified in a particular interaction section of the waveguide where its

cutoff frequency closely matches the wave frequency.

All the gyro-TWA's reported so far have operated near the cutoff frequency of the waveguide. In

the o-k. diagram, where k: is the axial wavenumber, this implies that the waveguide characteristic

curve

Go- 2 .2. 2
- k2 (2 =0 (I)
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intersects the beam characteristic curve

A - v. - s11, = 0 12)

at or near a grazing point (Fig. 2). whereA,,, = ,,,/r.,.,., is the n-th nonanishing root of* .X, ( I

11, = cB/ytm, y = (I - v21, 2 - v:2/(2) I 2 and s is the cclotron harmonic number. Ihe .idantagc

for grazing intersection is two fold. First, it corresponds to a small wave number (A.) and theref.re

mitigates the effect of beam .elocity spread. Secondly, the beam curve [Eq. (2)] \&ill not intersect the

waveguide curve [Eq. (I)] on the negative k- axis and therefore backward T1,,,, mode will not be

excited. Thus, in the present scheme, it is best to adjust the applied magnetic field profile such that

grazing intersection is maintained throughout the waveguide. Equations (1) and (2) give the magnetic

field (or the cyclotron frequency Q, ) needed for grazing intersection,

f, = .V c/(syr, ) (3)

and the wave frequency at the point of intersection

(, = Y: - , C/r,,. (4)

where y (I - v./c 2 ) -
r
I 2 . From Eq. (3), we obtain the condition for maintaining grazing intersec-

tion,

B r,, y: = BO r,,"Y"0 . (51 )

where, here and also in subsequent equations, the subscript "0" denotes values at the entrance of the

waveguide (- = 0).

III. CALCULATION OF PEAK GAIN AND SATURATION BANDWIDTH

On the basis of assumption (ii) above, we may approximate the peak gain (g,) and saturated

efficiency (r) in any interaction section by the analytical expressions derived in Ref. 19.

I 9 7r 'J,2 ,, (,/ r,, ) J,'2 ( I, / I-, ) 32 1 3 d8
: y Cx,,, Km, free space wavelengthY2 'Y n

1.6 _ y 2 .12  ( ./r.)J'2(r /r, ,  3
73 
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,here AI..... - ,,,.)(I in \.; , , the Bessel function ol order it, .1,, ( d .J ( ),, 'd.

3 - , ii # the electron I armior radius, and v is a dimensionless electron heaml dcnsit

parameter defined as

N here N is the number of electrons per unit length and I -p JA '/ 4 rt II 2.8 x I0 " cm. is the classi-

cal electron radius.

In Eqs. 16) and y7). v, A,,, and A,,,,. arc independent of' the position in the %aveguide. v hile the

other parameter -:. . t3 r, iJ, and iv,/r. all \ar\ along the waveguide. Thus. to ealuate g, and rj as

functions of the axial position in the waveguide (or r,, ). we need to express these beam parameters tn

terms of r,, and their initial values at = 0. This can be readily done using Eq. (5) and the f'ollowing

conservation relations:

(I ) conservation of electron magnetic moment,

/3.1 B 13'VH (9

(21 conser\ ation of electron flux.

1'3. 11 /3_-, 0{)}

(3) conser\ation of' magnetic flux.

B r H,, I. (II)

We present the results directly.

B = - , 1 + I + ,,>-J (12)
H,)~~~ ~~ 2 ' yy:,S ,,,

Y ={ + , (131

o I , 
(141

1 /,, . I 2

4
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,, r,, 1 I
t, H! 

(10)

Equations (12) through (17) allow us to express rt.!),. and B in terms of ., while ,, can in turn

be expressed in terms ofo through Eqs. (5) and (12), and (13). Thus. 'e may' express -q. ,,. and 8 as

a function of fo without specifying the explicit dependence of t,, on z. figure 3 provides two examples

showA ing the dependence of 77. v ,. and B on (, over several octi\,e bands for the llmi and 1ij I modes

interacting with the beam at the fundamental of the electron cyclotron frequency. The electron beam

energy is 70 keV with v:J/,, = 1.5 and all quantities in Fig. 3 except for "0 are normalized to their

respective values at z = 0. The initial values of r, are indicated in the figure caption. It is seen from

Fig. 3a that the saturation bandwidth (defined as the interval of frequency between points \kith half of

the peak elliciency) of more than two octaves are theoretically possible, especially for the TIL1 mode.

On the other hand. the peak gain decreases monotonically as the frequency decreases (Fig. 3b). This is

expected because .,, is proportional to [3: 1j3.2 L which decreases as the beam mo\,es downstream along

the decreasing magnetic field. Figure 3c shows that the applied magnetic field is approximately propor-

tional to the wave frequency. Figure 4 provides examples for the second cyclotron harmonic interac-

tion (w 2, ). also exhibiting similar general characteristics as described above.

As shown in Eqs. (6) and (7). both the gain and efficiency are proportional to J2- (r,/r,) Since

Bessel function of /ero order I./(x (I has the largest amplitude, the highest gain and efficiency fbr the

s-th cyclotron harmonic generally occurs for azimuthal waeguide modes with azimuthal mode number

m .s. This characteristic of gyro-TWA is quantitatively exhibited in Figs 3 and 4.

We note here that Eqs. (6) and (7), obtained in Ref. 19, are accurate for all nonfundamental

cyclotron interactions as well as the fundamental cyclotron interaction with beam energy > 70 keV.

But for the fundamental cyclotron harmonic interaction with beam energy below 70 keV, they lead to

overestimates. The reason is that in the latter case, the free energy depletion saturation, which was

neglected in iqs. (6) and (7), becomes important.

5



de~tertilItned under tile rCqUil :1(icntc ili tut11 IfI lL!1 ( Ii.I, I . 1 iniu III d: aLIV t0 i! rLICoI II,:,

noite hit11,, ill ILI( 0) I s tlie peak g,1in I)Cl Wuillt IctILIll a1th oLII C Iitc (11 tile iIIICIaL tIttf !Lh I 1 K

aictual tgai n (lIor ta ti xed l'rcjequcc ) tapers ( llV il hoth sid AssuAIItiti1, thle IIItClactti,,[I egili hr I It 'tIt c(

t'requenc% etmends t rom to i the twtal gain Is then igru enl In tert ) 1)1 11.,IIVIII11 CI Yl Ui o) p 1r 1i lLtI 1

C~~ 1(.(u 1'

where -Iand zare determined b v 2 g I wI 1 0, amnd g isI a_ be e\ Aluated f~rom the

dispersion relation (Eq. (8)I of' Ref-. 191. Thus, in principle, given a desired total gain. oine mnay deter-

mine the waveguide profile.,~I) f'rom Eq. (18). As oautlined above. the distributed nature ot' the

ampliticatioti processes and th ti lcxi hili t i shape til hc %a~ ej uidc profIile allk' (tlic to dIcsign an t

amplitier w ith unif'orni total smiall signal ii tin ucro ss thc cnt ire f'rcquetic\ hand. 'I tic sait ra ted

bandwidth. tiowec er. hats ati intrinsic limit as slmwk illi the preceditng efficienc\ calculutiot."

It is worth noting that although a long waveguide is required for Aideband oiperation, the interac-

tion length for each f'requency remnaitns relatively short. Hence beami '%locilY, spread, while reducing

the gain and effciency., does not pose anl\ more difficulty in wideband operations that it would in nar-

row band operations. When this kind of' broadbanding method is employed in gvrotwistrotis' in \&hich

electron bunching and energy, extraction take place in twot separate sections, wvider bandwidth necessi-

tates greater separation between the two sectiotis xclocit spread spoils the cohlerence as the separationl

increases and consequently limits the achievable bandwidth. In the optimized example of' Ref'. 21), for

example. the calculated bandwidth is TA) f'or a beam with 10''/,. velocity spread.

IV'. A PROPOSEI)1 I)ISrRIIIIII IFED IN PI, T ('01 I+R i

In order to take f'ull ad~ antage of' the ecry broadbatnd natIure ofI the distributed gmrot amplilier.

une will needI (t (Ic e1p co rrespotndi ngly broat~dbaind intput c ouplers in a comtipat ible get (metry It )tic pos-

siblit . the (list ributed input Li upler. is described bh ('A

6
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I lhe distributed input coupler is, in elect, a microkwasc multiple'er in "hich signal hands h(i

Jhanncl,,) arc separated out (t the common input line and injected at tilt: appropriate position ,alng the

tipered Interaction circuit. I ti this application. "e propose a muliphc.xer-distrbuicd coupl.r .r.uit

that consit, of" a Multiple of channel filters connected bctween the input rectangular a egutdc (,pelrat-

ig! in tilt: lundanental It-,, mode and tile taper interaction kka\,eguide. The ch:nnel filters ,n-sit (l

coaial cai tics ekcited in a mrodc %%hich will couple through apertures in the inner surface to : .Lt:.. rhc

desired mode in the tapered %a',cguide. For efficient transmission through the casit\ the input and

Output coupling is tight such that the loaded Q is much less than the unloaded Q."" The loaded Q %kill

depend on the channel w.idth desired (order of I to 2/,). The circuit of Figure 5 consists of a multiple

of single caxitv filters connected by apertures to the input waveguide.:' 4(1 The cavities are tuned to

separate center frequencies and are located on odd number of quarter wavelengths (i.e.. A/4. 3A/4. etc.

of the respective cak ity) from a short. In this case a resonant cavity acts as a shunt impedance to the

input \Aaveguide and the non-resonant cavities appear as open circuits and do not couple. " Ior use as

an input coupler the bands l(.f:, etc. are injected into the tapered waveguide at the proper points for

amplitication.

With guard bands between the channels as normall\ would exist for this type of multiplexer, onlx

one ca\,it is coupled at a time and the design is simple. thowever, since what is required is a multi-

plexer wkith contiguous pass bands (i.e.. no guard bands) which tvpicall cross over at the 3 dB points of

the filters.4" then two cavities will strongl. couple near the cross over frequencies. In addition, the out-

put of' each cavity is recombined into the common tapered interaction ,aveguide circuit. The require-

ments of contiguous pass bands, recombination in the tapered circuit, low \SWR across the entire

hand, and good transmission efliciencv kill necessitate careful design. and ma\ require additional

matching elements, decoupling ca, ities. etc.

[he cavities can be de, ised several wa.s. The suggested cavity for a T7"I> amplifier is a /I.,

coaxial cait', as shown in Figure 6a. Four azimuthal current maximums exist on the inner ".all

IfhrefoJre. four axial slots apertures in the inner wall would couple strongl. to 7-, ,, on the inside

7
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C\tC t h'. I -otv ,1 I N i, tpci 11111t III the- I LtreSt1itikI1 II )tie. I c .1 IIf \N III Ottl It.e ft, I

\%fl AII cl III. I / tc I he piopcie nunihe indl 1o,.Iiiof ot theI IIl sit 111 MUNI ho: cII'. cii Vd

hot'%C' cr. A /I. it lli ettuplC to I [Iu *tls, , I A if onki tppt Isin ILC( it IIILine 1 I, s i f k.e Li~cdl. It()

1:\AInlple In1 the iISC I IhcI t nd'inmentil In( tie. NI finl si ItI1.11 cpig IItt\ NUticC and Isimpler

kcI'.\ I such:I AN re!ie Io O'Lid hC iu

Rcsttnaiit titccuths of t uil (tvld ,t'm iXre eicit h\

icrc m'ii. in d / cttrrcspind t ti h le modes, 1, iN I h length, aind a is, thc ktIler diinictcr Plotis oll

*thle root ' ,IiCs.'.A. I-or I nunIII-ih II' to'.' ordecr moides is tuciotr I' tilc ratio oftil hc til ritdii i'. 2

been pem'. 1cn isel '.Ii is -tiniLIs for the ci',it.\ Q's.I

A ithoug hi t' cr order coix ii cziIt\ nodes ar ticfiirl\ it idc-spicced. Nidc h,indNitdiii ampiftier

desitgns \i ii cross spurIiouIS resnine11cC t opting m11 pcrtu.rcs i h01Ich mIImIIIiiC CtAIIMl up to it ileNI puiktuN

flit tC'IiS tolittg On' tI hc srI)MUs nMtdes. ti iis- cc irc IccuifliqUcs N1iI C,1i ci hcusCd it 111111i1/ NJut miI s It ItSN

iuodc intcrcrcnce. \ik :ugs thuI~. 111. itusiciad ()' sinrglc Ciiaiil c\I'.\ hci fig thle Ii Icret c l iieuntI hctI I ccii1
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rcctaiitu11arl caii.jtics prececde and i(I (i0Nt. ilc Ct i tiZiI cit IC11 such is iistraitcd in I iLeurc Ob. Ihei added

CiitiOCS \ko Uid h1i'. cSpuLrious tmo des outsidce tic uiuiplitici hi tid of' intercst mid t hereforc imflthmc thti

:omaiml cai'. fro 1m thciluprI)LIint d intcraction \%a'.cguidcs. InI additinn it ith ipproprtii ctlneMIL
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simple singic ci'. i ter.
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LUbc r.K1IU' IN I ncuW1n oft ival pition .k hilc al the same time decreasing the strength ()I thc applicd

iagCott ild No s i*. keel) % I\C L'Uo Li ' rcq uecr. neairl eq ual to t he elei.m 11c% lot ron li CLILICFOL

t~l(1ho u L 01 t he \a\e!idc I li 1i tal lineari gain can he miadec ssc:ntwll. independent (d I rccjucOlL. h%

huo'tSIng (pInfIIIl ai],l coo1ltL1 tit I all raidius and magncti. field I lie saturated chlicicnl.. Ias heen

CAkula lcd 1(r a 0 l ihcr ()f miLC dcs tlh i ntcrt-Aon at h t(h t hc tundamc 1tal o0 Ihc c.clotri n lrcquc nc'.

.tod t t. che c:%c itroi lcLIu c ic t pca I ( eta -Iik c sat urated han dl idt hs appear to he possible

Mo th .1 satUratcd b.ind.~ idth erceater than two) oeta~ Cs calculated for both the 71-1 and I., modes. A\

concept has .iko been presented hr- a distributed input coupler ifl~ol~ ing multi-ca\it.% coupling het~cen

.an input rcctaingular %ka~ eguidle and the contoured drift tube: this type of' input coup!cr promise-, to bc

compaitible in band.%idth and in geometr\ wkith the broadband distributed gyrotron traelling-\iae

aimplilicr .A piactical %%orking model of' the distributed input coupler remains to be developed.
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