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AN EFYICIENT, HONOCHRU4ATIC, HIOH-PWER MICROWAVE GENERATOR

Thomas J. T. Kwan and :harl’s P!. Snell

Los Alamos National Laboratory
P.O. Box 1663, MS Bi!59

Los Alamos, New Mexico 87545 LJhA

ABSTRACT

M]crowave generation by electron beams in

virtual cathode conflguraLlons can achieve 91g-

nlf:cant power levels. However, most de918P3

inherently have two compctlng mechanisms 8ener-

a~]nF mlcrowavcs: namely the oscillating Virtual

cathode and the rcflexlng electrons. These two

mechanisms tend to Interfere destructively with

each other. Speclflcally, the reflexing

electrons subject the electron beam LO two-stream

Instability, causing considerable heating of the

●lectron beam. In addition, the space-charge of

the reflexing electrons can cause Lhc diode

Impedance to fluctuate, re9ultln8 In 09clllatlon9

of Lhe electron beam energy. He have inves-

tigated a novel idea to remove these undesirable

effects and we found thet high-power, narrow-

Dane , and mOnOChrOIDaLIC microwaves could bc

generated with crflcicncy of 10 LO 20S.

INTRODUCTILIN

f’llcrowavc gcncratlon resultlnE from thr

rorm.atlon of a vlrLual cathode of a rrlntivlstlc

clurt.rrrn beam has been demonstrated In a number

of vxpcrimcnts [l-b]. Idlth the pOS5ib11’ CXCl’P-

Llof) of the Oldcnko et 01. exprrlmcnLs [ 3], this

now :lass of microw+vc Lubf gcnx?ralcs radlatlon

with multlplc fr’oquenclps and modt?s at low

crficlcncy, Al no, reCt!nL WCrk shobf~ L})(4I Lh(.

output ovrurn In rilnr.lorr subnanosrcond burstn [“/1.

A]thoUKh mu~l vlrtutll rillhndr tubr:; hnv,, ii slmplr

gr{~m{.try, tllry f?xtlil]ll complrK rionllnrilr brlli!v Jor

t.hirl tmn r[:lul:rrl lrl ~hr S1OX dovIIlopJI*nl nf -I

nrtrrow -b,lnciMld Lh vlrtu,ll r~lt ho(ir LUIW.

TIIU rrrm~,lr~k, nonl Invar- (,h.nra(,t f,r 0! ttll,

v~I.{.uJl (.~lh(jd,, d~vlr.(. nr(.!lsSltllLpn p;lrl Ic]l,.!rl

101,11 ])l,l:~m,! ,nlmul;itltjn LfIrl IIIlqu I.n, Whlrh h;ivt,

IN*I, II U?IVII (,x! (,nslvI~ly II, und(. rstrrnd tho ml[)r[wrvf,

Ut,nr.f.al.lon m-v----- . ‘flvnri lriv(,nllfultlof)n II! 101

111[!1 1.311, LbrL1 a(lllr(! l,? 01 L)I(, r,il~ll;ll lorl: (1) [Ill,

tr,lpl,rd rlrrtr.(lu!l roll i,mlflp l,,~lkl.l,r) I 111~ I-I-III II fIIl

vlrt U;II (.iIthIIdr3, nrl(! ( I I ) I. 111, (Inr,l I lit! Iorl \ f’ 1)11,

Vlrl 1),11 (.;llll! )(11., In I III, ,w.rl$’g,ul 11111,11dI,:IIMIl, t III,

two mechanisms coexist; therefore, Lhe efficlun:y

of microwav? generation suffers. These LWO

mechanisms interfere with each otner clcstruc-

tlvcly, so it Is essential to select a dcmlnant

mechanism by design Of the devlcc. he h:vc

investigated a novei COnfigl:i’aLIOfl whir’, car,

effectively climlnaLe the reflcxinc elf”~tr~ns.

We have confirmcc vla two dim.cnsional p~rt]clc -

In-cell simulation: that th.s configuration

exploits the OSC~llatlOfls of the Virtu:,! calhadc

exclusively and It 8ene!-ates nonbursling, s:n~!o-

mode, narrow-bandwldl.h, high-power electro-

magnetic radiation. Thv efficiency of m]crow:l$l

prod,lction can bc as high as 381 in the most

optlmlzed case. The vlrLual cathode microw.iv(,

generator has a lar.gc operation freqUCnCY ri,ngc,

about 100 Wiz to UO GHz. Furth~r. it can g{~nrr-

aLe slgnlf’lcanL power (Lens of giRi,k.,:i2:

concentrated in a sln81e waveguide modf,. “1’hls

configuration is :hcrcfore, ideal for drvulo;)rvct

of’ single modulcy of the extremely hign-mr.wr

phasr-array microwave generator.

A NARROH-MANOkll)TH, EFFICiENT HICRWAVE GENEi!Albl{

Microwavr gCfl[,t_aLiOfl by thv OSCI1l;:I lIIK

vlrtuixl cathode of” a rclaLivlstlc electron LNI;MI

surf’crs from rapidly decreasing Crfi Cl(’nc, y ,I:i Lb,,

energy spretid or ungular scatterln~ iIl::rII;Ist!s

[Ilj. In tho r?onflguraLlons consldcr(’d to (I:IIv,

Lhc qu,ll 1 Ly of thr incomln~ elr!r!Lron brain r,lr) t),,

ad V(. f’OCly Hfr(, rt or! try Ll)r, t!lcctrons r(, fl(, xlr!P,,

hcLu(, rn LhrI Vlr LU;ll cathcrrlc and thr r{iill c,ltfIo(l,

Of Lhf’ dlod(,. !Jprclfic!;)llY, Lhr rti~lr,xlll);

clvrtrons sul),lvcl tht, f,]rcl r-on kam 1 u [w(*-::l, r{,,l:!:

lrlsLill,lllly, Cil U3111K con~idrrab. t h{~.+1 lf)~ 1,!’ 1 hi,

p] vl!Lrurl I]fs;lm. Furthrr. , Lh4° Slla!V-rhtlrKl, (Ir III,*

rcflcnlllg clrr Lrons rnn cause the dl~)dr Iml)!,kl,lrlt,!

1,(1 flurtu;ltl., rrmultlrrg in osclllatl~)tl:l {)? II I,,

P]P(-Lr”Orl Uonm (snrr.Ky. Thrsr rffrcts uIII!.11 h;lVl~

tvrrl ubservr, d III our computw nlmuiol It)ll Hlol}l Iv

dr~r,i~dr I II(, t, II’lcl I, 11(,v of ml(!r(nd; iv!~ lw.(ldur,Ll(lll by

nn(.1 1 luI Illli Vlr’t u,ll I.n L) I(ILII. n. A IYIIII,.11 ml,,!,,,

W,lv(. !lll~-(.tlqun, K15111<l.,l\ #-d Ily ,1 Virlll.11 (ill Il(llil,



osclllatlntgvirtual cathodes, A typical micro-

uave spectrum generated by a virtual cathode

oscillator where no apecinlprecaution is taken

to ●liminate the reflexing ●lectrons conslsLs of

multiple modes and la generally broadDh,?d.

Moreover, the efficiency 1s llmlted to 1 Or Z;

The broadband chmrar!terlstle and 10M efflClenCY

are undesirable in the further development of

system of phase-locked :lrtual cathode

oscillators.

To ellminate these undesirable effecLs. we

have developed a concept that mrevents electrons

from reflexlng Into the diode region. (Similar

concepts were pointed out by D. Sulllvan [121).

The l-es considered here is to use a thick anode

with appropriate slits in combination dlth an

axial magnetic field of suitable StrengLh. The

thickness of, the anode has LO be at least an

●lectron range. The electron beam genera~ed by

flelrl emlsslon is guided through the anode S1lC

by the magnetic ficid, and many of the reflected

electrons frcm the ~’lrtual cathode are absorbed

by the anode because of the transvere mcaentum

induced by the self fields. Properly matching

Lhr magnetic field strength with the slit width

so that few electrons can get back to the dlodc

Mill maximize microwave production efficiency.

SuctI a design 1s shown in Fig. 1, uherc the anode

1s made up of a high Z material (for example,

tungsten ). Numerical modeling of such a dcsl~n

rcqulrcs self-consistent treatment of the

electromagnetic fields and accurate treatment of

●leCtron transport through Lhe anode vla Monte

Carlo methods. UC have successfully lncorporaLrd

the PtonLe Carlo charged particle t?anspwt method

developed by Flollere and Bethc Into the two-

cllmenslonal, fully electromagnetic, relatlvlstic,

partlclr-in-cell Dlasml almulatlon codo, 1S1S nnd

CCUl~E [ l’i], to trr?at thr physics of mlcrowavr

Rrnf’ration by vlrtudl cathodes corrccLly.

Cur lwo-dlmrnsloqal partlclc slmlllo’ lon!r

cunf’lrm thr basic ldca Or SUCII iI VlrLL,tI] cii Lhnrlv

m]rrowavr Rvner:ator. in the study of crrlclcrl[~y

sritlirl~ with Lh[i uxlnl mn~ncll(, flI,ld, u

slmpllllcfitlorl was marl!, by tren Lln R ! ho nnodo

prrf’c~!tly dbsurpllvr, t,u diacrtminntc th(,

rv:’lnr. t -I( t. I f.<.! rf.~l!g . As soon :IS t.hr rcf’1(’ct(vl

clr?clrcrna RI*I In crmtn(!l. b’llh Lh[, nnod(, surfacv,

they nrr nbsurbrd Imrrr..dlfil.vly wllhoul trnns~)rl.

lIII! LhI,m lrl LhI, nr, od(. vliI Lhv rnlhcr comput cr.

l,lmri cr)r)sumln~ Montv (“flrlt, mvthod. Thv rt!sul Ln

arts nh!~wrl ir) tl~. ,’ Uhl[, tl 3!11)W Ltlll dcpl.llril,ll (’r 0!

a I I

-0.00 1.54 MO 4.49 5.09

Z (cm)

FIQ. I. Configuration of a hlgRly eff:clcnL.

alngle-mode, monochromatic virtual

cathode mlcrouave generator.

Erficlency of microwave gcncratlon

maximized at a particular vdluc of AXIJ1

magnctlc f’lc’ld for ii Kivcn
confiRuriltion.



caused the adverse effec Ls on Lhe elcctrcn beam.

It was also evident that the Optimal Villuc

depends noL only on the magnetic field but iilgo

the width of the slit as UC1l as the energy of

the ●lectron Ceam.

After the optimal value of’ the magnutlc

field is found, we proceeded to simulate sl!lf-

conslstently the case including tne electron

transport In the anode. ElecLron transport In

the anode was moclelea according to the Rollere

multiple scattering theory [14] Or electron9 an

Bethe’s formula of electron stopping power [15j.

The configu?atlon space diagram of the electron

beam In Fig. 3 shows that there uerc d few

eleccrons leaked through thr slit into the Clod<.

hlth more optlmlzed shaping of the anode foil,

one mighL be ablC LO further reduce Lho reflenlng

electrons in the dlccle. The phase-space dlapram

la also shown In Fig. 3 uherc the formaLlon and

oscillation of virtual cat node are clea:-ly

demonstrated . Further , the electron phase spilc~

shows sLrong modulation of the elecLron b(,nm

bCYOnd the virLual CathOdF, a characteristic of

strong excitation of coherent radlallon. ‘ :hc

elrclromagnctlc radlatlon field uas monitored lrl

Llmc at a fixed location near the right-hind

boundary and away from thr cl~ctron bi=am. “’i-rc

tlmc hlsLory of the axl~l component of Ihf,

clcctrlc fIcld (Ez) 1s shown in FIR. h. lho

envc]opl, of Lhe flrld shows thr groulh &nd

sIIt uraL ion of Lhc transverse maRnc Llc mud~,u. ‘“he

Fourlcr Lransform in tlg. 4 shous thdt thr frv-

qucnc~ spccl rum of the microwaves pcilku at ?O.~’~

Gil?. WILh a biir)dulrll,t) (AIJ/IJ) less t,h,lrl ‘jI. I’tw

frCqUCnC~ of Lhe mlcrowavco can bc Luncd by

vnryln~ Lhc RcomrLry of the drvlc,v and/or the

elrrtron beam pilriIml’Lrrs (Ihill. ICI, vultaRc and

currenL CIrnsll.v) [ 1(I ). Thv powrr dlmLrlbutlon

among Lllr trannvcrnl, m,lgrl{. L i c mudr:, 13 uhodrl in

corl[!cnl. riilr 111 TK NUII. LII, I! 1)113 qlrl~lt, m(. ri!
(,,11’

tlh(l pou(r of ,’11 [111 Wtlll!tl 1:; ,’1! 1(,.1s! Sov (.1,:11

II IW!; hlRhl,l. 1,)1.111II ,. p(lwlhr. Iovtl Irl ,If Iv muUl* 11:

;1 [sClnVPrlLi[]rl;ll Vlrl U,II ls,l! hod, . r!)nf Iuur,ll 1111.:,.

lrl ~;I(.1 , 1)113 3irlK11.-m~][ll, f,tl,ll.ilt,lf,r,l:l! 1{ Ilrl:l

ll(,v~,r b~,rrl :Il,tlil,vf.11 Ill ;Irly vlrt 11:!1 r;ll tlf,fla,

Uvvl[,l.

1.)11, p(luf.t, Ill .11 I w,lvl~pllllll m(l(l,,:: . 1111, I*I f ltl~.rlt,y

(I,rjm.lllly If, ‘lH m,,fl,.:.l l? ?I,v,wr, ,1: ,. f,,r),!l,,r: .,1

Fig. 3. ronr!~u.aiion and phase space dlagrans

of t, .a!ectron bc~m showccl the tffect

Or ,: .I,, Ck nnode and sLrong modulatjorl

2v LIIC @~L]llating virtual cathode brhlcn
wag ind~catlve of strong cxcita~lor, cf

microwaves.

O,m 1,82 S.25 4.87 550

Time (ns)

~ I@
lW
lW
101

101 w .L— _..
m.o ““ 12.2 250 31.5 500

i (Gtlz)

FIR. 4. Tlmc rllatory of the axirl electric fl.,lc

and Its Fourlrr transform showrcl Lb!,

COhCl,(>flL Fc,lrrilt ion Or Clcctrom,, ~n {.( ic

radliltlorl.



ti.mc in Fig. 6. It rose dur]ng the rise-time of_

the elec Lron beam and sat’w=ted 31 a level or

abuut 121. The rise-time of thn electron beam

was chosen to be artlflc:aily short for compuLa-

tlonal efficiency slncc it did net seem to have

any effect in the process or microuave gener-

ation. The Sap between the cathode and anode was

found to bc an important parameter in the ef-

ficiency of m)crowave generation. Thp r,epndcnce

is shown in Fig, “?. The efficiency is at a

maximum at a gap of about 0.7 cm for the con-

figuration and parameters considered here. Ti-lc

reason for the functional dependence 1s Lhat the

currenL of the diode varies with the diode l!n-

pcdancr which 1s determined by the gap spacin~,,

TncrcfLre, the rCSUILiInt magnetic field (i.e.,

the sum of the self field of the bean and tht,

axial mdgnrtlc field) varle9 with tne gap Lpaclng

and, consequently. affect.s the effectiveness of

the anode In the ab=orptlon of the reflCCtCd

elccLron5.

CONCLUS1ONS AND DISCUSSIONS

kc nave demonstrated via computer simula-

tions LhaL high-power. SlnglL?-mOOc, and

monochromatic mlcrowavt?s can be generated by

osc!illatlnR virtual cathodes in ? conf!gurdtion

where rcflcxin~ electrons can bc effcctivrl~

eliminated. The monochromatic and singlr-modr

CharaCtCrlSLiCs of the microwavu OULpUL arr

exl.rcmcly desirable for microwave ReneruLor5. Cm

the OLhCr hand, they also represc!rll lmportanl

advances toward Lhe dcvclopmenL of single modulrs

of nigh-power, phase-locked microwavv sources,

Further enhanccmrnt and selection of module

purlLy and monochromaticity may br achieved by

fh~, usc ~f a cavity resonaLor in conjuncLlun wiLh

a st~aighL wavcguide placed downstrwrn from tho

anode foil.
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