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NONLINEAR EPFFOT3 AND FARAMETRIC REGRNERATICN
ITRING TEE INTERACTIOXN OF WAVES IN WAVEGUIDE SYSTEMS
: WITH LOUG FLECTRCYN FLCAS

Pollbwihg 1s the translation of an article
y S.A. AXhmanov, 3.D. Ovozdover, L.S, Gorarkov,

and ¥.G. Dnitrigev in the Runsian-language pudbli-
ieh S b, ot
Techknics ysic ) . NOo 1, Moscow,

s (]
\:54963, pages_90-99.j
his ig a report .on the regults of an expexrimental

study of the interaotioz of waves 1n waveguide systems with
lorg electror flows, The oxparime:ts were carried out in the
centlmoter Add declmeter wavelength ranges with a fras=drift
eleotiron flow (nonlinear spae, chargs wave intersotion) and
an slactron bean assoclated with a retarding system (none
livear interaction of space chuzrge waves with retarding sys-
tem fleld). 3vecial attention was devoted to the study of

facto=s deternrining the effeotivensss of parametric regsnera-
tlorn ruuning waves of a small aignal by the energy of Intensive
Injection ruanirg waves; the ratlo ¢f sigzal and injection
fre%uenciee varied over vwide liulis, It has deen eatablished
that 1a syatems of thie type, as & rule ore hes to desl with

a counsiderable numbsr of ocombinaticn frequencies wkhich sub-
stantlally affect the course of nonlinear and parsmetric proe
cesses,

l\(\\

0f lncreasing interezst at present is the siudy of the
propagation and interaction of waves in nonlinear wavegulde
syatsms, Studles of phenomena in such systems are desorided
in a_rumber of theoretical fazore s08 refs 1~4, 10, 15) whose
results point to the possitility of obtalining various nonlinsar
effects, The character of the latter depends on ihe form of the
nonlizearity (active or reaotive nonlinoarlti) and the disper-
sive properties of the syatem, Of pructical intereast are none
linear phsnomena in stron=dispersion waveguide systems where
a finite numhear of waves can interact effectively. Here one can
obtain 2 rumbher of practically interassting applications (pare-
petric amplifiocation, wide-dband frequency transformation, medu-
lation, amplitude limiting, ete.).
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The erperimental atudy of thils complex of Guestions
and the oreatlion of the oorrecpondini radlo elsotroanic devices
at the presert can be carricd out with waveguide systems using

"~ the nornlinsar properties of a golid éwava 1de systers with

reactive gerlcorductor nonlinearity (ref 3) or ferrites (ref 4)
or wavaguide sretems employinz the rorlizear properties of
electron beams {(ref 6) or gas discharge plasma (ref 5),

It should be noted that despite the ccasiderable
progress acnieved ln recent years in the development of nou=
lineay solide-gtate reactances, tne possibilitles of using the
latlar in wave aystems, espeolally in tne unf (ultra-highe
frequency) renge, where the indicated phenomena are of the
greatest interest, are limited. In present practice it is
vossible *0 create only 2ilver=type systsms conteliningz ronlinee
elerants with conoenirated ounstants, Cia the other hand, ueing
the nonliuveaxr piropertiec of electron flows, it 1s peralible to
obta'n purely distridutel ronlinesr wavegulde systems with
widely varying characteristlcs, '

The subdilect of the present study are the results of
an experimental study of aonlinear wave irnteractlon and esse-
cislly the phenomens of parsmetric Tergeneratlon in wavezulls
systers wlth long eleciron flows emzloying the longltudinal
interacticn of elvetront wivh “igh~frequency fields. To our
knowledge, the experimental etudr of emch systens is deserived
orly in ref 6 which deals with the inpteraction cf waves in a
free=drift elesotron flow ar?A does not consider a number of
important Qquestlions {comtination frequercy spectrut srising
duricg intarsction ;nee wotel, the bandwidsh of the parametrie
reganoration mechaniem, nonlinear effectz, etc.). ([iiotes]
as far aBs we “now, the first one to ruint out the fundamentzl
role ¢ higher conbinatiou freguencles aristn§ ir the rrocess ¢
paranetric interaction was 143, Tager (ref 11))

‘areruide systemsz wit® long electrva flows can be con=
atructed 't two wars: with an elactron flovw #rifting freely
Insi4a a4 coniuctiag oylinder {drift tube) and a syster in which
the slartron flow 3B ocnmecisd witn s ratarding line (e.g., =
erir:1). (2 roth varian:s, ninllnzar effects can bhe prroduced
upor. tne lairoiuction into tie cystem of a powerful lnjlectlon
wave ne a result of the nonlineaxity of the electron fiow, If
we 2re interested in parenetric regenecvation, the vossiile
tvyes of injuction and sigral waves in the indlcated systenms
cal te surwerlzed in a2 tsblae,

Inlectica eva Signal Wave

1, Cn election beam space Cn electron heem scw
charpe wavee (acv)

2, Cn electon beam SOW In retarding srsten

3, In retarding ayctenr Ou elacteron beaw sov

It 48 recesaary to note an imporiant difference of
system 1 frou systems 2, 3 (sce table)., In systex ! norliirear
effeats are determiued solialydy ihe neulinsarity of the eleo-
svon beem, The latter can ba regarded a3 a reactive nonlinearit
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insenuch as the intensity of the eleotron flow in the process
of lnteraoction remains unchanged; the injection and sigual
voltages are glven as boundary oorditions at the iaput of the
interaction space, In systems 2, 3 the nonlinsarity is of a
Nore complex character (a certain role msy also de played by
effects assoclated witlL the transfer of oiootznn.energy to
high-frequercy fields), while the injection and signal volteges
determine not only the boundary conditions, but also the outer
forces dlatrihuted elorg the system,

“he presest study cozelders the results of an experie
mentel investigation of aystems 1 and 2,

#1, Ex nt K] t
' 2.1, Plen of Experimenut

Ia accordance with the foregoing, the sxparirental satu;
rnvisagca the study of yhenomensa 4in ~ne interactior of waves
bath lu'a frez electror flow aad irn flow associated with a ree
tarding systex, It was desmed advisable ito carry out tha measure
rerts over a wilde interval of varlation of injection and signal
fregueuclas, powsr levals, and svaten rarageters., Consliderable
atrentiou was cevetead %o the study of the spectrux of combinatiu
fregaercles aricing in the wuvegsulde systerm under investigation.

‘ne 2xvariwental siudy ef the indicated rhenomens was
oarried out or the aquiprent shown in Fiz 1. The cbhjlect of ine
vestlzaticu convimsted in slectiron~waves 1in the form of runninge
wave tubss (37T) with two (g 1,a) or three spirala. In the
latter came, o free elactron 4Arif: esection was included between
the 3econd uund third spirals (Fig 1,b). The first spiral in bot
cases wan uaed for the modulsntion of the elactron flow at the
1oie2tion Irequercy f4. : the signal of frejuency fe, ¥as lntro-

[ ]
ducel ard takea off eitker through the second spiral (Fiz 1,a)
or thm gsacond and third .?irala iu the study of phenomena in a
free-drl1ft eleotron flow (Pig 1,d),

6 Figure 1, Blook diagran of
experimertal setup,
%:1 %l 1 A «= RWT with two Bpirals;

B0 ifomeonmg) |rcnepemon] | Guromp | I == RWT with three spirsie
"“;7'5‘,"'@! ﬂ] me i and electron drift section.

‘ = Irift; B = R#T power supyp.
C = Injection ganerator; I =
3ignal geperator; E = :H.filtt

F = Spectrum analyzer; G = M
R = Oscillipgraph; I = Superhe
recelver,




T

T A A————— b e e -

Indication of the algnal and combianation frequencies wus
carried out with the ald of 2 superheterodyne receiver and spects
ral analyzers of <he corresponding ranpge; measures were nlso ine
oorporated for the filtering of injection power at the indicator
input, The systens were studled 1n ‘he ocentimeter and decinmeter
vavelenutt ranres, “he irputs aazd outputs of the experimental
systera, dependiny on the rance were elither of the wrvepulde or
coaxial type; ir the latter case it was rossitle to study the
f{requency characteriatics of systens,

2,2, Frararetric ‘ave Recereration in Free-Irift ¥lectron Flow

The studvy of parametric rereneration ir a freeeirift
electron flow was first carried out with a twoefold ratio of
sisnal and injection frequerncies

. ~ 27
’. b ‘c.

i.e,, near the so=called dezenerais re~ime of the basic purae
metrlo resovance, It was discovered that ir-the erperizencal

systems there srose, in pertiocular, waves wit> a differentlal
frequency f = f, - f, and the additive frequencise

f‘1 = ’?g?. + fc..

f‘2 = fv. + 0.,

ac well as 8 wave with a frequencyr of the irjtectlion harmonic
Etu.. Combinationefrequency waves of a aipher order were uot

revistered,

Ae was showr in the axreriment, the character of irtere
actior. of the spacececharge waves in 8 free-Jirift electron fisald
depends to 2 rrent extent or the accelerating volis~e of the
drift section va. (Fir 2), In the absence of flow molulation
bty inlection, the yower uf slronal wave ?c varies reriodically
with drift voltare {curve 1); *nls periodicitv should be aseride
1o the ir+<erference of the fast and slo srace charse waves at t
sipgnal fregueney (ref 14), Upon the lntroduction into the flow
of the powsarful irjleciion wave (an inlectlion power of atout =zC
gwt corresrcnds to the curves in Tig 2) the rticture changes
redically: ir the region of low acoceleratiiuy voltaces there

a clearly 4 red repgion of parametric amglificatlor 7% d
32 thg sggngl gg%e‘ cugse 2)s 1% the aame voitage rangg ggg §§lo
observes an iucrease in the power of the differentinlefrequency
wvave T_ (ocurve 3), "he rower of the additive~frequency waves

F4 (curve 4), sa well as of the injection wave harmoric, could

be registered only in the refion of relatively hisgh scceleratin-
voltarea, despite the sufficlently high sensitivity of the spect
ral analyzers {m 1010 watt},

4
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.PMgure 2 | r'ot ves of various frequencie n relativ
ﬁnigsg as Ehnggzion of the arift an. 1n.aq¥roe e ogtron }iow.{
furve 1 corresponds to the absence of injection; ocurves 2, 3£.#

characterize the dependence, respectively, of the povwer of ¢
signal wave Po.' the differentialefrequency wave Pp., and the

additiva-frequency wave F or ths voltage V _ , Beam current
T, = 650 microanps; £, = 2500 ne,/sec; £y, = 5850 me/sec; ine
jectlon power P, 2 20 mwt: '

20/ Pouy % Fp./Pp.g ¥ Ta/Pyy -

Studies of the frequency charscteristios of a systen
with free eleotron drift showed that parametric regeneration
ocouUrs over a ver{ vide range of frequenciss (Pig 3). This fac:.
nade 1t possidle to pass on tc other ratios of the signal and
injection frequencles :H. and tc.; in particular, phenomena wer

.‘Bzo, v adb

v L
} ]

O L
Y ] . A -~ by

o 2, MY 280 0 g ame

faMiiu e mepgc ! - o f, mtu
: ¢ « M jsee

. Prequency ohareg= Figure 4, Relative effeotivenet
%%ggggig ¢t s%c%am?ugth egac- ot parlmstrio vave roganerntionl

tron drift in decimeter range. (for signal) with lowefrequency
Tregior I) and highefrequency
region III) 1ngcotion.
g:gdon II = injeotion filter
b T Y

studiecd for s signal frequency oclose to the injeotlion frequencs
Ly, o f,,In this case 1t was possidle to investigate the oonti
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uous transition from the "highefrequency" injectior resime
(fy > £, ) to *he "lewefrequency" injeztion rezime (f,,
[ ] [ ] L]

In both ceses, no qualitative chances were cbeserveld in the
character of raranretriec recaneration, This avplies both to th
value of parametric amplification (see ™ir 4, which shows the
dependence of the varametric gain of the sirnel on inlection
frequercy varyin~ uniformly in the reichborhood of tie siznal
frequency fc. , anc th cowbination frequency spectrum which

experiences nractically no ohanges with the transition from hish.
to low=frequency injectiorn,

Jet us note that each electrical regime of *he experiremr:
al systeus has a corresponiing ortimel injection vovwer at the
gysten input. The dependerce of sipgrel weve intenslty on the
input injection vover takes the form of a series of incressire
maxira,

)

2.3, lonlirear Tffects in Javegulde Systoms ‘nere the Electro;
. ™low 1s Aspociated . ith & Retardine Line

In ine study of wavecuicde systems of the 1ndlcated tye
i1t was estadblighed that the presence of & suiral retarding lirem
considerably alters the ~icture of wave irteraction, T"he chane.
ter of ‘he interuction ia Yasiesally deterxzined by the acceleXem
tingvoltage of the spiral V., . This is illustrated by tycleal

curvesof the relative signal wave yower and differential and
additive frequenoies as a functiou of the spiral voltage (Pip =),
In the absence of modulation on the injection frequency there $s
a plcture typicel for R/T's of the interaction of the space
charge waves of the siznal with frequensy f in the bear wizh

the signnal wave in the apirsl (curve 1). Tpon iantroduetion inteo
the electron beam (with the ail of aupplementarg apiral as in
Flg 1), of injection waves of frequency r,;. ~ tc. there appamr

. two charscteristic maxima of s2znal wave regeneration (curve :B
located symretrically with respect to the reglon of voltages
corresponding to optimal R./T smplification (henceforth we shaili
call this voltage region the = . Teinteractior rerion), On the
contrary, in the region of /T interaotion the inireduction of
injection leads to a sharr (up to S50«3b) suppression of the
signal wate, 1th £ leotron f1

A8 in syetems wit Tee elactron flow, in spirs
there arises a gombination frequency speotrum'inclugiﬁgltggsumn'
differentlal and additive frequencies (curves 3 and 4, raspec.
tival{). It is characterlstic that the curves of the reveneratamg
signal and differentlal frequency have = similar character,
while the additive frequeroy wave can de distinzuished only 1
the R:/Teirteractior region,

Parsmetric regenaeration in spiral systems, Just as 1in
systems with a free electron flow has an extremelv wide bandwidt:
the band of amplified frequencies in the decimeter wavelength
range 1s about 500 mc/sec with amplification to 20 2b. Fach alame

trical regime in the experimental system has a corresponding
€



injeotion wave power which is opiimal from the standpoint of
;artmetrlo regeneration: the correspouding dependence has the

orm 0f a number of nmaxims inereasing with the power of the
injection wave (Pig 6).

Pigure 5. Powsr of waves of varicua frequencies (in relative
unlts) as o function of eplrel voltage in aystem whers electron
flow 13 asmociated with retar<ing spiral linas,

Curve { corresrouds to the sadserce of injection, curves 2, 3, ar
4 correspoud to the depernience, respeotively, of the asignal wave
differential wave, and additive wave Pc., Pp;, and Fg on the

voltage Yen . The heam current is 650 microamps: tc. = 2900 moy
" secs fy, = 5650 me/secs Py, =15 % 20 mwtg Pe./Po.O # Pp./r

£ 2/t .

VMeasurarents in the system with the spiral line for
ty, « £, were carried out in a conventlonal RWT whose input

received the algnal and injection with <“he aid of a dual triode
(the signal sand injection generators were operated indepandently
({Note:? These measurements wers csrried out by V,.N¥, Yeshtokin),
Spon the introdnotion inte the RWT of an injection wave, the
puencmeza 1n the syatem were sudstarntially determined dy the
spiral 7oltuga, In the cazter of the RWTe-interaction reglon
there way & suppression of the signal dy injection, whille with
spiral voiiages exceedinz thse PYTeinteraction potentinl‘ the
introduction of injeotion led to some increase in siznal intene
sity. This is 1llustrated 12 Pig 7 show the inttensities of
the waak signal of frequenoy I, 9440 mo/sec at the RWT output

a8 a4 runcticn of the power of the injection wave of frequency
e = 9520 pe/s2a, The ourve parameter is the spiral voltsge:

_ ecurte | was taken 4in the potential of BWT interaction, and curve
7

Pog ~



2 end 7 in the rengs of voltages ulgher than the Ladlcated po-
tertisl. Lel u3 note that ln tte range of voltages lees than

50l 1 .
p"lao ’db < ks
Ly %”
. g b
¢ = B B vy St e AT neh  a®
(‘ : .
<tebalive at
-5 #eily !
¢ . t
L/
- 1 . U!-
z ‘ y
.75 . ' [ WSS NOUvsT SEU Wy S S Y Y —
I ~1-2 3G 150 S0 200G 4508 1062 8500

P, , MAOT: ginisTs witls

?lgure ¢, Derendence of the pera~ Flgoura 7. Tependence of

metric sigual wave galn on the the trangsuzission cocffleient
injection vower Pq in a syctiem ol flow-gniral line eystea
ce } 16 Yoo y
where <he elestron flow 1s asto- on inlection pover F. for
atated with a sriral ret:viing f? ~ rc aad various spiral
4 - — ‘e .
line for f?. R TR vol ages.

Curve 1 taken with HWTeinter-
uctios voltswe; curves 2 and
taken 1 Ligher veltages,

RiTeinteruct®or poteatisl, one ohserved only glgral sugpression
by iniectlon., the struns dependesca of weak sirral intensity on
injectisy vower iliuastraied in Fig 7 is tize reason for the
puperimreliyily=observed erorz~noditintion phenowmenon, Tris vheno=
menon, cossiuiing in the transfer of moduistlon frow the injec=
ticm wave tn the signal weve, cac he cf aome interest frow the
staspoiet of “oth modulatlion trangference aind the rossibility

of ¢rontliz a modulation ~mplifler,

At thae prasent wivwe, as far 28 we know, there is 2o
gufflclentl aovplete theory of parauctric wave iateracticn in
poalinear wavegalde aystans | [ote:] Refs 12 and 1% are of sorme
1nterest in tuls comnection), In the selsctlon of experlmental
gystem parameters and in order to colaln quantltative concepts
of trn characier of the parametric repcaeration process, auae
lysis tosad on the conslicration ol the dlepersive characteris-
tics of systens and the zeneral priueiples of the theory of
parametric interaction ic wavegulie systems is ccnvenient, Let
us turn Tirst of 21l So the consideratlion of experimeatal data
cn weve interaction in s free electron flow,

]
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Figure 8, Misperslon characteristics of alov (1) and fast (2)
8pRNE chargd waveg in free elsciron flow,
The synchronism lize OM corresponds to the case of an sbseunoe ¢
delsperion,

In the general casa ia z nonlinear waveguide systen
such sm the sleoctron flow, upor the interactlon of the asignal
wave of frequenoy t° with the injection wave of freguency fH.

toere 13 forwed a spectirum of combination freguencies

&= f-v J.’ - {
fmn o e :nc. \t)

The intensity of the wave gexerated at zome ccxblnatio:
frequercy fmu is substantially cdeterzired by the shift wlith re:

rect to the propagation constants ? tetween ~hs indicuaced #av.
and the 21gnal aud injection waves

- -t 4 .
Af o T P ‘tmn’ro..ﬂ.) pc..ﬂ. . (2)

Iv 2 dispersionless sysion ali the mp T8 equal o

zero; laoresging waves do no* srime. The latier possidle only !
a Glsversive eysies where the energy eifohange 13 conglleratle
for a finlte rmrtar of waves. nmder certain conditiors, such a
aystem 1z an ~lectron dead wnosa dispersion characterlstics aXe¢
glvern by tne eguativn

plel = (2nt/u ) (1 2 R, /2wt], (3)
where the signs "p" ourresrend to tne slow aud fast space char,
waves at the [requancy f£3 R“b- 13 tha Teduced plapma frequency

for a finlie crocs-section heum; G, is the slectron velooity,

Schematically, tne éinpersive characteristics (3) are stown A
Plag 8, where we likewlse see the shifta (2) for the additive
fregquerciea and injeotlion harmonic.
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The indicated shifve [see Note] iacremse with rising
fraquarney; as a result of this, only a finite numrber of waves
aractically tnke part in the eiectroﬂ flow in the nrocess of
rarametric intersction, ([ ote:] Rasults of a precise calculae
tion lead to 2 :ve+er of equatlors for the amplitudes of waves

LA

vy and phases 'Y

dVl/d?'. = ai‘r;‘vk’in ék + 23.1 '1':':‘.811'1 %é + s0 6y

(5, Qi/i'ﬂ - Ai + ak(,.'i..'ﬁ,’,"l'{{) con &j + seey

weere n, are coastant coefficients; 65_ = ‘5.‘"3. = Ay - .':.Eai; Ap.
Af,, bb, are the shifts of the injestion ard the keth axd letd

combination frecuencies, respectivel:, relative to the synchron!
line. Por this resson, strictly speskinys, the intensltv of rsene-
ration of 2 certain conbinatlion wave is determined by the shift
by, and not sp.. (2}, Yowever, the character of varlation of

the saift A, 11 the system parametar funcilicu 1e the same &8
that of Ap ., 50 that the more converlent shifta 46 ., wers use

for qualitative evaluations).

From exnreaslon {3) azd Tile % ve see taat the isversion
of space charre wnves in th:z pesem 1s substantisnlly detexmined
by the accelerstin~ voltase of the electrorn drift secilon; in
rarticular, the dlspersion increases with the reduction of tue
irndiczted voltare, There 18 a corresrondinc decrease L2 the Lure
ber of combinatlon waves effectively particlrating in interactie
with sigaal an’ iujection waves, while the effsctivaness ol the
paramatric recvenaration of “ve siznal wave Lncreases, (ith
very 3mall drift votentlsls, the shift In si-mal 2rd inleciien
vave rhase velocliles begius to pley a sieuificant role; nere
we can Llkswlse have +“he effeocti of potential eam 1in the teanm
{sea ref 7} wnich leads *o sirnal cuteff,

The indlcated factors lead to some optimal voliace of
the d-ift s=2ction from the standpolint of pararetric rerceneration

P55 <elk
¢ Tirure ©, Teverderce of jarametric

b situal wave ~aln on dr-ift voltage
ln free electron flor,
! = curerinantal curve; ¢ e theoe=
20 retlcal curve cnlculate? takines late
aglount only the simnal ez and
cirferentind frequency, -
1wt
g....s..l;o N ;éﬂ " vap_,lav.:(d‘
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The fall in sigual wave infersitiy with inorsasing arift
voliage c3n be explalined beath by the reduction of beam dispersion
and the relited isoreasing effect of waves of hifhor conbination
frequenciens axd tha reduction of effective dean length. The affec
of the letter oan be evaluatesd from the signal amplification
formula (ref 9) which takes irto socount only the signal and
differential frequency waves

G = Mqu (4)

(m 1# the modulation coefficient: Nq i@ the nuxder of plasma

waveleniths over the leugth of the drift section)., Im Pig §,
curve 2 1s caloulated, in accordance with (4), with m = 0.7.
In actuality, the drop in signsl intsnaity with lacreasing vole
tage can ocour much faster (curve 1), aand this can te asxplained
by the intsraction ef eignsl wavee ztd lhjection waves with
waves at the higher (additive, et al,) comdbinstion frequencies.

A8 shown in calouletions, to explain the perlodic dapsn-
éence of signal power on the injeéction wave power (Pig 6), a3
well as phenomena with lowefrequency injection, i+t is necesssry
t¢ take 1n a sousiderable number of comvination frequencies
(eee footnote atove). The indicated periodicity oan be explained
by the traqsformation of the silcnal wave and differential-frequer
Cv Wave onergy ints the energy of additiva-frequency wave energy,
and vice-7ers:, for example (r.f &),

The low=frequeéncy injecticn system in the investigated
weakedispersion systems does not differ in prinoiple frow the
rezln~_of nighe-fraguency injectlon; the inlitial equations (see
footrote adove) ilu both casas differ only in .the =zonditions at
the system input, Fere the I{requency spsctra of waveas takling
. part la the intersction are whclly squivalent, As shown by
quall:ative calculations for the electron flow modal irn the form
of an equivalent trangmission line, an exporentiesl rise in the
wave anplitudes in the case of ighefreguency injection (IH ~
~ 2fc.) i3 possidle upon the inclusion c¢f the differential

frejuency wave only, while ir the case of low-frequency injectic:
12 18 necossary t> take into acoount waves with the additive and
the two 41fferential frequencies, Apparently, in the latter case
the lsw=frzquancy injectior of fragueucy fq}4< r°. plays the

role of high-fraquency 1unjection with reepect to the differentie. -
fraquency fp = rF - rc;; t¢ have ar inersase in the wave ampli-

wude at the Erequéﬁcy rp i% is necessary for the wave with the
second éifferential frequency fn. - fp. t0 be present, Here the
signal frequency turns out to be an équivalent "additive" freque:
cy.

14 should be polintad out that in the case of lcwefrequenc
injectlioa a definite role can be played by parametric regeneratic

proceagses at the higher parametric resonance frequencies (IH PR ¢
fy ~ 0.5, ). However, the threshold floy modulation co- °°

efficient 2t the injlection frequeacy rises considerabdbly,
11
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The fall in sigusl wave intexnsity with inorsasing arift
voltage csn be explesiuned bath by the reduction of bdeanm dispersien
and the related inoressing effect of waves of hifhor combination
frequenciess axd ths reduction of effeoctive beans length. The effec
of the letter ¢an be evaluatesd from the signal amplification
formula (ref 9) whioh takes into sccount only the signal and
differential frequency waves

G = anq (&)

(m 1 the modulation coefficient; Nq ig the number of plasma

wavelenzths over the leugth of the drift section). In Pig 9,
curve 2 1s caloulated, in accordance with (4}, with m = 0.7.
In actuality, the drop in signal intensity with increasing wvole
tage can ooour much faster (curve i), and this can bve axplained
by the {atsraotion of eignsl waves =td injection waves with
vaves at the higher (sdditivs, et al,) combination frequencies.

As showr 1in calculstions, to explain the periodic depen-
¢once of signal power on the injection wave powsr (Pig 6), a3
vell as phenomena with lowefrequency injection, it is necsssary
te take 1n a sonslderable number of comdination frequencies
(eee footnote above), The indicated periodicity ocsn be explained
by the traneformation of the signsl wave and differentialefrequer
C¥ wWave energy inta the energy of additive~frequency wave energy,
anl vice=Terga, for example fgef &),

The lowe~frequency injecticn system in the investigated
weak~dispersion systeas dces not differ in principle from the
reginn of nighe-fraquency injectlon; the initial equations (see
footrote above) iz both oasas idiffer only in .the conditions at
the system input, Fere the fraguency spesctra of waves taking
. part la the iantersction are whclly squivalent., As shown by
quali:ativs ocalculations for the electron flow model in the form
of an equivalent transmission line, an exporential rise in the
vave amplitudes in the case of aighefrequency injection (tH ~
w2 2, ) is possible upon the inclusion of the differential”’

freauency wave only, while in the case of low-frequency injeotie:
1¢ 1s necessary to take into account waves with the additive and
the two 41fferentlal frequencies. Apparently, in the latter ocase
the lawefrequancy injectior of frequeucy fﬁ.‘< rc. plays the

role of high-fraquency injection with reepect to the differentic.
frequency rp. = fH_ - rc.; t¢ have ar inerease in the wave anpli-
tude at the frequency tp. i1t is necessary for the wave with the
second differential fraquency fn. - fp. 10 be present, Here the
signal frequency turms out to be aa équivalent "additive" freque:
CYe.

I% should be pointad out that in the case of low=-frequenc
injection & definite role can be played by parametric regeneratic

processes at the higher parametric resonance frequencies (IH PR |
£~ 052, ). However, the threshold flo¥ modulation co= °°

efficlent ai the injection frequeacy rises consideradly.
11
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The charaoter of the nonlinosrlt{ of the wavegulde sys-
ter 1s coneiderably ocomplinated if the elsetron flow permestes .
the apirel retarding system, L cousiderabvle role.ocan bs played
by the enarfy exchange between the electron flow and the highe
frequency ficlis of the epiral. Thus, the powerful iujection
wave car bring the RWI into a radically nenlineax regime (with
an accelerating voltmge which 1s optimal for amplification).
Ap » yosult of this, there 18 a disvuption of the syrcuroaiem
bhetwesn the slow waves in the beam and the spirel waves; the
spire’ poteuntial optimal for amplificetion risss, and the in-
tergity of combination frequency generatien inorenses substane
tially. The ehove facts lead to & Sharp suprpreselon of the
?§ ns%)upon the introducticn of a powerful injeotion wave

g 6). N
. The wave synchronism in the flow and splial 13 reesiabe
lished vpon sore increase of the accelerativy voliage; this
fdot may be oans of the causes of the appearance of & rightehand
meximun of parametric regsneratiou (Piz 5),

Cu the other hanA, a definite role may be nlayed by Lhe
1.teraction ¢f spacne. charge signal snd injection wavea in the
beam iteelf end the interaction of the powerful injection weavs
in tre beam with ithe signal wave 1In the spiral. The latter
m:chanism apparentli predoninates in the rarsmetris regensrution
regicen of the weave 1n the epiral by ths fast wave ¢f the injlectl:
srase avae, -

’ Oh%hé 1elatively weak dispersion of ithe teamespire) ayse
tem 18 the onuse of the band Lreadth of the system, The Yanc

of amplified frequencies of the sipgnal i3 sbout 409 wich a
varan:teie amplifizstion of up to 20 d%. The interactiosm of the
lutection and gizral waves with higner~fyegqueney cothlnetiion
waves leads 4o & periodin dependence of the intenaity of the
1epgenereted cignal wave on ths vower of the injeection wave,

It 18 vegeasary 40 note that the deseribed exnerimental
gyoteme were nmade up of KWT awplifiers whose oparsating roint
wed ¢n the downward pertion of the spiral dispersion characteris-
vic, wihnile the relatively high acceleration voltags in the spira:
ortimal foxr amplification assursd low team élspersion, The ine
creastag of the dlsperslior of such a sysien 1s advisable in view
of the poseidility of cutting off +the undesirable comhization

frequenclae,

Conciugion

"ha rasulta of the above study indicate the posaldilis
of chtaining varied nonlinear effects in wavegnlde systems wit
long olectron flows (psrameiric ampliflostion with low~ and high
freguency ivjeotion, cuppression, croes-rodulation, limiting, et:
‘An espsélally significant effect on the character of the irdicate
vhenomens 18 axerted by the dlspersive properites of the system,
TL should bhe emphasized thut In a s{atem-of the type desoribded
wive 4interaotion is as a rule assoclicted with the generation of

a wide combination-{reguency apactrum,
12



I Many of the effeots gonsiden@ ocen bde explained on the

: basis of en analysis of the dispers/re oharscteristios of systen
and gensral s3sumptions of the theoyr 0¢f wave intersotion in
?onnneci' wave-syitens sncompassing b large number of combinatio
raquencies,

. A rumber of observed phenowss can, in our view, be of
toDe practical interost and requirer Jurther experivental and
theoveticul investigation,

The authors take this opporimity to express their
sincers appreoiation to D.X. Akulim =mad I.A, Dubov for thelr
assistance in carrying out the presm t study and for valuable

disoussion,
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