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"On a Possibility of: Attaining Superhlgh o

HEnergy by :New Methods of Charged Partlcle
Acceleratlon . [g ,”,;/

: The phy51ca1 and mathematlc descrlptlon of the pro-,
~cess of resonance Doppler interaction (RDI) of relati= .
“vistic electron beams w1th E-waves is congidered. The.
fp0351b111ty of solutlon of - Veksler's problem 1s also
fdlscussed here on the ground of the RDI process, i. e.,
how to .attain, at least from the principal point of v1ew,
ithe energy of - accelerated particles of the order of
;1000 GeV. and above by new methods.,

: The 1nvest1gat10n has been performed at the Laborato—
STy of ngh Energles : : ,
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T, INTRODUCTION

" In order to accelerate charged particles. effectlvely, 1t 1s

i'fnecessary either to maintain their multiple passage over a gap

~with an electric high 1nten51ty field. (as in. classical synchro—
‘trons) or to move this ‘field in space with var1ab1e speed as

‘is in essence done in 11near resonance and collect1ve type ac-

i
—

_celerators.: . . B
V.I.Veksler's suggestlon on the use of coherent (later on

. collective) principle of acceleratlon put forward inthe fif-
“"ties-sixties.at 'JINR, Dubna refers just to the second type

In general, the coherent principle lies in ‘that the electrlc

_ field-intensity is determind by the number of accelerated par-‘

.ticles; the collective" pr1nc1ple is . characterlzed by the field’

"'dependlng on the number of ‘charged: ‘particles of- another type," e
SN - Ty S electrons ‘in a bunch accelerating ions. All these ideas  ’

.of: Veksler were aimed ‘at attalnlng an. accelerated particle .

energy' of above 1000 GeV using new methods. Then this energy

. was considered to be the l1m1t1ng one -for classic type accele-

. rators. The. appllcat1on of superconduct1v1ty and the method of
,collidlng beams was only. or1g1nat1ng ;

Let me formulate Veksler's problem. as. follows-‘

TR

i To find the mechanism of generation of -large electric fields;’

. in an ensemble of charged particles for. the acceleratton of .
' charged particles of the same or another type to energzes of
;the order of 1000 GeV and above.. - ,
To solve. " -Veksler's problem, ‘it is obV1ously requlred

N to get an energy gain-‘of no less'than 100-1000 MeV/m and to‘/Qin

“l'keep it along a length of hundreds of. metres.

: .The initial way of an experlmental solutlon of thlS problem h;
.as a single. bunch’ (r1ng) of c1rcu1at1ng electrons with. captu- .

red ions, which is moving in space, was ‘put ‘into reallzatlon

at the 'beginning. of the sixties 2a,b/3nd st1mu1ated a great num-

. ber of investigations and 1nterest1ng results all over: the .
“world. However, it ‘did not -lead finally to the ult1mate obJec—

-tive:as it is extremely difficult to prOV1de a stable motion

" of a bunch with great space charge (Ne >" '1018) ‘at such large

‘length. A very long stay of- electrons in the bunch rest system S

as a. whole makes thlS bunch i. e., the ensemble of electrons
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. semble of electrons with electron den51ty n,

vy1elds Ey

~“an extremely short perlod of t1me,‘"10

's1ty of electrons can reach 10! cm™3

#

- with captured ions, practically unprotected against static ef-

fects of 'space charge and agalnst dynamlc effects -’ numerous
instabilities. IR a

-However, Veksler's formulat1on of new accelerat1on pr1nc1p-'
les. called into being quite a number of studies in the new. .
fleld of accelerating physics. =

As it turned out later on, Ya.B.Fainberg's ideas of the '
poss1b111ty of generation of very strong electric fields.in :
dense plasma and high-~current beams when exciting great amp11—
tude waves in them (suggested practlcally at the same. t1me)

gare of particular. importance’3

.The known estimate for a maximum electr1c field in the en- .
and wave: expik,z
1s wr1tten as ‘ L R

T ’“” ;hé n ; “ ) . . e w,v]bﬂ‘f' ‘
‘EM‘“ V4nnm né.‘ o D : o q(*),*'“

" For den51ty‘n‘ = 10'% cm™2, for example, thisfeéfimaté,v
. 3:108 B/cm..
‘The: bas1s of 'the beam-wave approach is the fundamental 1dea

Cof creat1ng density modulation due to trans1t electrons, 1 -e.

such electrons which exist in the reg1on of fluctuat1ons over
s. This removes most :
principal d1ff1cult1es associated with the 1nf1uence of . large
space charge. It is conceivable that the f1rst clear formula—
tion of this idea was given by M.S. Rabinovich in 1968/ '

. A rapid evolution of the conception of beam -wave collect1ve
acceleration methods has begun approximately since 1967 after
developing the technique of high-current relativistic electron’

~ 'beams. Several tens of general mod1f1cat1ons of the collective
'.method have been put forward to date.‘However,5 the exper1men- -

tal ach1evements are limited by fields of ~10 V/cm and: length

“of "1 m. wh1ch is much less _than estimate (1) see;‘e g./ﬁv .

Correspond1ng1y,.1n one of the recent rev1ews of Ya.B. Fa1n—

~berg/7/.it is stressed that the existing, varieties of collec-‘

tive methods do, ‘not solve ‘yet the problems of development of

‘superh1gh energy accelerators.

In high-current relat1v1st1c‘electron beams (REB) the den-3
and above for a beam cur-:

rent up to 108 A at a beam "transportlng" 1ength of 1- -10 m and- -

. more. Consequently, REBs are in principle an ideal basis ‘for
the development of the concept1on of mov1ng density modulat1on

on transit electrons.
"One of the pioneer papers, in wh1ch a concrete mechan1sm of
1mplementat1on of this idea has been suggested, is that of
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'Sloan and Drummond’®/, In this paper is was proposed to‘genera-
te.the moving modulation of beam density with the aid of slow’
~cyclotron beam mode, i.e., when the electron velocity is lar-
‘ger than the phase wave one. The performed experiments’”  sho-
wed a field increase up to 100 kV/cm at a beam current of above
1 kA. : ‘

In the paper of Sprangle at al. this idea was modified
due to the excitation of a slow Langmuire mode in magnetized
beam, and to the mechanism of phase wave velocity 1ncreas1ng
by decreas1ng the external diameter of a waveguide.

Nation 711,12/  carried out very important. experimental inves-.
‘tigations on the excitation of a slow Langmuire wave (v/c=0.2)
in a relativistic electron beam (J = 200-500 A, We=200-400 KeV)
at a radiation frequency of 1 GHz inserted into a diaphragming
wavegu1de. The excitation of fast waves, nonlinear effects:
with increasing the field up to 300 kV/cm and a destructive ac-
tion of electron’ capture by the wave field were observed.

L Exper1ments on the acceleration of protons by a slow wave
-with an energy gain up to 4 MeV/m were also performed

Later on the process of resonance Doppler. interaction (RDI)
'of REB with long1tud1nal electromagnet1c waves (E- waves) will
de considered from a new. physical point of view, a rev1ew of
or1g1nal mathematical results of the theory of this process
~will be g1ven and the discussion of RDI appl1cab1l1ty to the
. solut1on of Veksler s problem will be presented.

/10/
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2 “PHYSICAL BASES OF RDI OF RELATIVISTIC
ELECTRON BEAMS WITH E- WAVES

“The s1mplest poss1b1l1ty to create dens1ty fluctuat1on 1n
an electron beam is realized when the beam meets the space ‘re-
gion (gap)’ 'inside’ which a long1tud1nal (relat1ve to, the - motion

“of electrons) electrical field is generated ‘by ‘an external -
‘source. As is known, if’ electrons are decelerated dens1ty in-
crease takes place; and if they are accelerated dens1ty dec="
-reases. But this fluctuation is 1mmovable 1n space (laboratory
reference frame) as well as the gap ‘itself.

"S0,"it is* necessary “to move the” external f1eld in space

"along ‘the" beam. An’ electromagnet1c wave Wlth a var1able long1—
'“tud1na1ff1eld-“runn1ng along the beam w1th phase veloc1ty
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_can_.serve as a natural solut1on of th1s task Such a: wave can -
“be excited in special slowing- -down " structures. If .the wave. ve-"“
loc1ty viis not equal to that of beam electrons Ves electrons
~are trans1t ones with respect to the wave. They pass per1od1-“':'
cally through the space region w1th decelerating and accele-
rat1ng electrical fields. o
.In order to create a strong enough dens1ty modulat1on in the 3t
beam, ‘the resonance condition should be fulfilled wh1ch W1ll
" lead to 1ncreas1ng the density modulat1on in a beam and the
T summary var1able field in the beam-wave system. : s
. The’ characterlstlc frequency of long1tud1nal electron osc1l- i'
lat1ons 1n the beam is the Langmu1re frequency. o

Syt

i
4me~n,

~n, is the dens1ty of electrons; and Y .the relativistictfactorf
of long1tud1nal electron motion. ‘ : :
It is expected that the resonance w1ll be real1zed 1f th1s o
frequency coincides with that of an external long1tud1nal elec4 :
tromagnet1c wave .taking. into account the Doppler shift of fre-- o
quency © for transit electrons: Consequently, ‘taking electron o
“relativism into account the ~expected resonance cond1t1on can
be wr1tten as

@) o
Vo' 1s the velocity of electrons, ¥, = (1 - V2/02) A, index 0"
) always denoted the corresponding quantities at the beginning =
iof the process when the, field is relatively small, E = Ey=.0.."
Formula (4) allows for the possibility of d1fferent rela—;” ol
t1on between mutual d1rect1ons and the values of veloc1t1es Vo
and’’ S1gn (+) stands for a fast parallel wave (v > Vo Lk 0);’4;
‘and an ‘opposite one (v ti v, ,k < 0), sign (<) for a slow pa-‘p'E\H
rallel wave (v < vy s k> 0) e
~The’ analys1s performed in papers/13 15/, shows that resonan—ff X
ce (4) actually takes place in a'not too strong field of the‘bf
. wave moving along a high- current electron" beam, only tak1ng 1n;

to consideration the spec1f1c geometry of a slowing-down . struc—l
ture, the frequency is reduced" by the geometr1c factor S.,L,gf"

-k =t

~To prove: the statement that such a’ resonance Doppler 1nte-

?; ract1on (RDI) of a beam with a E-wave can result in the solu—‘i'
gﬂ t1on of the problem of produc1ng a strong enough var1able elec-f-f




: - 5 . J v
tric field moving in space, it is necessary to form the RDI".
-theory within the- frame of the relat1v1st1c model "beam and wa- -
‘ve'in view of non-linear effects as soon as ~the aim 1s pursued
to obtain large in amplitude electric fields.
Conditions (4) or (18) coincide with resonance cond1t1on
1(51gn( -1)) of the so-called collective Cerenkov effect ("Raman

. instability) (see’/1%/ ). But, RDI and instability have quite

- different’ physical nature: RDI is the amp11f1cat1on of the ex-
ternal E- wave by beam charge modulation with an increment ~n,

]'and takes place for any types of wave -‘slow fast and oppos1te o
" ones if ‘condition (4) is fulfilled. o

“"Raman" instability is connected with radiation’ of electron' o
‘beams in a slowing-down structures, appears without ‘external:. -~ f
‘ wave and is characterized by exponential increase of the slow‘ R AR
“wave field (the beam is always faster than the wave) with the . ‘40 "

1ncrement~n/ . : =

. This 1nstab111ty practically does not d1splay in presence of E
‘the RDI process because of: a) large 1n1t1al ampl1tude of the.
'external wave,~10 kV/cm, b) large 1ncrement .of RDI process
‘~III; MATHEMATICAL'BASESfOF THE RDI THEORY

The ‘mathematical RDI theory w1ll be set' forth in a condenf~'

' “sed form below. We are talking about the formulation of the ‘
V;problem, the methods of its solution and main results, (deta1ls_}¢~v

and proofs see in /18-15,17,18/

| 1. Problem Statement Model and RDI Basic Equation

" The: ba51s for the RDI mathematical theory is the hydrodyna-

..mic model of a high- current relativistic electron beam (REB)
ﬂand its 1nteract1on with a longltudlnal electromagnet1c wave.

, This model‘ 1s character1zed by the following pr1nc1pal assump-

.~ .tions: ) »-,:5 ; ?5~

l) Homog e nei t y of an 1n1t1al beam state, i.e. ,~5‘ R
den51ty ng. does not depend on coordinates. ¥, 8 and z. In addi-
tion, an ax1al symmetry of all the. system is ant1c1pated the
beam plus the structure slowing down a wave.

2)Monoe nergetic s\ of electrons It is’ requ1red :
that the spread in electron velocity should be less than the | R
;| d1fference of beam and wave ones (exclus1ve of the possibility
. of electron wave Cherenkov 1nteract1on) :

*Interesting only- for purposes of this paper.

Av, «< |ve,’-v’[ or

}j:;fdered independently.

" and the potential function of the field &(r,
‘longitudinal electric field by

" and choosing const in (8)

Const = — Sk

b ; oy

;Welcome to an important integral of motion o
Const~= y’. »f(ll) :

v d o=

é—mw << y262|1- -@-1
e‘,
: ;.Z‘? 8. - 3 .

g e T | jf", | ;,f}(s);h

.- 2,—% - 2 .
Ve = (1-Be)‘, we=imc(ye—1).

. This condition is not severe for present day REBs (see,
e g. ,/7 ). It should be noted that the conventional cond1t1on'
related to resonance distuning and a real value of attenuation

ﬂft1n the structure can turn out to be-stronger than (5) for an .
opposite wave (B8 <0). : s

3) Bea m-ma'gnet’ izatio n, i.e. , the one- d1men-:

" sional motion of electrons in the long1tud1nal direction along.
" the beam (further the z- ax1s) The corresponding cond1t1on is -
“written in the form

v

( ) > w2 o S ";‘W“ e ,i~<6)1=

-+H is 'the long1tud1nal magnet1c field strength This cond1t1on

'strongly enough the frequencies of the beam"

also "separates"
.Their excitation can be consi-.

cyclotron and Langmuire modes.

Let us 1ntroduce an e1konal (phase)

k'd,‘dss —mt-+kz; ‘ . . , ’ « (7)

¥) related to thexf'

¢ ' P
‘= Const—=- , 8
oz ' oy ' _ _ v , (,)
”{ Solving the hydrodynamic equation of electron motion

'mya(gﬁL.+ v, d% ) = T G ‘ ‘(9);
‘e ot : : ; . Ry

5.

*'The relat1v1st1c factor of longitudinal electron motion. in the BN
i wave rest system (WRS), i.e., in the reference frame, wh1ch 1s~"




Thls term leads to the appearance of a. resonance. of the (4)

mov1ng w1th wave phase veloclty V 1s denoted by pr1me here
type as long as the 1nfluence of the nonllnear term 1s neg11—

- From ‘relativistic energy- momentum transformatlons it is "o

X o e a5 i

. not d1ff1cu1t to obta1n ﬁ ‘gible.. _
E o TR, ' RN After these quant1tat1ve remarks, let us turn to strlngent
yye(l Bﬂ ) yo._yyo(l ﬁBo " : ’ (12) ‘results. . _
;For parallel waves BB —+ﬂﬁ and for -an 0pp051te one ﬁB —_|B|Be ’1 " 2. Linear Approx1mat10n o
. As B, is chosen to be >0, in. wr1t1ng without vectors we shall._ | 'p* A linear stage of resonance Doppler interaction can be 1 rea-.
~assume 1ater on that B > 0 for parallel waves and B < 0. for i :._ lized at the beginning of the RDI process when the field is-

an opposite one. > Co i relativ
‘ Tﬁg stop of electrons in the WRS (ye = 1) corresponds to - ; § terlon s%yliEZiiltghe f°11°W1ng‘C°nd1t1°n con serve 8s the i
,,the capture potent1a1 of electrons by the wave field _g_‘,; 5 g: : ; - R ,
S L L e e o O el CE <<y -1, : - ‘ -
iy T T S ,,:(.13_),@,'4".5(}5 Vo 4 (16)
N e ile., the f1e1d is much smaller than that of the wave when
electrons’ capture occurs.
. Expanding the non11near term. on the r1ght hand side. of (15)

-in.a power series of ¢/y0-1 and restr1ct1ng ourselves to the:

- The function(ﬁ(r,'¢)'is related to ®and A = Aé;'the scalari;f"'
Vand vector potentials as follows: - R

S TR T —m(lé)/f[ ©linear term, we can obtain the following linear equation for.
L m pesi C s e e .. aresonance field harmonic (its index is not written down be-
From Dalamber s equations one can get a ba51c equatlon Of‘7ﬂh’f - low) under sufficiently general assumptlons of the form of ex-
~’evolution for BT, ¢) B S aRaLr RS c1t1ng term foy : ‘ ' :
gl 2 2 2. )-q & Zat® ¢m. ‘ s uﬁ g * ¢ = ¥ l¢ext‘sm¢' - coan
~igpa¢2;fxgkﬁr;.ar » V(Y _¢ﬁ_1 S T DI e v ol®= k%) ' : B
S 3 8 g
: TR P2 w2 2 8 . 4nefBy" . : w2 B 2
K2/='£%37,42§x}q =, ; @ Y YO’;\éextz;_-T_ErTffjeXtu” R - T el B
Syt g2’ @ me w® - S T y2uu-kv)2 ’K2 2. - c?

"W1th Text the current density of -a source creatlng an external o o

(initial) wave: E = E,(r) expid. "w1th |¢ex;| the amplltude of an initial f1eld harmonlc (ﬁ(ex-h

"\

Attention should be given to the second nonllnear term on - ﬂl{~i rternal wave field). Obtaining (17), . the radial field dependen-f
: the right of (15) (~1/B%); it increases going to oo at the cap-:‘; ;«‘Ce was assumed to be proportlonal to the Bessel functlons %
~ture point with increasing the field and’ approachlng the cap- '} Jo (kLr) or Io(k, r) . ' 4
‘ture potential-(13)., Fundamental nonlinear effects -in “the RDI "~ - . .The resonance means that () :1 or;
. process are associated just with this term. In partlcular, the : S R .
- nonsymmetry of osc1llat10ns ¢(¢) ‘at. 6l tendlng to yo -1 is. S :mgk N 2 s e -
“clear at once. Rt —Tﬁzr'kv )E' "1 S N 5. TR T (18)‘

" 'The second characterlstlc property of eq. (15) is ‘the" presen-‘s

"f ce of st1mu1at1ng force;¢ex, on its.right which is proportional S o ' IR ['khm'
;fto the s1nus01dal An t ‘nd z current of ‘an external source.. . .. ,;,'Thls is JUSt generallzatlon Of prev1ously ertten cond1t10n e

(4)




If (18) holds, the solut1on of (17) can be wr1tten as ;ilip;e ‘ |¢max S 05()/o - )171 e t,k“f7,":5,'ffﬁtty "; :“," (22)

U¢|t 0= exv 6 h= 0"0) B « ,". ’;A,‘ixf T Under experlmental conditions, 11m1tatlon (22) can be satls—'"
l¢extl o L L e f1ed by choosing the'values of some parameters (see below)-
¢ = ]¢ext]Cos (¢Cos¢-—Sn1¢) ; - (19) - o “In the mathematical analysis a condition of the (22) form
. S o allows one to use the method of weak nonlinearity, ‘in part1cu—'
Thus, the field increases linearly with the time or: distance “lar the Krylov - Bogolubov asymptotic meéthod. , «
of” 1nteract1on as usual for the 1ntegral resonance. Let us in- s <v‘ anllnear terms, in partlcular in eq.(15), are therew1th
,troduce an 1ncrement" B ' : ‘vﬁ,>_ o expanded into powers of  the small parameter ¢/ys=-1; the deter-
e lrn aE o i ' , ‘ '”1f,~ k ‘mination of wave shape turns out to be- ‘possible taking into ‘ac- . .
I = =, T , ‘(20) .-, count nonlinearity, the change in'field increase velocity, the
lEextl 9z ' ‘ den presence of a quas1 statlonary nonllnear reg1me and its charac—.ir

'i-where {Eext | 1s the amplitude of the initial electrlc fleld of-;
the wave. It is not difficult to calculate I: ' :

e de , :

‘teristics. » : : S i
- The most 1mportant results are the follow1ng /16, 174 S
As.the field ¢ increases," the 1ncrement decreases and the +

qua51 statlonary nonlinear regime is reached even before the ﬂ

: ‘ -.capture of electrons by -the wave. ‘This” regime is characterlzed

, The f°110W1ﬂg 1mportant c1rcumstance should be stressed: the . ¢ by slow oscillations of the field wave envelope’(in: compar1son

. field ‘always increases in the RDI process in the direction: of , ‘%1 w1th the wave perlod) nearly a maximum value of l¢l = st- o

“ wave propagat1on, i.e., for example, ‘in the case of an oppos1- S D ) ] BN

"“te wave the’ f1e1d 1ncreases agalnst “the motlon of beam elect- SR 1 i 2 3 32

: irons.‘: : ke 7’l£§.f,¢ ;'ea5§n1¢

i tAs-is. seen from the solution of (19) in a llnear approx1-;‘ ) T

: mat1on field oscillations are symmetric about zero and the ve-*

N loc1ty of increasing the field can be very s1gn1f1cant by a* SO 8 | bog | . ,
i~“factor of several times along the wave length. : l“‘[ji}ll'ast?,(yo ISRV, 3 I——::,Q ’ -(23)
{f3 Nonl1near Processes \ " .
- As is seen from basic evolution equation (15), with increa- . 4% o o2(Bca 4+ |é t-|_.§_2_) << w®, .
“ sing the field ¢, the influence of the "singular" nonlinear . . = &8V 4.3 st ox 2asr~ , ‘ SRR
| fterm on the r1ght begins to 1ncrease, and it can become predo—j "E A . , PRESETI RS
,"m1nant over the "external force" and the resonance effect. e 1dﬁ ,'c2,c3are the coeff1c1ents ‘of expan51on of the rlght part of -
~In the ‘general case it is difficult to obtain analytlcal re- " 'd* (15) at terms’ ¢ and ¢3 proportional to the beam current. :
- sults for arbitrarily large nonl1near1ty, only numerical calcu- & s These: approximate analytical results are completely confir-.
f:lat1ons can be carried out here. ‘However; they" make - sense only . é& med by numerical calculations of evolution” &(y) according. to
" far enough from the capture of electrons as the above. hydrody—'of’Q ‘basic equation (15) only with insignificant quantitative spe-'
- namic model itself is no longer applicable at [¢| - (yg=1) 3 " &} -cifications (see results and diagrams for a slow wave 1n/14/ L
‘the beam-wave system transforms to a kinetic and multiflux - - ‘. -if for fast and opposite ones in/ %177 ), ' - o ﬁi-\f
- “stage with an intensive generation of spurious harmonics, . i Frome the results of (23) the following conclusions can bexwfg
~~a sharp decrease of the increment of RDI development, a sub- . 9 drawn. with'increasing the -field there arise additional harmo-" .~
" stantial change of velocities V and V. and so on. They are pre—’ nlcs which are small under the quasi- statlonary nonlinear regl—‘;w

" cisely the effects that have been observed in the experi- ,
. ments /6,9,12/ - Therefore, we lay down the following main con-
“dition (limitation) which is of importance for the phy51cs of
RDI development and for its analysis A “

‘me (02¢2 c3¢ we<<'1l) , the shape of the field wave envelope
‘becomes nonsymmetric (¢ ¥ 0, ¢% < l¢_|) - the maximum ampl1tude‘
~of oscillations is determined by Y5 and | ex | (initial ampli-

10 l | ' . . © 3




- ~the source of an external (initial) electromagnetlc f1eld

tude of the wave f1eld), the perlod of osc1llat10ns is much

"jlarger than that of the wave (slow oscillations of the envelo*

' pe in the quasi-stationary nonlinear regime).

; Some other results are discussed 1n/l41518( decrease of ‘the -
increment, change of the wave velocity, increase of ;the modula-

~tion of electron beam density (at the stage of (22) it reaches
tens of percent and.exceeds Ang/n, in the linear case by an -
,order of magnitude). These characterlstlcs are identical for
different types of waves; the main features of the RDI process
" are practically the same for. parallel and opposite waves tak1ng

" into account nonlinear effects.

... Of principal. interest is

.:4 RDI Energetics, i.e.

ween transit relativistic electrons and E-waves including tho-
se with large amplltude, change of the kinetic energy .of elect-
‘rons and RDI energy balance taking into account the work of:

Let us calculate the work of the field above the beam: -

"?,:\_nmv ~efn, V.Edv. (24)

16(Bo=B) = no(Bo ~£) (@s)
‘tthe quantity ? can be presented as
T ¢ (gsept o
‘?,=j:m02nonazy3(yo—y) f 9,2 de. (26).
: Poxt e =

: Here a is the beam rad1us and Bec, the VelOC1ty of electrons
© in. the. WRS: , »

Bs-B_
1-ﬁﬁ
In (26) (+) is for .an oppos1te wave;and ( ), for parallel (fast

1_ B’

i and slow) waves.

L Assumlng that approximation (22) is valid, let us perform‘
g pexpans1on accurate to #% inclusive (¢ext<<¢)

12

the character of energy exchange bet- v

(27) ~t"

|

1

ThlS quantity determlned the - change of the total k1net1c ener-7
. gy of electrons in 'the volume V per time unit. Us1ng a number 0

. of transformations, taking into consideration (8), (10) and
',‘the integral of the continuity equatlon : PR S

60 Vo

: ? ’ n m&[t f¢ * -——_;Eli;;¢?fg';.‘r{f;;fatjazg S
S VBB T e, A o B
' At the l1near stage when ¢(¢) is a functlon of the form ‘ii

s 5
ext

‘(19), i.e., ¢ =
‘term on the right of (28) makes a contr1but10n to ? as ¢'- 0.

(l/lCOSL/! Sm l//) , the second

¢
¢ext COS"/I - _——2

- In th1s case we get the partially. known result: the beam'is de—
. celerated in slow and opposite waves (P<0) transm1tt1ng its,
“kinetic energy to .the wave, ‘and ‘it is accelerated in a fast:

" the wave electric field, see’

" ‘wave (T>0) It is not difficult to show that a slow wave- there-
with possesses a negative energy (W< 0. is the den51ty of ther-

sum of the energy of electron osc1llat10ns and. the energy of .
), and the fast and opp051te j, o
waves.'have a positive energy - (W >.0). Rt

" As the f1eld ¢-increases. the 51tuat10n changes due to the

‘ffnonllnear nonsymmetry of the wave envelope, the f1rst term on
~ the right of eq.(28) begins to contr1bute as we have now (see;:‘

‘}_.‘t(za))

L -2“> yyo(B -B, ) SR S

S
l
3 m
o
%)
|

gThe analys1s and numerical calculat1ons show that for some .,
- field [¢| < ag
- of deceleration to that of acceleration, the total energy of

S electron oscillations and the wave f1eld changes 1ts sign, i. e.
"Q'lt becomes positive. »,,A.*

the beam in a slow wave transits from the stage )

‘For 'a fast parallel wave the effect of chang1ng the s1gn‘,

”“(trans1tlon from beam acceleration to its deceleratlon) is- pos-
g,s1ble in a narrower interval of parameters.

o

" 'In the most 1nterest1ng case of an opposite wave the 51gn[5>

"is not changed, the nonlinear effect of _nonsymmetry- streng—'“

“'thens the effect of beam deceleratlon (F < 0) only s1gn1f1- Lo

cantly . . o
Thus, we get an 1mportant result the character of long1tu- S

,;dlnal waves in an electron beam, their energy sign and-the . - -

change of the kinetic energy of electrons depend on the level

~ofan -excited field;. standard assert1ons of. the energy: 51gn of ﬂ
‘\parallel waves are not valid at a nonlinear level.: ;

It is quite probable that this result takes place also for7,~‘”

’g‘other types of dispersing media (some examples see in 20/);j,;f‘]

The estimates show that energy transfer from beam to wave

' jcan be significant in a very large field of an opposite wave:

13




e '2yy0)'

(~108 V/cm) and a beam current«of,510AkA;*theycorrespondingrn’
' power reaches 102 MW and more. In this case the relativistic’

factor of electrons changes relat1vely insufficiently (Ayely<<5w

<<'1); a pronounced effect of energy exchange 1s related to a
large dens1ty of electrons in the beam (ng= 10 cm _3)

5, L1m1t1ng Fields in the RDI Process

"A standard estimate of a maximum electr1c f1eld in- beam -wave

versions of the collective methods (e. g., 107y £o1lous from

. formulae of the type (8); (16) and is practically only the con-
‘d1t10n of appl1cab111ty of a l1near approx1mat1on ~

“me %k

: |E [ << (yi=1). i (36)

. The results of the nonlinear theory and numerical- calculations
' allow us to est1mate ‘more prec1sely a maximum electr1c f1eld
u51ng cond1t1on (22) : S

mc

Rey (y° D - .

-___(yo

-h'flElvs

. ‘From here it 1s seen'that the limiting values of the field aref"
~~in large part determined by y; (this is an initial value of the

relativist1c factor of electrons in' WRS for the RDI process)

~ "According to (12), for parallel waves .(fast and slow) y - is
sequal to - : o
w(1-Bﬁ) ‘B>0, " <3z)~

It is. not- d1ff1cult to make sure that in this case yo is not

- too large even: for relat1v1st1c velocities B, B,:

y

’~,:and;,f°r example, for a fast wave atvy2>>-y§
’ Yy
2Yo'

Yo T

;nghe 51tuat10n is different for an oppos1te motion of the beam .

and -the wave (B <0)

W= (11818 = 2y, \(3;*)‘ |
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‘For centimeter waves and y, =

f't1me T

Th1s value can be by an order of magnltude (and more) greater‘

”than the(value of Yo for parallel waves.

Now i
.E o 2mme® (34) 2
max - C‘A o]

10, Epayx can reach 107 V/cm
while for parallel waves Ep,x =
the experiment/9.12/ |

In order to reach a fleld of ~107 V/cm, from Maxwell's equa-

tions and resonance condition:(18) it is not difficult to show

that 'a ‘beam current of > 10 kA, or otherwise approximately 107
of dens1ty modulation ng = 10 13 cm '

=3, is requ1red
"From comparison. of estimates (1) and (34) one: can conclude

. that potential possibilities of'a dense ensemble of electrons

are in principle realized completely enough by RDI on an oppo—

s1te ‘wave for the generat1on of powerful electr1c fields.

:IV'"CONCLUSION A POSSIBLE APPLICATION OF THE

~RDI PRINCIPLE TO "THE- SOLUTION OF VEKSLER'S
PROBLEM

As analyt1cal'and numerical calculations show, resonance

a*condltlons -can be fulfilled in the interaction of a high-cur-
-rent relat1v1st1c beam with a long1tud1nal wave in the slow1ng~,
~ down structure at v, # v, and ‘a variable-electric field in
‘the" system increases fastly ‘beginning" from some initial value-
given by an external microwave frequency ' generator. A maximum, -
-+ amplitude of the E- f1eld is determined at the- stage of the non-
“linear quasi- stationary regime (before the capture of electrons
]rby a wave) and can reach very large values atthe correspon— e
7‘d1ng choice of initial conditions (Pexts Yo ). o

105 - 10 V/em in accord w1th»“

)

-:In this case two 01rcumstances are of fundamental s1gn1f1-",wi

- cance: A SR

1) The RDI process under: cond1t1on (22) has‘a’ regular and‘

;'controlled character’'with increasing the field for a short  ::
/2 =10 +100 nsec and thus can play a dom1nat1ng role - '

env
in a real p1cture of waves exc1tat1on in the structure w1th ‘

a beam.

71<:2) An-electron beam in this ‘mechanism has several substan—[[
ft1al functions: it amplifies an initial E-wave due to arising
.-dens1ty modulation’ produced by trans1t electrons, transm1ts’”'“
k,part of its enormous ‘kinetic. energy to excite an' opposite wave
f;(and a slow one at the linear stage) in a strong field due’ to

15"




f; h1gh*current relativistic electron beam (J =

\»j.beams thought the structure along the length L (see, e.g.;’

.‘\

".and more.

hnonl1near effects thus unload1ng the ‘source of an - external
(1n1t1al) wave and redistributes the field in the transverse
plane; in. particular the beam forms a deep’ potent1al well for
positive charges in their motion along the beam thus prov1d1ng,
" their effective focus1ng .
" 'These conclusions are reasons to assume that the resonance
‘Doppler interaction can serve as a phys1cal foundation: for the
solution of Veksler's problem. , AR B
When the RDI principle is be1ng real1zed there arise- nume-'

- rous experimental and technical problems which solution, in

" “the ‘author's opinion, is not beyond- the.level achieved my: mo—ff~

dern high-current beam techn1que, accelerat1ng and SHF. tech-
'nlque -
: :Some moments ‘should be~
t1c of -the version of collectlve acceleration-considered in .-
th1s paper. -
‘1. The ma1n task wh1ch is . common for all var1et1es of. beam
- collect1ve acceleration methods lies in the formation of a .
1 - 10 kA and.
_ more, Wg = 1 - 10 MeV) with a-small energy spread. There. are’:
©'many exper1mental results on. the formation and passage of . s;ﬁh
).
The transportat1on of an electron beam with a high current .
,‘4along 'L > 100 m is not so clear to date if the ach1evement of
o superh1gh energies of. accelerated ions is: kept in mind. b
. -2, As the wave should have.a phase veloc1ty var1able in i
-flength to. accelerate ions at least at the initial stage, the
~“structure: geometry,v1n which 'the E-wave is exc1ted and ; ampl1-

i'ff1ed must be changeable. For example, the thickness of an 1n-
o ternal dielectric coat of the wave-guide or the d1aphragm geo~ .
“+.-metry can-be. changed Accelerat1on at the f1nal stage is, pos-‘“

“sible- with the "asymptotic phase" when the phase velocity of, ;‘

" the wave is practically constant (V $.c) and the ampl1tude of

ylﬁthe E- f1eld is large. = SRR

a: power of- approx1mately .100-500 kW at.a wave length A—3 -10 cm
L Present day generators, SHF magnetrons, klystrons j)
1t,and .gyrotrons satisfy these requ1rements.

"~ 4. When fields of.the order .of 10°-107 V/cm are exc1ted thej
‘1~prob1em of electrical breakdown in proximity to an 1nternal

. surface. of the waveguide structure can arise.
. 4w1th this, ~we should like. to note 1mportant exper1mental re-.

i~;sults on: eliminating of the breakdown due to a special techno- -

;;Hlogy of surface treatment 22/ and also the results of. d1scus—“
sion, of th1s problem 1n Frascat1 » in partlcular a growth

.16

po1nted out which are characterls-.\

3. The source of the- external (1n1t1al) f1eld should have o,ﬁ/

In connection”

;t1on or to 1nd1cate its weak

i

in the breakdown field w1th 1ncrea51ng frequency which allows
one to count on a significant facilitation of solv1ng this
problem at A = 3 cm (f = 10GHz). - .
5. From the viewpoint of accelerating applications, two sta-
ges of experlmental and technical 1nvest1gat10ns should be Se-
parated. : :
1) Low and medium energy accelerators (to 1 GeV) with a hlghl
ion current (J;s 1 A) on slow and, may be, fast waves at L = °
= 1-10 m, a beam current of ~1 kA and an acceleration rate,
say, of protons g = 10-100 MeV/m. At this stage all basic tech-
nical characteristic properties of using the RDI process should.
be ‘worked - out and the results which can allow one to go to the
second stage should be obtained.

'2) The stage of a step-by-step growth oF the length L when
passing to a section with an opposite wave at large fields and
g = 1 GeV/m. The main problems here are the transportatlon of
a beam at L > 100 m in the field H 210 kOe, the protection
from breakdown: and accelerat1on work1ng out near the asympto-*
tic phase. , IR : :

Note that the transverse size of an ion beam decreases due

to an adiabatic decrease of transverse oscillations with in- =~

creasing the energy of ions when they are mov1ng in a deep
Coulomb well of the beam; this effect can be of 1nterest for‘
the formation of colliding beams in future.: :
- In conclusion it 'should be noted' that at the present: time
it is impossible to confirm with full certainty that the above

- considerations are the only or a more true way to the solution

of .Veksler's problem. Only comprehensive experimental investi- -
gations can corroborate the validity of this or close concep-
aspects ' ’
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