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Abstract—A three-dimensional (3-D) model has been developed Most of the experimental and theoretical efforts in the last
for the investigation of the coupling of the lowest symmetric and decade were directed toward X-band operation [1]-[3], [5],
asymmetric modes in a high-power, high-efficiency traveling-wave [24], [25], [30]-[35]; however, the demand for high gradients
amplifier. We show that in a uniform structure and for an ini- . ' o L ; .
tially nonbunched beam, the interaction efficiency of the asym- at higher and higher frquenues for the next linear collider
metric mode may be much higher than that of the symmetric mode. (NLC) pushes the operating frequency toward the Ka-band
It is also shown that the coupling between these two modes is de-(e.g., 35 GHz), and as a result, this study focuses on this
termined by a single parameter that depends on the beam charac- frequency regime [36]-[38]. The same trend is also motivated
teristics; its value varies between zero when no coupling exists and by a military need to deposit a large amount of energy in a

unity in case of maximum coupling. For a beam that is uniform at lativel I f f th bvi v thi
the input end, this parameter varies linearly with the guiding mag-  "€'atively Small aréa 1ar away irom the source—obviously, this

netic field. In case of a bunched beam, it decreases linearly with the @bility is improved at higher frequencies.

increasing phase-spread of the bunch. Because of the interaction, Theoretical analysis [36] and preliminary experimental
th_e radius of the be_am increases Iir!earlywith t_he_ power assoc!ated studies [37] indicated the feasibility of a 35-GHz trav-
with the asymmetric mode at the input end; it increases rapidly — gjing-wave amplifier based on a set of coupled cavities when
in the case of an initially uniform beam relative to the case of a - .

prebunched beam. Selective damping to suppress the asymmetricOnly .th.e symmetnc modg was considered. We found- that
mode is described and analyzed. the difficulty with the scaling up the frequency is associated
with beam power requirements. In order to benefit from the
frequency increase, the rf power has to remain the same as in
X-band; therefore, assuming similar efficiencies, the power
carried by the beam has to be virtually identical. However, the
. INTRODUCTION scaling up in frequency dictates that the internal radius of the

N THE recent years, a significant amount of experimentgfructure should scale down inversely proportional to the in-
I and theoretical effort has been directed toward generationgase in frequency. This implies a similar change in the radius
high-power, high-efficiency microwave in various laboratorie€f the beam, which is difficult to envision because it entails
universities, and industries around the world (SLAC [1]-[3R" increase by a factor of 10 in the current density (assuming
CERN [4], KEK [5], LLNL [6], NRL [7]-[9], IAP [10], We preserve both the diode v_oltage anq cqrrent). Alth_ough
[11], US-Air Force Labs. [12], University of Maryland [13], improving the cathode’s material so that it withstands higher
Cornell University [14]-[22], CPI, Litton, Thomson [23], HRCcurrent density may result in a slightly higher current, the main
[24]-[26], Omega-P [27], FMT [28], and others). Many effort&lternative is a higher (electrostatic and magnetic) compression
have been directed toward improving the systems’ efﬁcien69ti0. Yet, at several hundred amperes, it is difficult to envision
and at the same time increasing their operation frequen%} increase by an order of magnitude in the existing ratio.
These two goals set a significant challenge, in particular, in th¥en if this was possible, the problem of the magnetic field's
case of a traveling-wave output structure that usually consi§@cessity to guide the beam and the latter's expansion in the
of a set of coupled cavities and an output arm, driven by &Meraction process still remains [38]. In order to have some
initially bunched beam [29]. Its advantage may be attributd@€ling regarding the implications of these constraints, consider
to the distributed interaction along one or more radiatigh? X-band structure (say, 358 11.66 GHz) that may have
wavelengths, but at the same time, its drawback is its scalifigypical internal radius of 7 mm when driven by a beam of

with frequency that in an ordinary system is similar to that oi-mm radius. Requiring equal power levels carried by the beam
klystrons. for a system operating at Ka-band (35 GHz) and adopting the

frequency scaling, which entails a beam of 1-mm radius, the
necessary compression ratio should be increased by nine. As
indicated, we belive that this may prove to be very difficult

Manuscript received September 25, 1999; revised March 22, 2000. Thiswggy g realistic device. A compression by a factor of two is
was supported by the United States Department of Energy and the United States

Index Terms—Amplification of radiation, asymmetric mode,
electron acceleration, hybrid mode.

Air Force, under the High Power Microwave MURI program. easible, thus implying a 2-mm radius for the beam. Moreover,
S. Bannaand L. Schachter are with the Department of Electrical Engineerit@,allow sufficient gap between the beam and the structure (for

Technion—Israel Institute of Technology, 32000 Haifa, Israel. beam expansion), an internal radius of 3.5 mm for the structure
J. A. Nation and P. Wang are with the School of Electrical Engineering, Cor- . . L o

nell University, Ithaca, NY 14853 USA. Seems to be a reasonable choice. This radius is almost by 50%
Publisher Item Identifier S 0093-3813(00)05717-9. larger than the simple frequency-scaling criterion implies.

0093-3813/00$10.00 © 2000 IEEE



BANNA et al. SYMMETRIC/ASYMMETRIC MODES IN TRAVELING-WAVE AMPLIFIER 799

Its implications on the operation of the symmetric transverse
magnetic (TM) mode are high group velocity and low inter- ¢
action impedance; these implications were discussed in [36 caid)
where the one-dimensional (1-D) macro particle approach wa

extended to two-dimensional (2-D), i.e., longitudinal and radial

motion. 77757
An additional implication of relatively large internal radius JW,//V/ . . Vs
is proximity of other modes, in particular, of the asymmetric 5

modes, to the T, -mode. Although in principle both the slow
wave structure and its driving beam are azimuthally symmetrigg. 1. Typical configuration of traveling-wave Structuf@:, Rox; are the
asymmetry in the system may occur either because of the |n§|§l‘ internal and external radii, respectivelyis the structure periodicity, and
or the output arm, uneven azimuthal electron distribution, Bys the disk thickness.
beam misalignment. Aongitudinally modulated beam may
couple energy from the main interacting symmetric mode to #calculated; however, their effect on the electromagnetic field
asymmetric mode because of any of these mechanisms. Sigclissumed to be only in the longitudinal direction (1-D). Addi-
modes are a linear combination of both TM and transvertienal assumptions of the model include positive group velocity
electric (TE) modes, and for this reason, they are called hybtflboth modes, their basic functional form is preserved, the en-
electric and magnetic (HEM) modes; cold electromagnetérgy conversion is primarily controlled by the longitudinal mo-
calculations indicate that the larger the internal radius of thien, and no electrons are reflected. Our first step is to compare
structure, the bigger the frequency range where the lower sythe impact of the asymmetric modes on the electrons’ dynamics
metric and asymmetric modes overlap. From the perspectiyiewo amplifiers, one driven byaniformbeam and the other by
of the interaction with the electrons, the main problem with (longitudinally)bunchecbeam. It is shown that the sensitivity
an asymmetric mode is that it has a nonzero TM field on axisf the former to the presence of the HEMs higher. Secondly,
and as a result, electrons that move at relativistic velocitieg investigate the impact of the HEMon the system’s per-
in the longitudinal direction may be deflected toward thérmance in both ways of excitation. Specifically, we check the
structure. This effect is well known in the accelerator commigensitivity of the system to its main parameters, such as guiding
nity [39]-[41] under the name of beam break-up (BBU), anthagnetic field, beam’s properties, and the power level of the
substantial efforts are directed for its suppression in the NLO#EM;; at the input. The extent the HEM-mode is destruc-
acceleration structure [42]. tive is quantified by the increase in the effective radius of the
Recently, pulse shortening was observed in high-power trdgyeam. In the last stage, we present a way for suppressing the
eling-wave amplifier experiments conducted at Cornell UniveHEM,{-mode.
sity [43], and this triggered the current study in which we ex-
amine to what extent the HEM-mode contributes to the beam I
deflection to the wall in aramplifier. The build-up of asym-
metric modes as a very narrow bunch traverseacaeleration A uniform beam or an initially bunched beam, generated by
structurewas analyzed, but to the best of our knowledge, Rjther a series of cavities (klystron) or a slow-wave structure, is
equivalent analysis corresponds to a traveling-wave amp”ﬁgpjected into a uniform disk-loaded periodic structure like the
where several major differences exist: each bunch in an am@ine illustrated in Fig. 1. The structure is designed so that the
fier is of the order of the wavelength, whereas in an acceleratBhase velocity of the interacting wave that is injected into the
the bunch is at least ten times smaller. The transverse size of$H&gicture or generated by a bunched beam is synchronized to
beam in an amplifier is several millimeters larger than it is in afie average velocity of the electrons. The main interacting wave
accelerator. In an amplifiegollectiveeffects play a dominant is the TMy-mode, but as mentioned in the introduction, be-
role in the interaction and a guiding magnetic field exists—nefause of asymmetries of the structure or the beam, we assume
ther of the two exist in an accelerator. The interaction lengtAat one asymmetric mode may develop. Moreover, when we
is much shorter and the group velocity much higher in an arvgfer in what follows to a prebunched beam, we assume axial
plifier compared with an accelerator; moreover, in the presepinching but uniform azimuthal distribution of particles. Ac-
analysis, the group velocity in the amplifier is assumed to §@rding to the dispersion curves [44], the closest asymmetric
positive, whereas in an accelerator, this is in many cases negde to the TN, that may interact with the beam is the low
tive. Finally, the number of bunches (pulse duration) in the ifranch of the HEM;-mode. In the beam absence, all compo-
teraction region is much larger in the case of an amplifier. nents of the electromagnetic field of both modes may be derived
In this study, we investigate several aspects associated WM the longitudinal components given by

the operation of a high-power traveling-wave amplifier oper-

ating at 35 GHz, also taking into consideration the lowest asym- E{™01) (1, z; ) = & Io(T17) cos(wit — kiz — 1)
metric mode. For this purpose, we have developed a quasi- ang (T™Mo1) (¢ - 1) =0
( )=
( ) =

. DYNAMICS OF THE SYSTEM

alytic three-dimensional (3-D) model of the interaction of an ) o
ensemble of electrons with symmetric and asymmetric modes £l (Tar) cos(wat — koz = ¢ — 2)
specifically with TMy; and the low branch of HEM. Within Holy (U'a7) cos(wat — kaz — ¢ — 1h2).
the framework of this model, the full 3-D motion of the particles (1)

(HEMH) e, 7t
(HEMH) ré, 7t
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In these expressiong, are the wavenumbers of both modesvherey,; = [1 — /3@]‘”2 andw, = /e*ng/me; is the

that are assumed to correspond to a phase velocity smaller thsma angular frequency.

¢, indexrv = 1 represents the Thl-mode, and indew = In the expression for the rf forces, the second term may be

2 represents the HEM-mode;T', = /kZ — (w,/¢)?; » = neglected because the amplitude of all rf components are of the

V2 +y?; ¢ = arctan(y/z), andl,,(¢) is the modified Bessel same order and for most practical purposes

function of the first type and order. Within the framework of

the 3-D model, we make two basic assumptions: first, it is as- 1Be.ils 1Byl < 1824l (1)

sumed that the effect of the beam on the electromagnetic field

is only in the longitudinal direction, and second its functionalhe transverse components of the rf electromagnetic field can

form is preserved. In addition to the rf field, a dc guiding magee deduced from the Maxwell equation, and they are presented

netic field B, is assumed to be uniform in space. explicitly in the Appendix in terms of the amplitudes defined in
Another component of the electromagnetic field that acts é#h)- Equation (5) together with (6), (7), and (A.1)—(A.4) deter-

the electrons is caused by the dc collective effect of the electrdR#1€ the transverse motion of the electrons in the presence of

inthe beam. In the absence of the radiation field, we may assuti@ electromagnetic field.

that the electron beam isiformlydistributed in théransverse

directions. Its density, denoted by, generates an electrostatid3. Poynting Theorem

field that in turn affects the motion of each electron; this field is After establishing the equations that determine the dynamics

given by of the particles, we shall consider their effect on the dynamics
=(do) eno [ — R of the rf field. Within the framework of the present model, we
B = "2 [wlw + yly} . @) ignore thedirect effect of the transverse motion on the energy

_ . exchange, and consequently, we shall consider only the longi-
Furthermore, because the average velocity of the beamtise  tydinal current density given by

magnetic field associated with this motion in the beam domain
is given by J(r, ¢, z;t)

0 = MO0 p 7)) @ =Y ey ol — Ol - pOWl -5 (0] (©)

Consequently, the total electromagnetic field is composed v%ereri(t),@(t), andz; (¢) are the radial, azimuthal, and longi-

three cc_)mpo_ngnts{ the rf field, the dc collective field, and trlﬁdinal location of théth electron at any instang this assump-
magnetic guiding field

tion is consistent with the approximation described in (7). Thus,

E,=Ef 4+ EY) B, = Eérf) + EZ(;‘C) bearing in mind that the system operates in steady state and as-

H. — HED | (o) suming that it remains in a Ilnear regime (smgle frequency) at
r =Mz z all times, the average power in each mode is determined by

E.=E H,= H{ +H{

r d
H. = B 4 Bo/po. @ I P =— [ LB, ©)
A. Transverse Motion where the integration is over the cross secfics) of the wave

uide and P(z)); = daS. ), is the total power flowin each
From these expressions, we can readily determine the eqﬂﬁ dP(2)): <fcs a5 )1 P

. fth ; f thi o “th . e of the modes. At this point, we introduce the concept of the
tions ofthe transverse motion of ti electron; they are given o ction impedance that relates the average power flowing in

by the system, carried by the specific mode, with the amplitude of

d 1 . . the longitudinal electric field (of the same mode), namely
% (’Vzﬁaz,z) = % [Fggﬂf) + Fagjlz ) — €C }yyiB0:|
d 16t | (o) o) _ 1 EEmRE)
= iPui) = — |:Fy,i +Fyt 66/31;,130} (5) int 2 (P(TNoD) ()
, 1 E3(nR?
whernggff), F;rf ), Féjlf), andF;jlf) are the transverse forces as- ZHEM) - 3 P(ég\rfnl;“) (10)
sociated with the rf and dc electromagnetic fields, respectively. < (2 )>t

Based on (4), these forces are given by whereR,,, is the internal radius of the disk-loaded structure.

As already indicated, the interaction of both modes with the
electrons is via longitudinal oscillations; in other words, this
(de) _ 1 2 1 - motion is the one that directly controls the interaction; how-
o 2 F 37 ! ever, indirectly, the transverse motion has a significant impact

on the interaction because variation in the transverse location
of the particles affects the interaction impedance and, thus, the
2 1 coupling of the beam with the electromagnetic field. Based on
Yl 2 p 2 Yi (6) .
vz these arguments and relying on (9), we conclude that the energy

Fagrzf) == @[Eg(crf) + cleOﬁy,ngif) - CNO/3Z,7‘,H;(;1:§):|
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stored in the symmetric mode is determined only by the symhere rather than following the particles in time, we follow them
metric current density, and therefore, the amplitude dynamicsspace, c.c. indicates the complex conjugate of the expression

equation for the TN;-mode is given by to the left bracket, and the relativistic factgris related to the
transverse and longitudinal velocities py= [1 — 32, — 37, —
d 2z(TMOl) N /33,1‘]71/2'
— E(z) =t o E ()Tl ()] In order to summarize the equations that describe the dy-
dz R T namics of the system, it is convenient to introduce a set of nor-
scoslwrmi(2) — kiz = du(2)])s (1) malized quantities. We start by assuming that the interaction

length isd, which allows us to determine the normalized coor-
where we have integrated over time and beam’s radius and d#atest = z/d, = = x/d,y = y/d, and as a result, the normal-
noted by N the number of particles in one period of the wavézed radial location i = r/d. The normalized field amplitude
(1), 7:(z) represents the time it takes tith particle to reach of the TMy, is denoted bys; = ¢&;d/mc*, whereas that of
the pointz, andr;(z) is the radial location of the same particlghe HEM;; by a; = ¢&2d/mc’. Based on these definitions,

at z. the normalized coupling coefficients are
We proceed by identifying the average current in one period

of the wave ad = eN/T and adopting a complex notation, o] 7(TMo1) 2

namely,£, = £ ¢ 7%t. With this notation, the dynamics of the ap = .

2 2
mc o [

(complex) amplitude of the rf field as well as that of the phase,
el ZHEMw) 2

x:.1(z), of theith particle relative to the TM -mode, is given

by mc? nRE,
d 7 7(TMo1) ' and we defineQ, = wud/c, K, = kud, p = 1,2
P &1(2) 2# <IO[F17‘1(2)]6_]X“(Z)>4 I = I'dQ. = eccBod/mc?, and Q2 = (elno/mc?)
g - nt ! (d?/7R2.. . )(1/Bpr); Rbeam is the radius of the beam at
— xin(z) = el T ky. (12) the input where it was injected. The normalized momentum
dz Cﬁz:i ]_71;,1‘ = ’Yiﬁa;,ir ij,i = 'Yiﬁy,ir andﬁm = ’Yiﬁz,i and the

normalized rf forces are defined as follows:
In a similar way, we may deduce the amplitude and the phase

dynamics equation for the HE\M-mode; the result is JalP
F(rf) _ 1tz

( ) e
d = ‘[ZH?EM11 —ixi2(2)+idi (= T (T.= ; Jxi
% 82(2) == Wti?m <11[F27’i(z)]e Ixi2(z)+idi( )>Z :A{ |:Io( 17)1‘) Re(jalejx ? )
di xi2(z) = ;_2 — ke (13) + 1, (To7;) Re(jagesz'*z_j‘m)} cos(¢;)
z CPz 4 = =
I (T'y7;)

R RE(GQCin,Q_j¢7') sin(d)i)}
whereg; () is the azimuthal location of thigh particle. It is ob- FQ_”_

vious from the amplitude equations that the coupling between + B{ [Il(_rﬂ’i) Re(j@ejxi,z—m)} cos(¢; )
the beam and the modes is controlled by the produft;, |

275

where(1) is a “beam” term andZ;,,; ) is an “electromagnetic” N PTIN
term. ( ) (ﬂ t) _ Il(l_‘gTi)RE(aQCJX“Z 1457) Sm((/)i)}
(rf)
C. Energy Conservation FU = Fy—Qd
” mc
Following similar arguments as above, we may simplify the . )
single particle energy conservation to read = { [IO(FIH) Re(jare’™i 1)
d + I (Fgﬂ,) RE(jCLQGin’Z_j@)} sm(d)7)
mc’ @ ’Yz‘(t) I (f —)
1{L 2T xi.2— b
~ —c vy Balr = 1i(t), ¢ = ¢i(t), 2 = z():1]  (14) T Relaae ) cos(@)}

275

I, (T27;) Civie—ieiy | s
and using the complex notation previously introduced above, the + B{ [ S Re(jaze™277%) | sin(¢;)

single particle energy conservation may be written as follows: o ' '
+ L (T27;) Re(ageiXi2 %) cos(@)} 17)

- {El(z)lo [Cyri(2)] edxi1(2)
N whereA = —y,,(1—-8..:8p1.), B = —jHovp1.(Bpr.— B i), and
2(2)I1 [Tori(2)] X2 =09:) 4 C-C-} (5 Hy = noH,/E,. With these definitions, we are now in position
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to summarize the equations that describe the dynamics of thi 1.0 : r T ;
system; these read ! ‘
o 08 L— [lla ot " —‘
i %1 =ar <I (T'17) @—in,1> 3 | M, llossy) j
e\ Jar = 1 (oLl 17 i a |
d a9 — . . = :
- — S (T (ToF) ¢ dxiztid: ) EY |
d§< rm) vV 2<1(2z) >Z g
d R d D =
e Xi,l = 5 — A SGEXi2 = 5 — 42 = »
X T T NPT R |
d 1 = e AT h "o .4
d_ﬁ V=3 [G1IO(F1F7¢) edxit - -PEEY—”L— —do-siy)_.._._._._ - '
L (To7,) eiXi2 =3¢ 4 ¢ c. 0.0 L : T~
+alilom)e +e.cf 00 02 04 06 0.8 10
if‘ ~ B iy‘ _ B =
e T B AT B
d D, ; T F(rf) Fig. 2. The spatial growth per cell versus the coupling parameterdefined
— P, = — S LI Q2 + -z in (4). Solid-line: growth rate without HEM-mode damping. Dashed-line:
dgse" D.; P 2’7z2,zﬂz,i B spatial growth with selective damping & 0.05).
d o e e T T d th here the ph ies rapid lected
d—gpy,i =i B, + P m + ﬁzi and the terms where the phase varies rapidly were neglected.
Z,1 z,al7%,

: Ignoring the two “noise” terms in the right-hand side of both
(18) equations, we may calculate the eigenwavenumber of the cou-
pled system by assuming solutions of the form= @,c=7°¢
—J5¢; hence

Before we proceed to an analysis of the numerical soluti§fd%2 = 32¢
of this set of equations for a practical system, it is important , g3 Lonup LanU
to point out that the approximations involved do not affect the < ) <
global energy conservation. The latter is obtained by averaging

the single particle energy conservation [fourth line in (18)] and ag clearly revealed by this matrix, the terth represents
substituting the equation for the expressions for the amplituges coupling between the cold-structure eigenmodes,{Tavid
dynamics (first and second lines) HEM;,). From its definition, it is realized thdf is determined
d 1 ) 1 ) by the corrglation betwgen the two 'phaségsyl, Xi2) and by '
& {vi); + 20 la1 (§)]” + 2y la2(&)] } =0.  (19) the correlation of the azimuthal, radial, and momentum distri-
bution of the electrons. When the coupling between the modes
is zero, each one of the modes (§Mand HEM ;) develops
[l. SIMULATIONS RESULTS AND DISCUSSION independently according t8* + 53 = 0 andS® + S3 = 0, re-
ectively, wheré‘ﬁ = (1/2)a,Qup,. The coupling between
the TMy; and HEM;; is controlled by a single parameter

ay
_1=0. 21
%QQQQIJ* 53 + %QQQQPQ a2 ) ( )

Before introducing any of the simulations results, we woul
like to evaluate thepatial growthin the system. Based on (18),
the spatial growth of the system may be deduced by taking twice
the derivative of the amplitude equation and substituting in the 7 — vur
equation of the motion; the result is p1p2

d3a Vi ‘ e I X1 =X 2+ 1) (’}/iﬁi)ig Iy Flfi I; FQTZ‘ ‘
F{)’l + % [(cripr)ar + (a1 )as] = < ( ) ( )>
2 <I(2) (T17:) (%‘/31)_3> <If (T27) (%‘/31)_3>
~ & - K eTIXi] (f ;)
= 1 [3Z 1 o\t 17 (22)
3 a
d C? +7 [(2Q2p2)as + (2Q2U*)ay] because the solution of the coupled system can be determined
dg 2 ) from S2 + 53 = 0, where
Qo P p—
= —as <— — K2> eI 2t P Il(FQFZ‘) (20)
< 2 S = —3(5?+53) £ 3\/(53 - 597 +4sISIW. (29)
where In these expressions,,. corresponds to the HEM-like solu-
U= (e i0iaxiate) (4 833 (T,7) I (T tion because at the limit = 0, S, = S5, whereasS_ corre-
< (i) 0( ' ) 1( 2 )> sponds to the TM,-like solution.
p = <I(2J (Ty7) (’yiﬁi)_3> The solid lines in Fig. 2 illustrate the variation of the spa-
) = i tial growth per cellgy = (L/d)20 log(¢Y35:/2), as a func-
P2 = <I1 (To7s) (i) > tion of the parametet. The parameters in this simulation are
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I =300 A,V =850 kV, Ry = 3.5 mm, R,y =5 mm, (7.), the coupling parametefz), and the efficiencies of the
Ryeam =2 mm, L = 1.98 mm, frn,, = 35 GHz, furpm,, = modes defined as

38.63 GHz, ZMo = 374Q, Z1EMu — 1,61 kQ, and it was

assumed that the electrons have a vanishingly small velocity,, (%) =

spread. When the modes are completely correléted= 1), 100 |a1(£)|2 —Jau(€ = 0)|2

the spatial growth of the HEM-like mode is zero, whereas the %0, 1 5 1
TMo: -like is slightly larger than is the case when no coupling (Yiyin); — 1+ o lar(€ = 0)]” + o laa(€ = 0)]?
occurs(w = 0). Although the HEM; -like wave becomes unim- %) = 1 2
portant, we have to remember that the JiMike mode is not a meN, (%) = ) )

pure TMy;-mode but rather a linear superposition of JiMind 100 |a2(§)]” — |a2(£ = 0) )
HEM), ; therefore, the impact of the HEM’s components are de- 2c2 (iin), — 1+ 1 lay (€ = 0)|2 + L laa(é = 0)|2
structive because they have the same spatial growth as the pure T 201 200

TMo: as they share the same eigenwavenumber. (24)

In order to illustrate the impact of the coupled modes on the . .
beam. we consider next the 3-D model to examine the devgﬁcause the interaction does not always reaches the output end,

opment of the beam expansion. The first step is to compare {Hg convenient to defineaormalizedefficiencies of both modes

amplifier's performance with the asymmetric mode on and oft> the efficiency in the actual interaction length

In all of the simulations that follow, we will discuss two dif- oo, (%)
ferent ways to drive the system. A Tjtwave at 35 GHz is MM, () = Ld
injected into the structure, and it interacts withi@form elec- #/ %
tron beam, or dunchedeam is injected into the structure, and TaEM,, (%) = WL“(O) (25)

no TMy; is explicitly launched; the beam modulation corre- %/d

sponq s to th_e frequency of thg W"?Ode- The beam e)q‘:"”m'Next, we shall describe separately the impact of the asymmetric
sion is described by the effective radius of the beam, deflnedrﬁgde on beam's expansion for a uniform and for a bunched

Te = Re/Riny = 2(d/ Ry )(7;); this definition complies with beam
the result of uniform beam becaufe = Rj,cam. Fig. 3 shows ’
the effective radius of the beam’s envelope for both ways @f Uniform Beam

driving the system and for two different guiding magnetic fields For testing the impact of the asymmetric mode on the dy-

J— = = 1 ihi
Bo = 0.5,1.5T. Each frame consist of two curves descnbmé\?mics of the electrons beam, we first investigate its build-up

the effective radius of the beam for both cases, when the H along the system. As already indicated, the latter may be initi-
mode is turned on and off; the HEM power at the input end | 9 y ' y ' y

0.5 MW. The parameters used in this simulation are identical
those used in the calculation of the growth rate mentioned abq,}‘

and in additiont = 2.6 cm for bunched bean;,. | < 7 /18) tween the two ends of the structure because in general [13],
andd = 12 cm for uniform beam. Throughout this study, thg,o |atter is tuned to allow the symmetric mode to leave the

simulation is terminated if one particle reaches the internal '&stem, but not necessarily the asymmetric mode. We intro-

dius of the structure; the location where this occurs is denot@_gCe now theoverall reflection coefficientp) that represents
by z = z. As revealed by these frames, three facts are eyjje product of the reflections from both ends of the interaction
dent. First, the relative impact of the HEM-mode on the trangsgion, the phase shift during one round trip and the attenuation
verse motion of the beam is more critical for uniform beargsggciated with ohmic or other losses [13], [16], [17]. As this re-
(~50% variation) than that for bunched beam in relative lengtfaction coefficient is larger, the more rapid the build-up of the
terms; the absolute interaction length is longer in the case grasitic mode. Because a realistic beam pulse lasts for several
the uniform beam. The length in both cases was chosen swgfhdreds of nanoseconds, time exists for several thousands of
that the interaction reaches saturation at the end of the structyégind-trips; thus, we shall consider in what follows a relatively
Second, when the HEM-mode is turned on, the simulation is tesrge reflection coefficientd = 0.8, 0.9) to reduce the number
minated before the end of the structure; accordingly, the intest round-trips the build-up occurs; the overall reflection coeffi-
action process will be less efficient than when the HEM-modsent of the symmetric mode is assumed to be zero.
is turned off. Third, even if the guiding magnetic field is very Fig. 4 shows the build-up of the HEM power at the input
strong (1.5"), the impact of the HEM-mode is still consider-versus the normalized location at the structure, wheras the
able, especially for a uniform beam. number of round-trips is a parameter. The left frame shows the
In order to have a better understanding of the system’s dyuild-up of the power in the asymmetric mode for an overall
namics, as revealed in part by Fig. 3, let us start and examiadlection coefficient ofp = 0.8; in the right frame, = 0.9.
closely the sensitivity of the transverse motion of the beam bo both frames, the T power at the input is 5 kW and the
four main parameters of the system: HEM power level at tlguiding magnetic field isBy = 1.57°. This simulation result
input, magnetic guiding field, beam’s modulation, and beamisdicates that for a sufficiently high overall reflection coeffi-
current. We are interested in three quantities that characterizent, the asymmetric mode may reach very high power levels
the performance of the system: the effective radius of the bedb®0 MW) after a small number of round trips (4), (5). For a

Yed either by an asymmetry of the beam or of the structure, it
ay grow from noise, or it may develop from beam misalign-
nt. Once initiated, the asymmetric mode starts to bounce be-
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smaller value ofp, the build-up will occur on a longer time

Let us now examine more closely the interaction during a
scale. The threshold for this phenomena is when the prodsaigle-pass for a variety of HEM power levels at the input and

of the one-pass gain of the asymmetric mode and the ovewifferent values of the guiding magnetic field. Fig. 5(a) shows
reflection coefficient equals unity; for values smaller than unityhe normalized efficiencies of both modes versus the guiding
no asymmetric mode will develop in the system [29].

magnetic field. The input power of the Tg¢ytmode is 5-kW,
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the input.

and that of the asymmetric mode is 0.5-MW. This choice of thmode. As revealed by this graph, the coupling parameter varies
HEM power at the input is a byproduct of two constraints: firstnonotonically as a function of the guiding magnetic field. For a
we have just showed that for relatively high overall reflectioapecific magnetic field, the coupling parameter is higher when
coefficient (0.8—0.9), this power level is reasonable, and secopawer of the HEM; -mode at the input is smaller. Fig. 5(c) and
we intend to keep the numerical noise of the 10 000 particles(id) show the impact of the input power of the asymmetric mode
minimum and examine the impact of the HEM-mode on the iron the interaction length. As we may anticipate, the length of the
teraction duringoneround-trip of the wave. Several results arénteraction is inversely proportional to the HEMpower level
evident, the normalized efficiency of the asymmetric mode is at the input—see Fig. 5(c). Accordingly, Fig. 5(d) illustrates the
most one order of magnitude higher than that of the symmetegpansion of the beam when the power level of the asymmetric
mode; this is because intentionally the input power of the asymode at the input gets higher.
metric mode was chosen to be two orders of magnitude largeiNext, we examine more closely the dynamics of the parti-
than that of the symmetric mode to illustrate a possible scenacies. Fig. 6 illustrates the phase-space distribution at the input
of atrapped mode. For high values of the guiding magnetic fieland = /d = 0.75. Fig. 6(a) describes the phase-space at the
the normalized efficiency of both modes reaches high values lieput (z/d = 0.0), where the clusters are uniformly distributed
cause the simulation termination point is closer to the end iof the domain—» < x; < # and|y — 2.66] < 0.01. The

the structure because of the better confinement of the beghase-space at the input is identical for both cases considered
Fig. 5(b) illustrates the coupling parameter versus the guidifigEM on or off). Fig. 6(b) shows the phase-space distribution
magnetic field for several initial power levels of the asymmetriafter crossing 75% of the interaction region when the HEM
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Fig. 6. Phase-Space distribution. (a) The phase-space distributigid at 0.0. (b) The phase-space distributionzatd = 0.75, HEM,, is turned “off.” (c)
The phase-space distributionzgtd = 0.75, when HEM is turned “on” and the phase of the particles is that relative to the,Fiode. (d) The phase-space
distribution atz/d = 0.75, when HEM is turned “on” and the phase of the particles is that relative to the HEMode.

is turned off. The electrons in phase with the JjMvave are have the same phase relative to the symmetric mode. Moreover,
decelerated, wheras those in antiphase are accelerated; nahertransverse motion (and, in particular, the radial component)
theless, the average energy is smaller, about 2.4, because parhabes particles to be close to the wall where the local rf forces
it is transferred to the electromagnetic (EM) field. Note that there typically higher; consequently, the momentum (and energy)
momentum spread at a given phase is virtually similar to thatsiread is larger.

the input, indicating that the beam is bunched at the frequency

01_‘ thg TMy:-mode. Fig. 6(c) and (d) show the phase—space diéj Bunched Beam

tributions when the HEV, -mode is turned on. Fig. 6(c) shows

the phase-space versys, the phase of the particles relative to Efficiencies of 25%-30% for a traveling-wave amplifier
the TMy;-mode, for the same parameters as in the simulationiven by a uniform beam are typical but not sufficient. Ef-
in Fig. 6(b). Clearly, the symmetric mode is not the only onficiency as high as 70% and even higher may in principle be
that determines the dynamics of the particles. In fact, Fig. 6(dchieved if the system is driven by a modulated beam, and
where the momentum of thi¢h particle is plotted as a function high-order modes do not play a significant role [29]. In what
of its phase relative to the asymmetric mode, reveals a much falows, we shall investigate the impact of the asymmetric
ganized phase-space. In spite of the change in the phase-spagde on the efficiencies of the symmetric mode, when the
distribution, the average energy is similar to that calculated witlystem is modulated at the frequency of the giNMhode. In

the asymmetric mode off, but the spread at a given phase is ghe results of the simulations that follow, the input power of the
nificantly higher. In other words, the asymmetric mode, via thHEMy;-mode is zero, and the interaction lengthlis= 2.6 cm;
transverse motion, enhances the energy spread of particles #labther parameters are as before.
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Fig. 7. Sensitivity to HEM; power at the input (in MW). (a) The effective radius of the beam. (b) The efficiency of the HEd]. (c) The squared value of
the coupling parametéf) for different values of the guiding magnetic field. (d) Beam radius for different values of the guiding magnetic field as a function of
the power of the asymmetric mode at the input.

The first step is to check how the input power of the asynfierent values of3, at the same point. The expansion of the beam
metric mode affects the system'’s performance. Fig. 7(a) shoisglirectly correlated with the variation of the coupling param-
the effective radius of the beam for several initial HENdower eter and related linearly to the input power levels. A best fit of
levels at the input (0.5, 1.0, 1.5, 2.0, 2.5 MW); the JiMmode these simulations provides the following relations between the
is generated by a modulatég, ;| < 147/18 beam. We ob- radius of the envelope and the input power of the asymmetric
serve the monotonic increase of the beam radius along thenmede (in megawatts):
teraction length up to the point where one particle hits the wall.

The efficiency of the asymmetric mode is much lower than it £e(Bo = 0.37) —0.0285 X Piy(HEM11) + 0.649

is in the case of the uniform beam and it is higher as its ini- Ry

tial power is larger—Fig. 7(b). Note that the higher the initial R.(Bo = 0.57") . ‘

power of the asymmetric mode, the earlier the particles hit the Rint = 0.0254 x Fiy(HEM11) + 0.630

wall. In Fig. 7(c) and (d), the effective radius of the beam and R_(B, = 0.77")

the coupling parameter are presented as function of the input Rw =0.0186 x F;;,(HEM11) + 0.606.  (26)

power levels, where the guiding magnetic field is a parameter

(Bo =0.3,0.5,0.7). Fig. 7(c) shows the squared value of thé\ccording to these relations and assuming that the HEM power
coupling parameterd) at z/d = 0.75 versus the initial power build-up is known, it is possible to estimate the location where
of the HEM;-mode. This quantity is almost linearly correlatealectrons will hit the wall; again, we observe that by applying

to the HEM; input power for a variety of guiding magnetica stronger guiding magnetic field, we reduce the impact of the
field values; the curve foB, = 0.37 virtually overlaps the HEM;;-mode.

By = 0.5T data. In Fig. 7(d), we show the expansion of beam’s Our next step is to examine the effect of the modulation on
radius versus the initial power of the asymmetric mode for difhe performance of the system. The left frame of Fig. 8 illus-
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trates the TN, efficiency for a different beam’s modulations 0.10 3 0.65
(Ax; = 100°,140°,180°,220°, 260°,300°). In this simula- ' 0.64
tion, the HEM; power at the input is 0.5 MW and a guiding 0.08

magnetic field of 0.3 is applied. It is a well-known fact that 0.63

the efficiency associated with the symmetric mode is strong 0.62
dependent on the modulation of the beam at the correspond 0.06 =
frequency; this fact is also true in the presence of an asy = 0.61 &,
metric mode, as illustrated in Fig. 8(a), where high efficiencie 0.04 0.6 =
(>70%) are achieved with a modulated beatyy( ; = 100°). ;

The main problem with high-modulated beams is the strong ¢ 0.02 - 0.59
fect of the HEM-mode. For example, in the absence of th T 0.58
HEM;;-mode, the TN, efficiency is about 80%, but with the

former present®;,,(HEM;; ) = 0.5 MW], the simulation is ter- 0.00 : ‘ : : | 0.57
minated before reaching the end of the structure and thg Tv 100 200 300 400 500 600 700
efficiency reaches only the 70% efficiency. The reduction i I [Amp]

the symmetric mode efficiency may be more drastic because o Th i tém) and the effective radius of the b

. 1. 9. € coupling parameten) an e elfective radius o e beam as a
the HEM, PO_WGf may_reaCh h'gh levels, as we have alreaMction of the current (in Amps); the TM-mode is generated by a modulated
shown when investigating the build-up process. Moreover, thg ;| < 14x/18 beam.

impact of the HEM;-mode on the system’s performance is di-

rectly correlated with the coupling parameter, and the latter dgupling parameter and the effective radius to the current varia-
linearly correlated with phase-spread of the beam modulatiqyns atz/d = 0.5. Both parameters are almost linearly propor-
as illustrated in Fig. 8(b). tional to the beam’s current. Clearly, the impact of the HEM

The relation between both parameters is given by on the dynamics of the system is strongly related to the beam’s
properties (current and modulation), and again, in any design,
7w=0.3-—0.001A4Ax (27) we have to compromise between the same two constraints men-

tioned above.

whereAy; is expressed in degrees. From this last relation, it is ) )
obvious that any design has to be a tradeoff between two cén- ASymmetric Mode Suppression
straints; on the one hand, it is necessary to have small phasdt is evident from the former results that the HEMmode
spread to achieve high efficiency for the FMand on the other plays a destructive role during the interaction process. At best,
hand, increase the phase-spread to reduce the coupling toitingay prevent the system from reaching high efficiency, and at
asymmetric mode and avoid beam interception at the wall. Rworst, it deflects the beam to the wall. In order to suppress the
this reason, in the last part of this section, we shall examine wag/mmetric modeselectivedamping is required; by that, we
for suppressing the HEM-mode. mean that the damping mechanism is transparent tg Tikbde

The last parameter we investigate is the current. Changif88], [42], [44]; however, it affects dramatically the asymmetric
the beam’s current affects both the interaction coupling coeffnode. In order to envision the impact of such a mechanism on
cients ¢v; andas) given in (16), and as a result, the entire dythe interaction process, we may represent this mechanism by a
namics of the system varies. Fig. 9 shows the sensitivity of tdamping parameteg, that in the absence of the beam causes
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(TMo1 and HEM,). (d) The HEM ; power (in MW); the TMy; -mode is generated by a modulatad ;| < 147 /18 beam.

a decay corresponding to¢/7 of the asymmetric mode only.  In Fig. 10, we compare the performance of the system for dif-
Consequently, in the amplitude equation of the HEMhode, ferent values of the suppression paramet.01, 0.05, 0.5, 1,

we may replacédaz/d¢) — (daz/d¢) + (1/7)az; following 50, 500). In Fig. 10(a), we show the coupling parameter varia-

the same approach as before, we find instead of (21) tions for initial HEM;; power of 2 MW and guiding magnetic
field of 0.57'; this value is vanishingly small far = 0.01, and it

§3 1 cpy 1 T is well correlated with the envelope’s radius variations shown in

2 2 Fig. 10(b). Clearly, for values @ of 0.05 or smaller, the beam

1 y 7 1 in our system does not diverge. Both modes efficiencies are

2 a2tV 50+ 552 + 2 a28d2p2 shown in Fig. 10(c). The HEM efficiency diminishes rapidly

) <61> —o. (28) for small values ofz, whereas the interaction of the TMis

a2 very efficient, reaching the 68% level when the HEMs well

suppressed; for all of the values ®fplotted here, the curves

This expression ignores the driving terms in (20) and is useflthe TM,, efficiencies overlap; however, for high values of

to determine the eigenwavenumbers in a system with selectimeparticles hit the wall; therefore, the system has to be shorter.

damping. The dashed lines in Fig. 2 illustrate the spatial gron8pecifically, wherz = 500, the TM,; efficiency reaches the

per cell (in decibels) in the case of damping the HENMhode 50% level before particles hit the wall, whereasdos 0.01, it

(7 =~ 0.05 corresponding to 1.7 dB per cell in the absence of theaches the 68% level. The last graph shows the power associ-

beam). Two facts are evident: first, the “HEMIike” mode is ated with the HEM;-mode. It is evident that the interaction of

substantially suppressed, though not as we would expect frtme HEM; ; -mode with the electrons beam is not efficient at all

the cold attenuation; and second, the “giMike” mode is al- for 7 < 1, and the damping along the structure is stronger than

most independent of the, indicating that the “TN; -like” is  is the spatial growth associated with the interaction. This type of

close to the pure Tlyi-mode. damping may be accomplished by a series choked-loaded [45]
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cavities. These have a high quality fact@})(at the frequency linear with the initial phase-spread of the bunch; it de-
that corresponds to the Tgytmode and low? otherwise. Al- creases as this phase-spread grows. Both the beam radius
ternative ways of suppression of HEM-modes were discussed in  and the coupling parameter grow monotonically with the
[24], [25], and [42], and they include incoherence of the struc-  beam current.

ture, namely, a structure that looks periodic to the symmetric

mode but nonperiodic to the asymmetric one, differential ex- APPENDIX

traction and absorption. Using Ampere’s and Faraday’s laws and the expression for

the longitudinal components of the EM field given in (1), we
may deduce the transverse components of the EM field; the re-
sult is
A 3-D quasi-analytic model has been developed to invest%(rf)
gate the impact of an asymmetric mode on the dynamics of arv-*

IV. SUMMARY AND CONCLUSION

= - ’thglio(rﬂ") sin(wit — k1z; — 91) cos(¢;)

electrons beam injected into a traveling-wave amplifier. Based + il ’th/ pl1 (Dar;) cos(wat — kozi — ¢y — 2)
on this model, we were able to establish quantitative constraints .

to be imposed on the beam’s properties and on the guiding mag- : [/3ph7707‘12 cos(¢p;) — Ea sin(¢;)]

netic field to obtain high TN, efficiencies in spite of the pres- — fyphil(rﬂ Ysin(wat — kaz — @i — o)

ence of the HEM;-mode. The asymmetric mode may grow
from noise, and it may develop from slight asymmetry in the
beam or its misalignment relative to the rf structure or the asynE

[BprnoHz sin(¢;) + €2 cos(¢;)] (A1)

) _ — ypnElo(Tiry) sin(wit — kiz — 1) sin(e;)

metry associated with the input or output structure. The major 1 ¢ o 3 T (Tor 1
drawback associated with its presence is its ability to enhance - i we Vo Fprl1(Lari) cos(wat — kazi — ¢i — 2)
the beam blow-up in spite of the presence of a guiding mag- [BonnoHa sin(¢;) + Ea cos(y)]

netic field. Substantial reduction of the impact of the asym-

metric mode is possible by selective and local damping. Specif- +pnla (Uori) sinwat — oz — i — 92)

ically, here are the main conclusion of the present analysis: [/3ph7707‘12 cos(¢;) — Easin(¢;)] (A.2)
* The coupling between symmetric and asymmetric mode jg*f) — = fyph/jphgllo(l“ﬂ )sinwit — kizi — 1) sin(¢i)
determined by one parameterdefined in (22); its value
. . . _ 1 c
may vary from zero (no coupling) to unity in case of max ’Vphﬁphh(l“w Y cos(wat — kzi — i — o)

imum coupling. Ifz = 1, the components of the asym-
metric mode grow in space at the same rate as these of the )
symmetric mode. | [ﬁph o cos(¢s) + Ha Sm(d)i)}

* The effective radius of the beamn.] is dramatically af- — By (Do) sin(wat — kazi — i — 2)
fected by the asymmetric mode when the former is not Tphi1iL 2T S
modulated. For example, in the case of a uniform beam, . [@;h & sin(¢) — Ho COS(@)} (A.3)
electrons hit the structure after 40% of the interaction re-
gion (12 cm), whereas in the case of a prebunched beam:t)

1 .
. . ;= L3 v L(I " i - <5 7
electrons almost hit the wall only after 90% of the interac=" ¥ %’/P’ Eulo(T'yrs) sin(wit — k2 — 1) cos(y)

tion region (2.6 cm); the length in both cases was chosen 1 c
such thatthe TM;-mode reaches saturation in the absence e ’Vrh/ rli(Lar) cos(wat — kazi — ¢ — o)
of the asymmetric mode. Note that the absolute interaction &
length is longer in the case of a uniform beam. : |:/3ph —sin(¢;) — Ha COS(%)}

 The build-up of the asymmetric mode is controlled by the o ]
overall reflection coefficient (from both ends), its spatial - ’thll(rﬂ’i) sin(wat — k2zi — ¢; — 92)
growth-rate, and the local attenuation. ‘ .

* In case of an initiallyuniformbeam and for a given input [/ o COS(@) + Ha Sln((/%)} (A.4)

power (in both modes), the normalized efficiency (25) . . .
grows with the increasing guiding magnetic field, ThdNeresen = (wl/Ckl) = (wa/ckz) is the normalized phase
efficiency of the asymmetric mode may be substantialNeloCity, 1. = 1/4/1 — 32,, anding = / o/ <o.
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