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A three-dimensional model has been developed for the investigation of the coupling of symmetgig (TM
and asymmetric (HEM) modes in a high-power, high-efficiency traveling-wave amplifier. In the framework
of a simplified model it is shown that the coupling between these two modes is determined by a single
parameter that depends on the beam characteristics. For a specific set of parameters corresponding to operation
at 35 GHz, simulations indicate that an initial HEMpower of 0.5 MW at the input end is sufficient to deflect
electrons to the wall. The build-up of this parasitic mode is investigated over many round trips of the wave in
the structure and a threshold criterion for self-sustain oscillation is established. Finally a way for suppressing
the HEM,; mode is analyzed.

PACS numbds): 41.75.Ht

INTRODUCTION interaction in a high-power, high-efficiency traveling-wave
output structure. The build-up of asymmetric modes as a
Theoretical analysid1] and preliminary experimental very narrow bunch traverses an acceleration structure is un-
studies [2] indicate that implementation of a 35 GHz derstood but, to the best of our knowledge, there is no
traveling-wave amplifier based on a set of coupled cavities¢quivalent analysis corresponding to a traveling-wave ampli-
is feasible. However, beam power requirements and techndier where the longitudinal bunch is of the order of the wave-
logical constraints push the internal radius of the structurdé®ndth, its transverse size is several orders of magnitude
upwards such that when comparing the vacuum wavelengt‘r"f‘rger in the amplifier case comparing to an accelerator and
with a practical internal radiusR;,)), we find that at th&a  collectiveeffects play a dominant role. .
bandR;, is larger than the simple frequency scaling criterion . In this study we investigate . main aspects assoqgted
dictates. For example, a-band (say 11.66 GHy structure with the operation of a high-power traveling wave amplifier

may have a typical internal radius of 7 mm when driven by aoperatlng at 35 GHz taking into consideration also the lowest

beam of 3 mm radius. If we require comparable power level asymmetric mode (HEM). The extent the HEM mode is
. ' q pa P %estructive, is quantified in terms of increase in the effective
carried by the beam for a system operating at Klaeband

) adius of the beam. We also examine the coupling of sym-
(35 GH2 then the beam radius can not be reduced below 2,04 and asymmetric modes when the latter is selectively

mm and the internal radius of the structure may not be reg,pnressed by specific suppression technique discussed at the
duced below 3.5 mm. This radius is almost by 50% largefgnq of this study.

than the simple frequency scaling criterion implies.

The implications of large internal radius regarding opera-
tion with the symmetric TN; mode, were discussed in Refs.
[1] and[3]. In this study we shall focus our attention to the  Suppose that a bunched beam, generated by either a series
coupling with anasymmetrianode that may develop due to of cavities (klystron or a slow wave structure, is injected
asymmetries of the electrons’ distribution or asymmetries ofnto a uniform disk-loaded periodic structure. The structure
the structurge.g., feed system or output armr both. Such is designed so that the phase velocity of the interacting wave
modes are called hybrid electric and magné&M) modes generated by the bunched beam is synchronized to the aver-
and the main problem associated with their presence, is the@tge velocity of the electrons. The main interacting wave is
ability to deflect electrons to the wall. This phenomenon isthe TMy; mode, but as mentioned before in the Introduction,
well known in the accelerator communify#,5] under the due to asymmetry that may occur, we assume that one asym-
name of beam break-u@BBU). On the other hand, big ef- metric mode may develop. According to the dispersion
forts are directed in the design of the next linear collidercurves, the closest asymmetric mode to theyf khat may
(NLC) acceleration structure in order to suppress thesinteract with the beam is the low branch of the HEMode.
modes(see Ref[6], and the references thergin In order to analyze the system behaviors, we have to develop

Recently, pulse shortening was observed in high-powea set of equation describing the dynamics of the system. In
traveling-wave amplifier experiments conducted at Cornelthis work we present a simple quasi-analytic model that en-
University [7] and this triggered the current study in which ables quantitative analysis of the interaction of jjMnd the
we examine to what extent the HEMmode contributes to  low branch of HEM; in the presence of an electron beam in
the beam deflection to the wall in the course of beam-wavea traveling-wave amplifier. Within the framework of this

3D QUASI-ANALYTIC MODEL
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model the full three-dimension&D) motion of the particles  the azimuthal location of thith particle;a; , a, are the cou-

is calculated and their effect on the electromagnetic field iling coefficients defined a@ME(e|z{ét/mc2)(d2/wR%t),M

assumed to be only in the longitudinal directidD). Addi- ~ _ 1,2: T=JKZ— 02 andt=r/d. Ry is the radius of the
164, - - . eam

tional assumptions of the model include: positive group vey, : : ;0 . T
. ; . eam at the input where it was injected. The interaction im-
locity of both modesTMy; and HEM,,), their basic func- edance is defined &&= (wRZ%)|£|2/2P, where€ is the

tional form is preserve_d, t_he €nergy conversion 1 prlmarllyzmplitude of the zero’s harmonic of the appropriate mode
controlled by the longitudinal motion, and no electrons are . . i
reflected. and P is the total power that flows in the system in the

The total electromagnetic field propagating along thespecn‘|c mode. In principle, the coupling coefficiemtand

structure, is composed of three components, the rf field, th&he wave numbeK may vary in space, however, in the re-

dc collective field(space chargeand the magnetic guiding Sults that follow, we shall assume that the structure is uni
. . I ° form. The normalized rf forces calculated using Lorentz
field By necessary for beam confinement. Bearing in mind . i

X . .. force law are defined as follows:
that the system operates in steady state, assuming that it re-

mains in a linear regimésingle frequencyat all times, using

the Poynting’s theorem and the Newtonian equations of mo- (rf)
tion for the description of particle’s dynamics, the governing Fil= X 2 :A{ [1o(T;r)Re(ja,elxi)
equations read ’

+1,(T ;1)) Re(ja ez 1%) ]cod ;)

d — ,
d—g<i) = Jan(lo(Tare i),

Vay - ll(Frz_ri) Rqazeri'ZMi)Sin(d’i)]
r.
d ( a, ) Ja(Freinatio -
— | == Vax(1(Trye izl (1) ..
dé\ Ja, +B[ Izgz_r')Re(jazerin_"‘ﬁ‘) cos ¢;)
ri
d Ql d QZ i

=< Xi, =——K v TEX =——-K , A ) .
det By Y dETE B, ? _|1(F2r—i)Re(azeJXi,zJ¢i)sin(¢i)]

d 1 — . — : .
dgr= " >lail ol CiFp)eXiataply(For)eltiz i+ c.cl,
FUd

cuf)— Y _
d__ By d_ By, Fy,i T md& A

[1o(T1r)Re(ja,eXi1)

de T, deV B,

+1,(Tor)Re(ja el iz 14) Isin( ¢;)

iﬁ =—Q Py +QZL+EXH) 1,(T,r;)
dg ™ Pri P2v5iBai Bui - 1F2_' Re(azeiXi«zi‘f’i)cos(qbi)]
2f
d__ in 2 E E§’rf) | (F_
=0 2f) . I
dgPri=Oep, "oyt g T B +Bf = Re(jaelnz J‘ﬁ')lswi)
20

Hz,i =VYi _Hx,i _Hy,i'

In this set of equations the first two lines include the am-
plitude dynamics equations, followed by the phase dynamics
equations and the single-particle energy conservation, the . oo
last four lines represent the dynamics equations of the pary—"here f‘z_ Ypn(1=B2iBpn);  B=—]Ho¥on(Bpn=Bz,).
ticles’ transversal location and their normalized momentumanc”'—(o,= 10H21E; WhereHt, is the magn_et|c field amplitude
Pri=Bxi» Dyi= By, andp,, =B, ; indices 1 and 2 of zero's harmonic of the HEM mode; B, is the phase
represent the Tlyj and HEM,; modes correspondingly; - -) velocity of both modes.
represents averaging over entire ensemble of particles. The
other definitions used here age=z/d,x=x/d,y=y/d, d is
the total interaction length)= wd/c,).=ecByd/mdc?,

+1,(T ) Re(azelXi 2”1 %) cog ¢i>] : )

SIMULATION RESULTS AND DISCUSSION

) Let us first consider the coupling between the modes due
02= 170 d i to an asymmetry in the beam, ignoring the transverse motion.
P mcle TRpeam Bph’ This enables to determine the spatial growth of the combined
modes. Based on Ed@l), the spatial growthof the system
K=kd,a=efd/mc,y,=(1— 8% 2 x; ,is the phase of the may be deduced by taking twice the derivative of the ampli-
ith particle relative to the Ty} mode whereay; , is the  tude equation and substituting in the equation of the motion;
phase of the same particle relative to the HENhode;¢; is  the result is
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d3a1 j 1.0 ; ‘
e + E[(alﬂlpl)a1+ (a1Q,U)ay] "TM, " (lossless)
a, = 08T TS T o)
=—q, (__ Kl) e Ixig O(Flr_i) ; % "HEM“" (lossless)
Bi 2 06 i
E
d®a, ] * S s
d_gs“‘i[(azﬂzpz)az"‘(azﬂzu )ai] = :
Q 2 ‘% 02 -
s—a2< (FZ— K2> e—iXilz+J¢ill(F2r—i)>, et
! 0.0 L L L L o~
where 0.0 0.2 0.4 - 0.6 0.8 1.0
u
plE<|(2)(F1r_i)(7i,8i)73>a FIG. 1. The spatial growth per cell versus the coupling param-
. . eteru as defined in Eq(5). Solid line: growth rate without HEM
U E<e7J(Xi,17Xi,2+ ¢i)(7ilgi)*3| ool 1(F2r_i)>1 mO(j(e daomg)si?g. Dashed line: spatial growth with HEM mode damp-
ing (o~0.05).

P2=(15(T o) (7))
_ _ growth per cellg.=(L/d)20loge"%/?) as a function
and the terms where the phase varies rapidly were neglecteg i parameten. The parameters in this simulation are
Ignoring the two “noise” terms in the right hand side of | _ 3 A, V=850 KV, R,=3.5 mm, Rey,=5 mm,

both equations, we may calculate the eigenwave number ,=2 mm, L=1.98 mm, fr, =35 GHz, fuey. =38.63

the coupled system, by assuming solutions of the farm Mgy HEMy; 01 ) 1

—a.e 1% anda,=a,e IS¢, hence GHz, Z, *=374Q, Z; ~*'=1.61 K}, and it was assumed
that the electrons have a vanishingly small velocity spread.
When the modes are completely correlatec=(L) the spa-

a tial growth of the HEM;-like mode is zero whereas the

1 1 a =0. (4  TMgylike is slightly larger than the case when there is no

= QU S+ = a,0,p, 2 coypllng {U=0). Although, the HEM;-like wave becomes

2 2 unimportant, we have to remember that the gJ\ike mode

is not a pure TN; mode but rather a hybrid of T and

7 X HEM;,, therefore, the impact of the HEM’s components are

the coupling between the cold-structure eigenmo@@8o;  gestructive since it has the same spatial growth as the pure

and HEM,). From its definition it is realized thad is de- 1 they share the same eigen wave number. In order to

termined by the correlation between the two phase§ysirate the impact of these two coupled modes on the

(Xi,1,xi,2) and also by the correlation of the azimuthal, radialheam, we consider next the 3D model that enables to exam-
and momentum distribution of the electrons. When the couine the development of the beam expansion.

pling between the modes is zero, each one of the modes Figure 2 shows the build-up of the HEMpower at the
(TMo; and HEM,,) develops independently according$3 input versus the number of round trips for several values of

+S7=0 or S*+S5=0 whereS =3,0,p,. As evident the overall reflection coefficient (output and input endof
from Eq. (3) the coupling between the Tjfland HEM,; is

controlled by a single parameter

83+£aﬂ 1aQU
51 1P1 5 @131

As clearly revealed by this matrix, the tefthrepresents

600 : .
" . .
— fUu 500 L p=0.9", !
P1P2 — . p=0.84 *
. B B S a00- PP 0?, p=0.7"
(e 1 xi2= 9 (o B) "3l o(T 7)1 (T'21)| - ; o
= — — ) EZ 300 - : PO
VOB (180 HOATT(18) %) : Soos s
since the solution of the coupled system can be determined = ,." o ’
from S3+S3 =0, where 100 - B 1
N HEHEE
1 1 0 s Y f i |
Si=-5(SI+S)=5V(S-S)*+4SSU°. () 2 4 6 8 10 1
2 2 No. of "round trips"
In these expressiorS, corresponds to the HEMike so- FIG. 2. The HEM; input power for several overall reflection
lution since at the limitu=0,S, =S, whereasS_ corre-  coefficients(p), versus number of round trips during the pulse du-
sponds to the TM-like solution. ration. During one pass the efficiency of energy conversion into the

The solid-lines in Fig. 1 illustrate the variation of the TM mode approaches the 70% level.
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FIG. 3. The radius of the envelope for several HiNjower FIG. 4. The coupling parameter for several HEMower levels
levels at the inputkW). at the input(kw).

the structure. The TH mode is generated by a modulated ~ Accumulation of electromagnetic power in the asymmet-
|xi 1/ <7m/18 beam and it reaches efficiencies of 70%; theric mode causes beam’s expansion and eventually electrons
other parameters are as above and in additdler2.3cm.  may hit the structure’s wall. In order to examine this process
Clearly for sufficiently high overall reflection coefficiept  we shall consider next the interaction during a single pass for
the power at the input reaches the 0.5 MW level after ordee specific HEM power at the input end, allowing transverse
of 10 round trips in the structure. Here it is tacitly assumedmotion. Figure 3 shows the radius of beam’s envelope
that it is difficult to tune the structure at both frequendies  R./R;,=2(d/R;,)(T;), for several initial HEM; power lev-
TM and HEM). Consequently, since the structure is tuned toels at the input; the simulation is terminated if one particle
the frequency of the Tly} mode, the reflection coefficient of hits the internal radius of the structure. In order to observe
the HEM mode from both ends of the structure is expected tehe correlation between this quantity and the coupling pa-
be relatively large; values of 0.7-0.9 are feasible. rameteru, defined in the context of the 3D model, we plot in
Based on these arguments we may evaluate the threshofig. 4 the latter for the same simulation. As revealed by these
current necessary for the occurrence of self-sustain oscillawo figures, the correlation between beam’s envelope and the
tion of the HEM mode. If the amplitude of the latter at the coupling parameter is evident. Moreover, since R;;E'EM)
input end is A,, then at the output end it reads =0.5MW the simulation terminates before the end of the
Aze 1%2(e715+/3)—see Ref[8]; at this point the wave is structure ¢=d), clearly there are particles that hit the struc-

reflected p,,) towards the input end. As it reaches the start-tyre. It is important to emphasize that the beam expands even
ing point, the amplitude of the wave reads

A,e K2(e715+/13)p e ®2p;,. Ignoring ohmic loss, self-
sustain oscillation may occur if the absolute value of this
quantity is larger thahA,| consequently, the threshold value
is determined by the condition I'&()=—In(p/3) where the
overall reflection coefficient associated with the HEM mode
is p=|pinPoud- An upper limit of the threshold current may
be evaluated if we notdbased on Fig. 1l that Im(S,)
=Im(Sy), namely, the spatial growth rate of the combined
modes is similar to that of the Tj{ in the absence of cou-
pling. As a result, the necessary condition for avoiding self-
sustained oscillation reads

Al
_n p—
V3 3

The overall reflection coefficierip) is directly related to the
quality factor [Q"EM] of the structure by p

= (QFEWBTEM ), — 1)/ (QFEWBTEW/ O, +1)  where
BHEW is the normalized group velocity of the HEM mode.
In order to have a measure as of this threshold current we g 5. superrisHsimulation of a set of choked loaded cavities
calculated t_he v_alues corr_espondlng to the simulation resultgsed to form a periodic structutperiodicity of 1.8 mm, disk thick-
presented in Fig. 2. Their values alg(p=0.9)=360A, ness of 0.9 nm, phase advance per celirif, internal radius of 6

lin(p=0.8)=480A, andly(p=0.7)=640A; in case of @ nm and stub of 2.2 nin The system is designed to operate at 35
modulated beam these values may be readily exceeded. GHz.

2 7P2 mce

Op; &2 7Mor: (7)

int

I<lp=
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when the HEM; is “turned off,” however, with the latter In order to illustrate the potential of a series of a choked
“on,” its expansion speeds up. loaded cavities for the mode suppression we examined an
It is evident from the former results that the HEMnode ~ “open cavity” with stub tuner. For this example we consider
plays a destructive role during the interaction process. Foonly symmetric modes thus we usePERFISHtO calculate
suppression of the HEM mode,selectivedamping may be the first four resonances and corresponding quality factors;
introduced, i.e., that is a damping mechanism that is trangthe electric field distribution at 34.8 GHz is illustrated in Fig.
parent to TM; mode[3,9]. This can be represented by a 5. The quality factor at 34.826 GHZ was found to be 1720
damping parameterg, that in the absence of the beam, whereas at three other eigenfrequencies 11.1, 22.8, and 44.4
causes a decay correspondingetd’”. Consequently, inthe GHz, the quality factor is at least one order of magnitude
amplitude equation of the HEM mode we may replace smaller, namely, 60, 72, and 112 correspondingly. Although
da,/dé—da,/d¢{+(1/o)a,. Following the same approach these are only symmetric TM modes, we anticipate a similar

as before we find instead of E(#) behavior for nonsymmetric modes.
1 1
Sg'f‘ Ealﬂlpl ECY]_Q]_U .
a1 _g CONCLUSIONS
1 j 1 a '
EaZQZU* S3+ 1;824— > a0 55 In conclusion, the design of a high-power, high-efficiency

) traveling-wave output structure should account for the effect
of the asymmetric modes that the beam may interact with.
The dashed lines in Fig. 1 illustrate the spatial growth pefThe coupling between the symmetric and asymmetric modes
cell (in dB) in the case of damping the HEM mode  was shown to be controlled, in the 3D case, by a single
~0.05 corresponding to 15 dB per cell in the absence of th@aramete{see Eq.(5)] that reveals good correlation with
beam. Two facts are evident: first, the HEMlike mode is  HEM,, buildup. When substantial power associated with the
substantially suppressed though as well known in traveling.||5|\/|11 mode accumulates in the output structure, it may
wave tubes role that the damping of the active interaction igause deflection of the beam to the wall. A threshold crite-
lower than the cold attenuation. Secondly, the gHke  rion was established for the conditiécurren} necessary for
mode is almost independent of the indicating that the self-sustain oscillation of the HEM mode to occur. And

TMyy-like is close to the pure Tly] mode. finally a way for suppressing the HEMmode using choke
This type of damping may be accomplished by a series ofnode cavity was introduced.

choked loaded10] cavities. These have high quality factor

(Q) at the frequency that corresponds to thegfMhode and

low Q otherwis_e. Alternz_;\tive ways of suppression of HEM ACKNOWLEDGMENT
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