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A Three-Dimensional Multifrequency Large Signal
Model for Helix Traveling Wave Tubes

David Chernin, Thomas M. Antonsen, Jr., Baruch Leyi&nior Member, IEEEand David R. WhaleyMember, IEEE

Abstract—A three-dimensional (3-D) multifrequency large charge electric fields. Such 1-D treatments of the beam-wave in-
signal model of the beam-wave interaction in a helix TWT is teraction are generally adequate when there is little or no beam
described. The beam is divided into a set of discrete rays, or gynansion or contraction in the interaction space. When this is
beamlets”, instead of the disks or rings used in one-dimensional . . ) .

(1-D) or two-dimensional (2-D) models. The RF fields supported not the case, twq-dlmenS|onaI (2-D)or three_—dllmensmnal (3-D)
by the helix are represented by a tape helix model that uses a models are required to make accurate predictions of TWT per-
modal expansion including the full (Bessel function) radial de- formance, since the interaction strength between the beam and
pendence of the fields; both forward and backward synchronous the circuit wave is sensitive to the distance from the beam to
space harmonics are included in the model. RF space charge fleldsthe helix, where the RF fields are strongest. Two-dimensional

are obtained from solutions of the Helmholtz equations for the . .
RF electric and RF magnetic fields, using the beam current and MOU€ls represent the beam as a series of rings that may expand

charge densities as sources. The dc space charge electric field i§adially, as well as move axially. Two-dimensional models are
similarly obtained from a solution of Poisson’s equation. therefore able to simulate the self-consistent motion of the beam

This model has been implemented in a code called CHRISTINE jn actual magnetic focusing fields. Since they include radial mo-
3D, ageneralization of the one dimensional CHRISTINE code. The i - simulation codes based on these models can be used to
full three dimensional treatment permits the accurate computation dict helix int fi tand the t distributi
of large signal gain and efficiency, taking into account the self-con- predicthelixin ercep lon Curr_en an ) e_ ransverse_ Istribution
sistent variation of beam radius along the interaction space. The Of the spent beam—information that is simply unavailable from
code also computes helix interception current and transverse beam a 1-D code. Finally, 3-D models like the one described in the
distributions at the entrance to the collector—important design present paper further subdivide the beam into rays or beamlets,
data that are unavailable from a 1-D model. each launched with a different initial azimuthal angle. This an-

Results from the CHRISTINE 3D code are shown to compare | lution i ired if th delis to b dt |
very favorably with measurements of output power, efficiency, and 9U'@r resolutionis required irthe modet s to be used to analyze
interception current vs. drive power. Its predictions for spentbeam the synchronous interaction of the beam with a backward wave
distributions also compare very well with measurements. spatial harmonic, as described in Section II.

Run times for the code are problem dependent, but for a single | arge signal analysis of TWTs generally dates from the work
case of interest are typically 1 to 5 min on a 450 MHz PC, orders of Pierce [1] and of Rowe [2], who developed the theory upon
of magnitude shorter than that required for a comparable 3D par- hich the 2-D simulati des by Detweiler 131 D |
ticle-in-cell simulation. which the 2-D simulation codes by Detwei e_r[ _]_, aytetral.

[4], and MacGregor [5] were later built. A significant body of
work on large signal analysis, not widely known in the West,
has also been done in Russia [6]. The Detweiler code, long
an industry standard, is a single frequency model. MacGregor

|. INTRODUCTION generalized Detweiler’'s approach to treat multifrequency input
ARGE signal models of traveling wave tubes may gene’?lggallsge also mzéde s(;)msi”r;%r_or:emedntls m(’;he?space cr:arfge
ally be classified according to the number of spatial dimefli0¢€!. Dionneé produced a 1-L disk model code [7] as part o
*Hﬁ study of wide band TWTs and a novel sectored disk model

sions used in the representation of the beam and the fields w Le 181 desianed t | backward illation. Bird
which the beam interacts. One-dimensional (1-D) models, &P € [8], designed to analyze backwar wave oscriation. bird-
and collaborators have developed a time dependent, 1-D

example, represent the beam as a sequence of disks or ringsstﬂgt . ; .

are constrained to move only axially, along the interaction spa _g,rtlcle-ln-cell (PIC) code [9]. Two-dimensional PIC calcula-

in response to the (radially averaged) axial circuit and spaté%ns of TWT$ have also been reported [10], [11], but these are
very demanding of computer resources. Freund and collabora-
tors have developed two 3-D helix TWT codes, one a time de-
pendent code [12] and the other a steady state, frequency do-

Manuscript received May 31, 2000; revised September 7, 2000. This Wqikgin code [13], [20]' [14]_ Other, proprietary codes have been
was supported by the Office of Naval Research. The review of this paper was

Index Terms—Helix, large signal, multifrequency, simulation,
space charge, three-dimensional, traveling wave tubes.

arranged by Editor D. Palmer. produced by micr_owave tube manufacturers and used in the de-
D. Chernin is with Science Applications International Corporation, McLeavelopment of their products.

VA 22102 USA (e-mail: chernin@apo.saic.com). __Two of the present authors have developed a theory for a 1-D
T. M. Antonsen, Jr., is with the Institute for Plasma Research, University ?f . . . .

Maryland, College Park, MD 20742 USA. arge signal multlfrgquency helix TWT model and have imple-
B. Levush is with the Naval Research Laboratory, Washington, DC 2031aented that model in a code called CHRISTINE [15], [16]. That

USA. o . . code initially used a sheath helix model to represent the cir-
D. R. Whaley is with Northrop Grumman Corporation, Rolling Meadows, IL_ .. . .

60008 USA. cuit fields, but a tape helix model [17] was recently added. The
Publisher Item Identifier S 0018-9383(01)00297-0. present paper describes the generalization to three dimensions

0018-9383/01$10.00 © 2001 IEEE



4 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 48, NO. 1, JANUARY 2001

of the large signal theory used in CHRISTINE, and its implaedimensional codes and full 3-D codes, like CHRISTINE 3D,
mentation in a new code call&@HRISTINE 3DThe tape helix however, must provide either an internal model of the fields or
model and the RF space charge model used in CHRISTINE 8@ able to import some representation of the actual fields. Here
are new and are in large measure responsible, we believe, i@ will assume that these fields are available in some form to the
the excellent accuracy achieved by this code when its predsimulation and we will not say much more about them.
tions are compared with experimental measurements. The circuit fields are produced by charges moving on the
Strictly speaking, the CHRISTINE 3D code is presently aurfaces of the metallic structure surrounding the beam. These
2-1/2-D code, that is, while all three spatial coordinates of eafiblds are solutions to Maxwell's equations in vacuum, with the
particle are followed by the code, all RF and dc fields are asppropriate boundary conditions on the surface of the structure.
sumed to vary only itwo dimensions« andz). The theory on We represent these fields in the generalized Floquet form as
which the code is based, however, as presented in Section Il w
is fully three dimensional, allowing fields to vary th as well  E.f(x, ¢) = Zt = Au(#)en(x)

as inr and z. This 3-D theory is necessary to treat the syn- w )
chronous interaction of the beam'W|th.a spat}al harmonic Qf cexpli / koo(2)d7 —wt )| +ce (la)
a backward-going wave, as explained in Section Il. Not until 0

these backward wave interactions are incorporated in CHRIS _ LW
TINE 3D will the code be truly three dimensional. These addi-B”f(x’ B= Z;L c Aul2)bo(x)
tional code developments are underway. We felt, however, that z
it would be worthwhile at this time to present the full 3-D theory - exp [t </ kow(2')d? — wtﬂ +c.c. (1b)
and the results from the present version of the code, which en- 0
courage us to proceed to the next step in its development. whereE,¢(x, ) and B,¢(x, t) are the electric and magnetic
The model presented here and implemented in the CHRIfIds, ande.(x) and b..(x) are dimensionless solutions to
TINE 3D code is a steady state model in which all RF quantitiégaxwells equations for frequeney and propagation constant
are assumed to have a common period. This means in partic@lar. ¢ is the speed of light in vacuum. We take, to be
that all signal frequencies are integer multiples of a commeeal; circuit attenuation is accounted for separately, below.
frequency, which may or may not itself be one of the signal freo allow for slow axial variation (tapering) of the slow wave
quencies. In principle this limitation is not very restrictive, sincetructure, the propagation constant, is taken to vary slowly
even input signals carrying complex modulations in amplitudgith axial distance; by “slow axial variation” it is meant
and phase can be Fourier decomposed into a series of pure OMRE: |0k...(2) /02| < |k..(2)]%. The functionse,(x) and
However, as a practical matter, a fully time dependent codeys (x) are periodic with the local helix periodi,, is the field
needed when the Fourier spectrum of the input signal becomggplitude; it has units of vector potential (Gauss-cm). In the
broad, as in the case of some digital modulation schemes. presence of the beam it too will be taken to vary slowly with
The present paper is organized as follows. Section II, fol: The sums in (1a) and (1b) are over a discrete set of real
lowing this section, , presents our formulation of the large signgbquencies, all of which are assumed to be integer multiples
theory of helix TWTs in three dimensions; this formulation igf 5 |owest frequency,. All RF fields, therefore, are assumed
mostly, but not completely, a straightforward generalization @4 pe periodic with periocr /wy.
the treatment presented in [15]. Section Il illustrates a numbergg, 5 specified frequenay, which we take to be a positive

of comparisons that have been made between measurementsanth mperg.., is determined by the cold helix circuit disper-
code predictions. These comparisons, which are quite favoradgy, rejation. Ifk.., is a root of the dispersion relation, then so
include output power and helix interception current vs. drivgre(

UM ' +k. +nkyg) whereky = 27 /p is the wavenumber cor-
power and the form of the spent beam distribution. A final sefs

. . X > onding to the helix perigglandn is any integer. Without
tion summarizes our results and describes plans for addltlonép g perio y g

) s of generality, we taki...| < n/p.
development of the model described here. Traveling waves are usually characterized by their dispersion

relation (relation between frequency and wavelength) and by
Il. 3-D LARGE SIGNAL THEORY their interaction impedance (electric field strength per unit

The total electromagnetic field acting on an electron prop,ﬂpwer)' .In one dimen;ion, when the only structure field.of
gating in the interaction space of a TWT is composed of thrdgerest is the longitudinal electric field, it suffices to specify
parts. These are 1) the externally applied focusing field, 2) tR8!Y Phase velocity and interaction impedance for each signal
helix circuit field, and 3) the space charge field. All of thesd€quency. In three dimensions, as we shall see, when all six

fields act on the beam while the beam is interacting with tH&Ctor components of both the RF electric and magnetic fields
must be included, additional information in the form of the

helix circuit; only 1) and 3) act on the beam in a sever region. - , ’ .
The field used to focus the beam is generally a dc magneﬁ@gnetlcﬁeld strength per unit power is required to compute the

field produced by coils or permanent magnets positiondd! SetOf structure fields. o ,
outside the vacuum envelope. One-dimensional treatments of N€ POWer flowing along the helix circuit may be obtained by
beam-wave interactions assume that the transverse focugiHgstituting (1a) and (1b) into the expression for the Poynting
strength of these fields is so large that transverse beam motii¥- The resultis

may be neglec_ted.. Qne—d|mgn3|onal codes, thgrefqre, do not P= POZ law(2)|? = ZPM )
need any quantitative information about the focusing fields. Two ” ”
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where a normalized wave amplitude has been defined as 08 I\ L /IN D /A
A, s F -

aw(z) = % chg Aif/[?w (3) 06 [ \ / \ /Z/ beam

and where the normalization constant is / ! / fomf?rd’ / bacqward, ]
It N "TOWK b1/

e () INZNRZ

=1.386 x 10*° ergs/s

=1.386 x 10° watts 4) | / v g /

0 bl Lededed bk ded. [l
whereq andm are the electron charge and mass, respectively. 15 A -0.5 0 0.5 1 1.5
An effective area of the mode has been defined in (3) as Wy
O — % / A’z 3 (el x by, +e, xbl). (5) Fig.1. Interaction of the beam with the zeroth space harmonic of the forward
’ wave and with the first space harmonic of the backward wave. The frequency

|i§enormalized tof2 -, the frequency at which the slow wave wavelength would

The integral in (5) is over the entire plane transverse to tequal the helix pitchp. The wave number is normalizedtg; = 27 /p.

z-axis. In the following we will drop the subscript

If we consider the fields within an imaginary cylinder cen- . . . . .
tered on the--axis. with a radius less thanqchat gf t>r/1e helix. th&tll in CGS units. The factor of 2 in the numerator is due to the

functional forms ofe(x)andb(x) may be simply expressed indeﬁ_nition O.f thle ﬁeldj alsba |Sl:cn:| of a ?]uantity and its complex
cylindrical coordinates. In particular, if we assume helical Syng_onjugate in (1a) and (1b). It follows that

me;[_ry fg?hﬁ fields, we may write thecomponents of the nor- A120) k, Ko (ro)\ w2

malized fields as _ ot |Cin T (omro) \ an/ec .
e.(r, 0, 2) = Z e.n(r) exp[—in(6 — kgz)] (6a) These impedances can either be computed using a tape helix
n=—co model or measured experimentally. Once they are known, the

i axial normalized electric field;,fl/2|em(r)| is known for allr,
bo(r, 8, 2) = Y ben(r) expl—in(6 — krz)]  (6D) ysing (10a) and (12).
n=-00 In order to obtain the transverse fields for use in the 3-D equa-
whereky = 2r/p is the wavenumber corresponding to th&ions of motion, it is necessary to know the axial magnetic field
helix periodp. The transverse field components then follovas well. To this end, it is convenient to define a quantity analo-

from Maxwell’s equations: gous toK,, for the magnetic field
g n w 2
2 N A NP . o .
o) = Zthn g canlr) = bl 720 ey PEALat0] et
n iw 9 Ln(ro) = (4_> 2K2P, T e Y
Vegn(r) = ——kpen(r) + — o bon(r) (7b) Q ntw T Rpleft
) n 7w © 9 ! where we have introduced the fact@y/4x)? in order to give
Yabrn(r) = poon ezn(r) — iy o bon(r) (7¢) L, the dimensions of admittance. THg,may also either be
) w8 n calculated using a tape helix model or measured, though such
Tnbon(r) = =1 — o ean(r) = = knban(r) (7d) measurements have not ever been performed, to the authors’
where knowledge. It follows that
_ _ 2 Ln(ro)\ /2
kp = k. +nk 8 A=Y 2100) — n n 14
H ( ) efl | zn | In,(’YnTO) 6/471' ( )
and where the radial propagation factor is defined by which, with (13), (12), (11), (10a), (10b), (7a)—(7d), (6a), (6b),
0,2 W2 and (1a), (1b), give all of the circuit fields everywhere within
N =k — —. 9)
" T2 the beam.
The axial components of the fields have simple representationdt remains only to find the equation governing the evolution of
in any region containing the origin. These are the normalized mode amplitudg (2) as the wave interacts with
() the beam. The development of this equation follows the standard
CZ"/(T) = ezn In(’}/nT) (108) H 1 1 ’ H
© derivation of Poynting’s theorem, as shown in reference [15].
ban(r) =25 In(Var) (10b)  The general result [15, Eq. (7)] is
where egﬂl)and b§92 are constants and, (z) is the modified d
Bessel function of ordex. e “(z)> 0 ()
ei?,? may be expressed in terms of the interaction impedance i
of the mode defined at some reference radiyslefined as = T </ Az, J(x, t) - e*(x)
2 ARy

w
2= A, e.n(ro) dr lea (ro) |2 ) z
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where fields, and the ability to compute BWO thresholds, will be in-
alz) attenuation per unit length; cludedin afuture release of the code.
Iy Alfven current (nc?/e); We denote the index of the synchronous spatial harmonic as

J(x, t) isthe beam currentdensity, and the angular brackets (= 0, or 1) and write
denote averages over the temporal period of the ra- ..

diation and the spatial period of the structure. kn, (2)d2' — wtp(2)
We now write the current density as a sum over particles (in-'© .
stead of a sum over disks, as in reference [15]) = / <kn (#') — &) 47 4w < z tk(z)> . (20)
0 ° V=0 Uz

J(x,t) = Z avi(®)6P (x1 — x11(0)6(2 — z(t) (16)

k We define two slowly varying functionsy,, (=), andey ()

where Y A w ,
O harge A= | (km(z)——) 2z (21)

xx(t) = position of particlet at timet;

(x1r(t), 2x(t))

v,(t)  velocity of particlek at timet. Yr(z) =w < c tk(z)> ) (22)
Substituting (16) in (15) and performing the integrals oxer
and t gives, for the right hand side of (15)

Note that the quantity,,, (=) is the same for all particles. It is
therefore computed and stored by CHRISTINE 3D at initializa-
tion time, and used where needed as the simulation proceeds.

S <V’“<z) & (x1(2))

, 1/2
La kCT va(2)Aeg (%) The final result for the field equation is written as
- exXp |:—L </ /{}Z(z’) dy — wtk(z)ﬂ > (17) i + Oé(Z) a(z)
0 5 dz
where the sum is now over all particles that enter during an RF _ 2mi IkM
period, T, I, = qi/T is the current associated with “beamlet” Iy 52 va(2) AR (2)
k, and all particle positions and velocities are now functions of exp[—i(An, (2) — ns0i(2) + ¥(2))] (23)

z; t,(#) is the arrival time of particlé at~. In order to perform
the remaining average i over a helix periogh, we expand the Note the azimuthal dependence of the field amplitude for the

electric field as in (6a), to obtain synchronous backward wavey(= 1). Itis this dependence that
. results in the requirement for a fully three dimensional code to
2m Z Z I, vi(z) - 912,2(7%) exp | —i (—nfi(2) properly anallyze the BWO stability _of a helix TWT. .
L4 e UZkAei/T The equations of motion that are integrated together with the

. field equation are most simply expressed, and numerically inte-
+ / Ky (2') d2’ — wtk(z))] > . (18) Orated, in Cartesian coordinates
0
# d qk 1
If we assume that the transverse particle position and velocity; Pi(2) = v <E(T’“’ z) + E(V’“(z) x B(r, z’“))) (24)
do not change much within a structure period, then the only term
in the sum over in (18) that will survive the averaging process

over z is a term for which a4 Yn(z) = w 11 (25)
dz Vz0  Uzk
W~ knvzo (19)
where
for some value ofr, wherew.q is the average velocity of the py momentum;
beam. This clearly means that the beam is synchronous with the;, velocity;
nth spatial harmonic of the wave. Traveling wave tubes are de-(rx, 2) location;
signed to satisfy (19) for = 0 since the interaction impedance g charge of thekth particle.

K,, decreases rapidly with increasing valuesnofHowever, In (24), the time dependence of the fields is convertegttie-
synchronism can also occur with the first spatial harmonic pendence by replacing the tinewith the arrival timet;(z.)
the backward wavei{ < 0; ky = k. +kg), as shownin Fig. 1. of particlek at 2. Equations (23)—(25) become a complete de-
The interaction with the backward wave, if strong enough, cacription of the steady state large signal model once the space
lead to backward wave oscillation (BWO) near the frequency elharge fields are included in (24).
whichthe beam line crosses the backward wave spatial harmonicThe space charge fields, produced by the charges in the beam,
We will carry along both cases,= 0 andn = 1, togetherinthe are generally the most difficult to treat. This is because the full
following, with the understanding that the total field is just theet of Maxwells equations must be solved, using the beam cur-
sum of the forward and backward wave synchronous fields. Natnt and charge density as the source terms, subject to suitable
however, thatthe present release version of CHRISTINE 3D ddesundary conditions on the helix surface. Care must be taken
notinclude backward wave fields; inclusion of backward waveot to double count the circuit fields, whose rate of increase is
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Fig. 2. Beam phase space plots with PPM focusing and zero RF power applied to TWT input circuit.
. ; ¢ 4, N
also proportlon_al to beam current [(23)], when computing th%L S i i [k <—V¢Bz LA JJ.) kot x VLEZ}
space charge fields. k% — kg ¢
The space charge field model in CHRISTINE 3D is that of a (28b)

beam modulated at frequengyand wavenumber
which follow directly from Maxwell’'s equations. In general,

k=wfv.o (26) the number of frequencies used in computing the space charge
tained withi th eviindrical i ith i fiﬁlds is larger than the number of frequencies retained in the
contained within a smooth cyiindrical pipe with a radius equ%é;ansion of the circuit fields. This is because as the bunching

to the helix radius. This model was adopted after results using 8.0 hes stronger, more harmonics are needed to represent the
more complete model of space charge fields produced by a be ce charge fields accurately

surrounded by a sheath helix, used in the original CHRISTIN The dc radial electric space charge field is obtained from a so-

colq N d['15]i [1.6]’ we(rje lsTO\;th tggeR'SnTﬂ\?ézggree dm?r;:]w'th ,tari?tion of Poisson’s equation for the electrostatic potential. If this
cylndrical pipe modet. In the . model, e axias | tion varies in, due for example to a varying beam or helix
electric and magnetic fields are obtained from the HeImhoIF

. . ﬁdius, then the resulting axial self electric field is also included.
equations with the beam source terms

No dc beam self-magnetic fields are included in CHRISTINE

) 3D; dc self-magnetic forces are of ordetq/c)? compared to
2 2 2 —
(VL +ky — k5B, = —T(kon —kep)  (278)  geif electric forces.
4r . A test of the dc space charge model is illustrated in Fig. 2.
2 2 _ 12 _an .
(Vi +ky — k5B = c Vi-zxJy (75) 11 this simulation, a 4 kV, 130 mA beam is injected into a PPM
where field. No RF signal is applied. The top plot shows the axial mo-
ko = w/c menta of all particles as a function of distance along the inter-

action space. Since there is no signal applied, the momenta of
; . Il particles remains constant. Note that there is no azimuthal
beam charge density and anp(i(kz — wt)) depen- &' P& T :

P g y pi( )) dep variation of any field in this case, so there is no need to launch

dence has been assumed for all quantities. ; o .
CHRISTINE 3D computes the source teqrm on a fixed radigr’;\rtlcles with different azimuthal angles. The CHRISTINE 3D
ode acts similar to a 2-D (“ring”) code under these conditions.

grid using a particle-in-cell type of charge and current distrlz resulting Brillouin flow is illustrated in the lower part of the
bution algorithm, then solves (27a) and (27b) for and B, S g
- gor! ves (27a) (27b) figure. The absolute value of the axial field on axis is plotted

using a tridiagonal solver, with boundary conditiolls = 0 i N : . .

andd B, /0r = 0 at the radius of the helix. Once the axial field®S @ function of position in the middle section of F',g' 2 and

have been found, the transverse fields are computed using plearly shows thg PPM structure. The sma[l beam ripple seen
in the lower plot is a result of this magnetic field structure.

The effect of RF drive on the particle orbits can be seen in

g. 3. In this case an RF drive of 27 dBm was applied to the

J beam current density;

i R 4
E, = m |:/$0 <Z xV,.B, + ?JJ_> _kVJ_Ez:| (283.) Fi
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Fig. 3. Beam phase space plots with PPM focusing and 27 dBm RF power applied to TWT input circuit.

60¢ __power profile _ matic improvement in attainable efficiency was predicted. The
: optimized circuit obtained by the code was built and tested in the
TE‘ 50 9 DVT TWT and it achieved precisely the 42% circuit efficiency
) predicted by the code, proving that high circuit efficiency circuits
T 40 ] can be accurately designed with the CHRISTINE optimizer. Not
o 30f ] unexpectedly, this very high efficiency TWT exhibits large in-
2 tercept currents as the input drive approaches saturation where
S 20 3 the energy extraction and beam perturbation is the greatest. This
10 ) ) TWT therefore provides a good benchmark case for validation of
0 1 2 3 4 5 the beam expansion models of CHRISTINE 3D.

z (in) The results from CHRISTINE 3D shown below used the tape

Fig. 4. RF power profiles of fundamental (solid line) and second and thiltalelix model of refere_nce []_-7]’ without vane_s. The Only “fr_ee”

harmonic frequencies. The fundamental is driven at 0.5W (27.0 dBm). TRparameter was the dielectric constant of a single smooth dielec-

output power of the fundamental is 132.6 W (51.2 dBm); the output powers g |ayer used to represent the average effect of the support rods

the second and third harmonics are 2.1 W (33.3 dBm), and 0.1 W (18.8 dBm1 .

respectively. placed between the outer surface of the helix and the outer wall.
This parameter was adjusted so that the computed dispersion

curve matched the measured curve as closely as possible.

(C-band) TWT mput_ cwcwt._ Note _the expansion of the beam Experimental and simulated results from CHRISTINE 3D of
near the end of the interaction. tis this expansion that NeCEBwer and intercept current variation with input drive are shown
sitates the use of a 2-D or 3-D model for accurate predictign P P

in Fig. 5. The beam voltage, beam current, and RF frequency are

of TWT performance. Plots of RF power growth of the funZ‘..S kV, 0.146 A, and 4.75 GHz, respectively. The computed data

damental, and second and third harmonic signals are shownsm)wn in this section is the result of the first single parameter

Fig. 4. This result shows the multi-frequency capability of thgcan with CHRISTINE 3D for this TWT. It is seen that the pre-

model. Note the presence of a sever near the input. In a SSitive capabilities of the code are quite good. The logarithmic

the model applies only the space charge and applied magn(ej{rhx\:/e curve is accurately predicted by the code. No harmonic
focusing fields, not the helix circuit fields. '

data were measured for this TWT and so none are shown in the
plots. Small signal gain as well as saturated power and efficiency

I1Il. AV ALIDATION StuDY OF THE CHRISTINE 3D GDE are also seen to be accurately reproduced.

A dynamic velocity taper (DVT) C-Band TWT was built by The most important prediction of the code in this study, how-
Northrop Grumman Corporation [18] in 1998 to validate the prever, is the variation of helix intercept current with input power.
dictive capabilities of the original 1-D CHRISTINE code. Usingrhis is a quantity that is not computed by a 1-D model. It is seen
that code’s built-in optimization algorithm to compute a circuitrom Fig. 5(c) that the onset of the intercept current, its varia-
pitch profile that maximized circuit efficiency (without regardion with input power, and its magnitude at saturation are all
to issues of beam recollection or helix intercept current), a draredicted with good accuracy by the CHRISTINE 3D model.
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Fig. 5. Experimental and simulated drive curves of C-Band DVT TWT: (a)
input drive power. Beam voltage 4.8 kV, current= 146 mA, operating frequ

The phase space plots corresponding to the data pointin Fig

logarithmic drive curve, (b) linear drive curve, and (c) intercept clatiemtwéth
ency 4.75 GHz.

Phase Space - Momentum

at 30 dBm are shown in Fig. 6. The rapid energy extraction nei
the end of the circuit is seen in Fig. 6(a) and the corre:spondir§
beam expansion in Fig. 6(b). Contours of magnetic field are als=
illustrated in the figure. Note that all of the interception in this
case takes place near the output of the TWT. This is informatic

pzimec

iSRS

(@

that is difficult to obtain experimentally, and gives guidance on  megmseseis contows

how and where the magnetic field can be modified in order to
prevent beam interception without compromising efficiency.
Another measure of the accuracy of the simulation is given .
by the comparison between model prediction and measuremen
of the energy distribution of the spent beam as it exits the inter-

z

Phase Space - Position

1

A

)ﬂ@“«lﬂ T
A

rhalix

action region. If we denote hi;, the kinetic energy of a particle
in the beam, then the integral energy distributigrn{ £x ) may
be defined as

Ip(Ek)

Iy

" (B ~
Ey

1
Io
wherel; represents the current carried by particle

Ioz/oof(E)dENZIi

allz

>

all particles ¢ with Fx, > Ex

I; (29)

(30)

is the total beam current, arfd £) is the energy distribution of
the electron beam.

Fig. 6. Phase space plots at saturation for C-band DVT TWT.

The integrated energy distribution of (29) can easily be mea-
sured by shorting all stages of the collector together and mea-
suring the total collected current as the bias on the collector
lenses is increased in small steps from 0 V to the full cathode
voltage. If the measured current is then divided by the total beam
current, the distribution of (29) is reproduced. One can plot the
results as a function df i /¢V, wherely is the cathode voltage,
for both measured and simulated cases. The measured and simu-
lated spent beam distribution of the DVT C-Band TWT is shown
in Fig. 7 for the saturated case of 42% efficiency. The minimum
electron energy is accurately predicted, as is the shape of the
entire distribution.
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Fig. 7.
TWT.

A 3-D multifrequency large signal model for helix traveling
wave tubes has been formulated and implemented in a nelt?
simulation code called CHRISTINE 3D. This new code con-

tains

focusing fields, and for the dispersion and interaction impedanc&0
of a tape helix; alternatively, it can import user provided data

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 48, NO. 1, JANUARY 2001

12 [10] R. J. Faehl, B. S. Newberger, and B. B. Godfrey, “Simulation of cy-
clotron wave growth in a helical slow wave structurefiys. Fluidsvol.
1.0 23, pp. 2440—2453, 1980.
CHRISTINE 30 [11] D. Smithe, G. Warren, and B. Goplen, “A helix polarization model for
08 r 2D particle-in-cell simulation of helix traveling wave tube$992 DPP
o APS, Bull. Am. Phys. Sqwol. 37, Nov. 1992.
5 06 [12] H. P. Freund, E. G. Zaidman, and T. M. Antonsen Jr., “Theory of helix
‘ traveling wave tubes with dielectric and vane loadirigtiys. Plasmas
0.4 vol. 3, pp. 3145-3161, 1996.
[13] H. P. Freund, “Nonlinear theory of helix traveling wave tubes in the fre-
0.2 quency domain,Phys. Plasmasvol. 6, pp. 3633-3646, 1999.
‘ g, | [14] ——, “Three-dimensional nonlinear theory of helix traveling wave
0.0 tubes,”IEEE Trans. Plasma Scivol. 28, pp. 748—759, June 2000.
00 02 04 0.6 0.8 1.0 1.2 [15] 22161T. M. Antonsen Jr. and B. Levush, “CHRISTINE: A multi-fre-
Ex/qVe guency parametric simulation code for traveling wave tube amplifiers,”

(Available from Nat. Tech. Inform. Serv., Springdfield, VA), NRL Rep.

NRL/FR/6840-97-9845, 1997.

T. M. Antonsen Jr. and B. Levush, “Traveling-wave tube devices with

nonlinear dielectric elements|EEE Trans. Plasma Scivol. 26, pp.

775-786, 1998.

D. Chernin, T. M. Antonsen Jr., and B. Levush, “Exact treatment of

the dispersion and beam interaction impedance of a thin tape helix sur-

rounded by a radially stratified dielectriclEEE Trans. Electron De-

vices vol. 46, pp. 1472-1483, 1999.

] C. R. Smith, C. M. Armstrong, and J. Duthie, “The microwave power

module: A versatile RF building block for high power transmitters,”

Proc. IEEE vol. 87, pp. 717-737, 1999.

S. J. Cookeet al, CTLSS—AnN advanced electromagnetic simulation

tool for designing high power microwave sources, to be published.

] H.P.Freund and E. G. Zaidman, “Nonlinear theory of collective effects
in helix traveling wave tubes,Phys. Plasmasvol. 4, pp. 2292-2301,

Experimental and simulated spent beam distribution of a C-band DVT16]

[17]
IV. SUMMARY

models for the initial beam distribution, for the magneticl19]

for these quantities. CHRISTINE 3D retains many of the 1997

capabilities of the original CHRISTINE code, including the

ability to scan ranges of input parameter values and to vary user

specified parameters until a target quantity (efficiency, ga David ?hgmi”trﬁcei"?d thfe A-Bi_la”d Pg‘-% ‘.’egre.fs
linearity, phase linearity, or bandwidth) is optimized. The coc Qaﬁf;,‘;i'(fgei“ﬁj‘,\,?;“ f‘g'ii a[]?j“"lg;fvri;pecﬁ'vﬁ;?' v
has undergone initial validation testing against measurement: From 1976 to 1978 he was a member of the
drive curves, interception current, and spent beam distributic L”eSt&I‘gﬁ(é‘ér (’;:V;’;%Tgmsstuiﬂyvmﬁ;g::ﬁitg“C’O'\r‘]?ivn ‘évrrr‘]‘zrnet
with encouraging results. Plans for future development of tl fusion. Since 1984, he has been with Science
CHRISTINE 3D code include the inclusion of reflections an Applications International Corporation (SAIC),
backward waves, according to the prescription in (19)—(22). ™ McLean, VA, where he has contributed to multiple

We note in closing that the analysis presented in this papc<

research efforts in the theory and simulation of
beam-wave interactions in particle accelerators and

may be generalized to arbitrary traveling wave structures theitrowave tubes. He presently serves as the Division Manager of the Center
lack helical (or any other) symmetry [19]. Such a formulation {&" Electromagnetic Science and Engineering at SAIC.

r. Chernin is a member of the American Physical Society and the Society

applicable, for example, to coupled cavity TWTs and extendﬁgpmdust,ial and Applied Mathematics.
interaction klystrons.
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