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Beam-quality and guiding-magnetic-field requirements for a high-power traveling-wave amplifier
operating at 35 GHz
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A two-dimensional quasianalytic model has been developed for the investigation of the performance of a
high-efficiency traveling-wave amplifier operating at 35 GHz. Simulations indicate that a relative energy
spread of less than 5% is sufficient to reach high efficiency. It is also shown that there is an optimal guiding
magnetic field for a given geometry of the slow-wave structure.@S1063-651X~98!11206-0#

PACS number~s!: 41.75.Fr
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INTRODUCTION

The next linear collider~NLC! will require acceleration
gradients in excess of 100 MV/m. The lower limit of th
necessary gradient is achievable with theX-band klystrons as
developed at Stanford Linear Accelerator Center~SLAC! @1#.
For higher gradients (.200 MV/m) the source will have to
operate at a higher frequency. The obvious question is w
should be the operation frequency of the future syste
There is no optimal value which can be established from
single or simple criterion. The complexity of the analysis a
the variety of criteria involved were discussed more than
years ago by Palmer@2#, who concluded that a good tradeo
is operation close to 14.5 GHz. More recently Wilson@3# has
analyzed the requirements of a 5–15 TeV accelerator and
conclusion was in favor of operation at 34 GHz. Howev
higher energies would require even higher operating frequ
cies.

The spectrum of possibilities, with regard to what
source should be utilized, is quite limited if we assume t
conceptually NLC will operate in a similar way as the Sta
ford Linear Collider~SLC!. One possibility is to scale the
presentklystrontechnology to 35 GHz. This may prove to b
a difficult approach since the diameter of the drift tube b
tween cavities has to be scaled down according to the
quency increase, in order to keep the waveguide below cu
for all electromagnetic modes. At the same time the curr
in the electron beam has to be comparable to that in pre
day klystrons and therefore the propagation of the elec
beam imposes severe constraints on the guiding magn
field. Furthermore, the closer the beam is to the exte
wall, the larger the variation of the rf field across the bea
consequently affecting the efficiency of the system. To av
these difficulties the beam radius is expected to be one o
of magnitude smaller than the vacuum wavelength~i.e.,
Rbeam;l/8 @3#!. In spite of these constraints the klystro
may still have a significant contribution to the next gene
tion of accelerators. In fact Wilson@3# indicates that since
most of the difficulties of the klystron arise from its penc
beam, the alternative, namely, a sheet beam,@4# may elimi-
nate many of the obstacles.
571063-651X/98/57~6!/7176~8!/$15.00
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A second possibility is thegyrotronwhich is under inten-
sive investigation at the University of Maryland@5#. It has
inherent advantages over all other rf sources at high
quency with regard to continuous operation at high pow
levels. However, the presence of lossy materials required
the massive mode suppression may become an obstac
obtaining an overall high efficiency. An interesting conce
which utilizes the advantages of the klystron at low fr
quency and these of the gyrotron at high frequency is be
developed by Hirshfield and co-workers@6#. It relies on con-
version of low-frequency power from a regular klystron b
bunching an electron beam which in turn generates, a
being isolated from the input rf, a higher harmonic of t
input frequency. The conversion mechanism is similar to t
which occurs in a gyrotron. Obviously the constraints on t
conversion scheme with regard to efficiency are high si
the overall efficiency is the product of that of the conver
and the klystron.

The third possibility is to exploit the advantages of
traveling-waveamplifier and this will be the topic of this
theoretical study. As an acceleration structure, the travel
wave amplifier consists of a disk-loaded waveguide but c
trary to an acceleration structure where the aperture’s di
eter has to be reduced according to the increase in
operating frequency, in this case~35 GHz! the aperture may
be comparable to the dimensions required in anX-band
structure. In this way we have eliminated one major co
straint which is unavoidable in a pencil-beam klystron. T
price we pay for using at 35 GHz the same disk aperture
in an X-band structure is operation at relatively high gro
velocity and low interaction impedance. The latter has t
effects: for a given current and for maximum efficiency
makes the required interaction length longer, which leads
a higher sensitivity to beam quality. On the other hand
makes the transverse motion of the particles less ‘‘violen
in this way reducing the probability of particles hitting th
structure’s wall at a given guiding magnetic field.

In addition to the iris aperture, which has not been
duced in the present design~35 GHz!, the amount of current
carried by the beam remains of the same order of magnit
~as in theX-band case! implying that a typical guiding mag-
7176 © 1998 The American Physical Society
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57 7177BEAM-QUALITY AND GUIDING-MAGNETIC-FIEL D . . .
netic field of 0.5 T will be required. This field corresponds
a cyclotron frequencyf c[eB/2pmg of 14 GHz ~assuming
g52) and for sufficiently low velocities, the electrons ma
enable a ‘‘gyrotronlike’’ interaction to occur, namely
uv2kVu5vc ~wherek is the wave number in the structure!.
Consequently we may expect severe reduction of the
ciency and electron interception by the structure. The pr
lem may become even more severe in a permanent per
magnetic field~PPM! since the latter acts as a wiggler an
the radial oscillation may become even larger comparing
uniform magnetic field.

In this study we investigate several aspects associ
with the operation of a high-power single-stage travelin
wave amplifier at 35 GHz. For this purpose we have dev
oped a quasianalytic two-dimensional~2D! model of the in-
teraction of an ensemble of electrons with asymmetric
transverse magnetic~TM! mode. The interaction occurs wit
all the components of the electromagnetic field and not o
the longitudinal electric field as is the case in a 1D mo
@7–9#. First, we compare the performance of two simi
amplifiers, one operating at 35 GHz and the other atX band.
We show that the sensitivity of the former to beam quality
higher but its operation is definitely feasible. Secondly,
investigate the effect of the guiding field on the interaction
a slow wave with an ideal beam, and thirdly, we show t
optimal disk aperture and optimal guiding magnetic field
exist. This quasianalytic 2D model is adequate for simulat
of the interaction in a two-stage amplifier which based
our experience inX band should enable generation of rad
tion with higher efficiency. The latter is a crucial requir
ment for a rf source designed to feed an acceleration mod

DYNAMICS OF THE SYSTEM

An electromagnetic wave is injected into a disk-load
periodic structure and it interacts with a pencil electr
beam. Assuming for the moment that the structure is u
form, then in the vicinity of the axis the dominant electr
magnetic field components of the TM mode are assume
be given by

Ez~r ,z;t !5E0I 0~Gr !cos~vt2kz2c!,

Er~r ,z;t !52gphE0I 1~Gr !sin~vt2kz2c!, ~1!

Hf~r ,z;t !52
1

h0
gphbphE0I 1~Gr !sin~vt2kz2c!.

In these expressionsk is the wave number which is assume
to correspond to a phase velocity smaller thanc; G
[Ak22(v/c)2. The normalized phase velocity is denot
by bph[v/ck, gph[1/A12bph

2 , and h0[Am0 /e0. It will
be shown in the last section that radial oscillations of
beam envelope are relatively small, therefore we neglect
coupling of the TM to TE mode throughout this analysis.

In addition to the rf field there is a guiding magnetic fie
B0 which is assumed to be uniform. In the absence of
radiation field we may assume that the electron beam
jected in the system is uniformly distributed in the radial
well as in the longitudinal direction. Its density, denoted
fi-
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n0 , generates an electrostatic field which in turn affects
motion of each electron; this field is given by

Er
~dc!~r<Rbeam!52

en0

2e0
r . ~2!

Furthermore, since the average velocity of the beam isv0 the
magnetic field associated with this motion in the beam
main is given by

m0Hf
~dc!~r<Rbeam!52v0

en0

2e0c2 r . ~3!

Transverse motion.From these expressions we ca
readily determine the radial equation of motion of thei th
electron; it is given by

d

dt S g i

dr i

dt D2g i r i S df i

dt D 2

1vcr i

df i

dt
2

vp
2

2g i
2 r i

52
e

m
~Er2vzBf!, ~4!

where vc[eB0 /m is the cyclotron angular frequency an
vp[Ae2n0 /me0 is the plasma angular frequency. The com
ponents of the TM mode have no contribution to the a
muthal force therefore the azimuthal equation of moti
reads

dg i

dt
r i

df i

dt
12g i

dr i

dt

df i

dt
1g i r i

d2f i

dt2
2vc

dri

dt
50. ~5!

Assuming that the guiding magnetic field isuniform, this last
expression can be simplified by multiplying by the radi
where thei th particle is located (r i). The result is the con-
servation of angular momentum, i.e.,

d

dt F r i
2S g i

df i

dt
2

vc

2 D G50. ~6!

The latter can now be integrated by further assuming t
when created, theazimuthalmotion of the electron is zero
i.e.,

df i

dt
50, ~7!

which imposes the azimuthal angular frequency at all tim

df i

dt
5

vc

2g i r i
2 @r i

22r i , in
2 #, ~8!

wherer i , in is the radius where the electron was created. T
result presented here corresponds to either the dynamic
an electron generated on an immersed cathode or when b
compression is utilized, to the dynamics of electrons outs
the diode gap—assuming that in the compression proc
no azimuthal motion develops (BiE in the diode!. In
case Eq.~7! is not satisfied (df i , in /dtÞ0) we can still
bring Eq. ~9! to the same form by replacingr i , in→r i , in

(eff)

[ri,in@122g i , in(df i , in /dt)(1/vc)#1/2.
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With the azimuthal motion established in Eq.~8! we can
write an expression for the radial equation of motion wh
is dependent only on the radial coordinate:

d

dt S g i

dr i

dt D1
vc

2

4g i r i
3 @r i

42r i , in
4 #2

1

2g i
2 vp

2r i

52
e

m
~Er2vzBf! i

5
e

m
gph~12bphbz,i !E0I 1~Gr i !sin@vt2kzi~ t !2c#. ~9!

Equation~9! determines the transverse motion of the el
trons in the presence of the given electromagnetic field.

Longitudinal motion.Parallel to the axis of the structur
the equation of motion is given by

d

dt
~g ibz,i !52

e

mc
~Ez1v rm0Hf! i

52
e

mc
E0I 0~Gr i !cos@vt2kzi~ t !2c#

1
e

mc
E0b r ,igphI 1~Gr i !sin@vt2kzi~ t !2c#.

~10!

Note that the radial velocity (cb r ,i) together with the azi-
muthal magnetic rf field (Hf) has a nonzero contribution t
the longitudinal force.

Poynting theorem.After establishing the equations whic
determine the dynamics of the particles we shall conside
effect on the dynamics of the rf field. The macroscopic c
rent density in terms of the particle dynamics is given by

Jr~r ,z;t !52e(
i

v r ,i

1

2pr
d@r 2r i~ t !#d@z2zi~ t !#,

~11!

Jz~r ,z;t !52e(
i

vz,i

1

2pr
d@r 2r i~ t !#d@z2zi~ t !#.

Thus bearing in mind that the system operates in steady
and assuming that it remains in a linear regime at all tim
the average power exchange is determined by

d

dz
^P~z!& t52E

CS
da^J•E& t , ~12!

where the integration is over the cross section~CS! of the
waveguide and̂P(z)& t[^*CSdaSz& t . At this point we intro-
duce the concept of the interaction impedance which rel
the average power which flows in the system with the lon
tudinal electric field on axis

^P~z!& t5
1

2

E0
2~pRint

2 !

Zint
, ~13!

whereRint is the internal radius of the disk-loaded structu
We shall prefer this definition of the interaction impedan
over Pierce’s@P5E0

2/2Zintk
2# since in high-efficiency de-
-
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vices the structure has to be tapered and the phase vel
varies in space. In such a case it is possible to keepRint
constant and change the other geometric parameters. Co
quently, the definition in Eq.~13! is more convenient.

We now proceed by substituting in Eq.~12! the last ex-
pression: the result is

d

dz F1

2

E0
2pRint

2

Zint
G522pE

0

Rint
drr

1

T E
0

T

dt

3(
i

2e

2pr
d@r 2r i~ t !#

3d@z2zi~ t !#@vz,i I 0~Gr !

3cos~vt2kz2c!2v r ,igphI 1~Gr !

3sin~vt2kz2c!#. ~14!

The integration over time and radius becomes trivial due
the presence of thed functions thus denoting byN the num-
ber of particles in one period of the wave (T) we obtain

d

dz
E0

2~z!5
2Zint

pRint
2

eN

T
E0~z!K I 0@Gr i~z!#

3cos@vt i~z!2kz2c~z!#

2
b r ,i

bz,i
gphI 1@Gr i~z!#

3sin@vt i~z!2kz2c~z!#L
i

. ~15!

In this expression two assumptions have been made:~i! the
effect of the particles on the rf field is to cause spatial var
tions ~of the amplitude and phase! only in the z direction
and,~ii ! rather than following the particles in time, we follow
them in space; thust i(z) represents the time thei th particle
reaches the pointz and r i(z) is the radial location of the
same particle atz.

We proceed by identifying the average current in one
riod of the wave asI[eN/T and resorting to complex nota
tion Ē0[E0e2 j c. With this notation the dynamics of th
complex amplitude of the rf field is given by

d

dz
Ē0~z!5

IZ int

pRint
2 K H I 0@Gr i~z!#

2 j
b r ,i

bz,i
gphI 1@Gr i~z!#J e2 j x i ~z!L

i

, ~16!

d

dz
x i~z!5

v

cbz,i
2k,

where x i(z) is the phase of thei th particle relative to the
wave. In the first expression the second term can be
glected since for most practical purposes
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57 7179BEAM-QUALITY AND GUIDING-MAGNETIC-FIEL D . . .
ub r ,i ugph!bz,i ~17!

thus

d

dz
Ē0~z!5

IZ int

pRint
2 ^I 0@Gr i~z!#e2 j x i ~z!& i ,

d

dz
x i~z!5

v

cbz,i
2k. ~18!

The termIZ int in the first equation is the product of a bea
term (I ) and an electromagnetic term (Zint). It is this product
which controls thecouplingof the beam with the wave. Fur
thermore, in Eq.~18! we have assumed that the transve
motion does not affect directly the amplitude of the fie
however, it may affect it significantly in an indirect way v
the phase as will be shown subsequently. In the framew
of the same approximation we may write for the single p
ticle energy conservation the expression

d

dz
g i~z!52

1

2

e

mc2 $Ē0~z!I 0@Gr i~z!#ej x i ~z!1c.c.%.

~19!

This is related to the transverse and longitudinal velocities

g i[@12bz,i
2 2b r ,i

2 2bf,i
2 #21/2. ~20!

Substituting Eq.~8! and defining

gz,i[
1

A12bz,i
2

or bz,i5A12gz,i
22 ~21!

we obtain

gz,i5
g i

A11~g ib r ,i !
21@vc~r i

22r i , in
2 !/2cri #

2
, ~22!

that clearly reveals the relation between phase dynamics@Eq.
~18!#, the guiding magnetic field, and the transverse moti

In order to summarize the equations that describe the
namics of the system it is convenient to introduce a serie
normalized variables. We start by assuming that the inte
tion length isd, which allows us to determine the normalize
coordinate z5z/d and normalized field amplitudea
5eĒ0d/mc2. Based on these definitions the normalized co
pling coefficient is

a[
IZ int

mc2/e

d2

pRint
2 . ~23!

Further we defineV5vd/c, K5kd, Vc5ecBd/mc2, and

Vp
2[

eIh0

mc2

d2

pRbeam
2

1

^bz,i& i
. ~24!

Rbeamis the beam radius. Based on the argument of the m
fied Bessel functions it is convenient to definer̄ i
5vr i /cgphbph and correspondingly,p̄r ,i5g ib r ,iV/gphbph.
e
,
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-
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With these definitions we are now in position to summar
the equations which describe the dynamics of the syst
these read

d

dz
a5a^I 0~ r̄ i !e

2 j x i& i ,

d

dz
x i5V~bz,i

212bph
21!,

d

dz
g i52

1

2
@aI0~ r̄ i !e

j x i1c.c.#,
~25!

d

dz
r̄ i5 p̄r ,i /g ibz,i ,

d

dz
p̄r ,i5Vc

2~ r̄ i
42 r̄ i , in

4 !/4g ibz,i r̄ i
31 r̄ iVp

2/2bz,ig i
2

2
1

2
~ jaej x i1c.c.!I 1~ r̄ i !V~12bz,ibph!/bz,ibph,

bz,i5„12g i
222~gphbph/Vg i !

2$ p̄r ,i
2 1@Vc~ r̄ i

2

2 r̄ i , in
2 !/2r̄ i #

2%…1/2.

Before we proceed to examine the dynamics of the sys
as modeled by this set of equations it is instructive to eva
ate the parameters for some typical parameters: consid
system which is 20 cm long driven by a 200 A, 500 kV,
mm diameter electron beam. This beam is guided by a 0.
magnetic field and typically 20 kW of 35 GHz rf power
injected into a structure of 100V interaction impedance. The
aperture of the disk is 12 mm in diameter. For these para
eters a513.8, Vc559, Vp

25243, V5147, g51.98,
I 0@max(r̄ i)#51.5, andI 1@max(r̄ i)#50.8. Two main figures of
merit are worth emphasis here: the relativistic plasma
quencyVp

2/g3;30 is one order of magnitude smaller tha
the relativistic cyclotron frequencyVc

2/g2;900. This ratio
indicates that in zero order the electron beam is well c
fined by the magnetic field. The other figure of merit is t
gain assuming 1D~longitudinal motion! and that all particles
are located at one radial location@max(r̄ i)#; this gain is

.20.0 log10„
1
3 exp$()/2)[ 1

2 aV^I 0
2(max(r̄ i)/(gibi)

3&i]
1/3%…548

dB ~see Ref.@10#, pp. 141 and 161!. For comparison, if all
particles are assumed to be on axis then the gain is 35 d

RESULTS AND DISCUSSION

The first step when investigating the operation of
traveling-wave amplifier at 35 GHz is to compare its perfo
mance with that of anX-band system. For simplicity at thi
stage we shall assume that an intense guiding field is app
such that we may confine our analysis to 1D motion. A
equate comparison requires that the beam is identical@500
kV, 200 A, 3 mm radius# in both cases. By virtue of energ
conservation

d

dz F ^g i& i1
uau2

2a G50, ~26!
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7180 57L. SCHÄCHTER AND J. A. NATION
the input power in the two cases has to be the same; the l
is assumed to bePin520 kW and phase velocity equal to th
average velocity of the electrons. At this point we have t
options: either we require that the relative change of
wave number is the same, i.e.,

Im~k!

Re~k!
5
)

2 F1

2

a

V2 K bph
3

~g ib i !
3L

i
G1/3

, ~27!

or that the overall gain is the same, namely,

Im~kd!5
)

2 F1

2
aV K 1

~g ib i !
3L

i
G1/3

. ~28!

Since both the power in the beam and rf are the same a
input in both cases, we would obviously prefer to exam
the two devices such that their output power~i.e., efficiency!
will be the same. Consequently we prefer the criterion in
~28! rather than that in Eq.~27!.

By imposing the identical output power requirement@Eq.
~28!# in both systems we enforce the following relation b
tween the length and the interaction impedance of the
systems:

a35V355a8.75V8.75→d8.755d35F 35

8.75

Zint,35

Zint,8.75
G1/3

. ~29!

The first topic we wish to examine is the sensitivity
beam qualityof an amplifier operating at 35 GHz comparin
to an 8.75 GHz (5 35

4 ) one. For simplicity let us assume
very strong~infinite! magnetic field guides the beam—th
constraint will be released subsequently. Assuming a ph
advance per cell of 2p/3 (L52.465 mm at 35 GHz andL
59.86 mm at 8.75 GHz!, we can calculate the interactio
impedance for four different internal radii:Rint56, 6.5, 7.0,
and 7.5 mm. The corresponding result isZint(35 GHz)573,
52, 37, and 26V. Since in this particular case an ‘‘infinite’
magnetic field is assumed, the interaction impedance qu
above is calculated by averaging the electric field exp
enced by all the electrons, i.e.,

Eeff
2 5

2

Rbeam
2 E

0

Rbeam
drrEz~r !2. ~30!

For the dynamics of this system it is sufficient to solve t
1D equations of motion withEeff replacingE0 and taking
r̄ i50. In theX-band range the corresponding interaction i
pedances areZint(8.75 GHz)52700, 2193, 1812, and 151
V; these latter values are higher than generally used but
emphasize even better the difference between the two
tems. For example, the significant difference in the inter
tion impedance emphasizes the relevance of the be
quality question since the interaction impedance of the
GHz system resembles that of a free-electron laser~FEL! and
the sensitivity of the latter to beam quality is a well reco
nized fact. A comparison of FEL and traveling-wave tu
~TWT! operation can be found in Ref.@10# ~p. 305!.

The two frames in Fig. 1 illustrate the effect of the rel
tive energy spread at the input on the spatial growth rate.
observe that at 35 GHz the growth rate drops to virtua
zero for energy spread larger than 15% whereas at 8.75
ter
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there is virtually no change in this range. It should be poin
out that the system is assumed to beuniform and the simu-
lation is terminated when the interaction saturates. In or
to understand the reason for this sensitivity we plot in Fig
the relative energy spread at the output as a function of
relative energy spread at the input. The result indicates t
since in theX-band system the interaction impedance
large, the energy spread at the output is also large~70%!.
Increasing the energy spread at the input reduces some
the efficiency of the interaction but the spread at the outpu
not even close to that at the input. This is contrary to the
GHz case where the interaction impedance is two order
magnitude smaller, the energy spread at the output is m
more moderate~10–20 %!, and an increase to 10–15 % i
the energy spread at the input reaches rapidly the valu
this quantity at the output—thus the interaction efficiency
practically zero. The line in the left frame represents the c
when the energy spread at the output equals that at the in
From this comparison we conclude that the sensitivity
beam quality is different in the two regimes. However,
practice this is not an obstacle in the operation of a 35 G
traveling-wave amplifier based on auniform structure and

FIG. 1. Spatial growth rate of a traveling-wave amplifier as
function of the relative energy spread at the input. The inter
radius of the structure is a parameter:Rint56.0, 6.5, 7.0, and 7.5
mm. The growth rate drops monotonically withRint . The left frame
illustrates the performance at 35 GHz and the right one at 8
GHz.

FIG. 2. Normalized energy spread at the output as a function
the relative energy spread at the input for the same conditions a
Fig. 1. As expected, the relative energy spread at the output ca
drop below its value at the input. This fact, in conjunction with t
lower interaction impedance for the sameRint , explains the relative
sensitivity to beam quality at high frequencies.
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‘‘infinite’’ guiding field since present technology enables
to generate a beam with a relative energy spread smaller
5%.

Our next step is to relax the constraint of ‘‘infinite’’ guid
ing magnetic field of a 35 GHz amplifier but keep the re
tive energy spread at the input constant at 1% value. Figu
illustrates the efficiency in ataperedstructure as a function
of the applied magnetic field for four different disk aperture
Rint54, 5, 6, and 7 mm. In this case the simulation is term
nated either if electrons hit the external wall or they start
move backward. For this reason the interaction length is v
short in the case of low-intensity magnetic field and con
quently the efficiency is low. According to this result, for
given internal radius~and thus interaction impedance! there
is an optimal magnetic field for achieving maximum ef
ciency. For a 6 mm internal radius this magnetic field i
slightly more than 1 T whereas for 7 mm it is about 0.5 T.
should be pointed out that in this simulation the phase ve
ity of the wave was tapered such that

1

bph
5 K 1

b i
L

i

. ~31!

This tapering keeps the average phase of all particles rela
to the wave constant, i.e., (d/dz)^x i&50 but this is not nec-
essarily the optimal taper.

In order to have a better understanding of the behavio
revealed in Fig. 3 let us start and examine closely the beh
ior of the 4 mm system. Its interaction impedance is
highest of the four and therefore theradial motion becomes
significant close to the input and since our simulation is t
minated if one particle hits the structure, the amount of
ergy transferred to the wave is small~low efficiency!; each
point along the curve corresponds to a different interact
length. For the next radius (Rint55 mm) high magnetic
fields 1–1.5 T are sufficient to confine the beam and e
ciency of 15–25 % is achievable before particles hit

FIG. 3. The efficiency as a function of the guiding magne
field in a tapered structure. The simulation is terminated eithe
electrons hit the external wall or they start to move backward; c
sequently, the interaction length is very short in the case of lo
intensity magnetic field leading in turn to low efficiency.
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structure. Increasing further the internal radius (Rint
56 mm) reveals a similar behavior for magnetic fiel
smaller than 1.2 T with efficiency up to 35%. However, i
creasing further the magnetic field reduces the longitud
momentum of the beam since for the same rf field the ra
swing will be larger and consequently the kinetic ener
available for conversion into rf is reduced and the partic
slip out of phase in spite of the tapering. This behavior
even better revealed in the last case presented (Rint
57 mm) where the efficiency as a function of the appli
magnetic field reveals several peaks and valleys exactly a
the case of saturation.

At saturation an additional effect may contribute to th
interesting behavior of the efficiency: this is a gyrotronli
interaction. In the interaction process there are sufficien
slow electrons for which instead of ‘‘satisfying’’ the regula
slow wave structure resonance condition (v2kv i50), their
radial motion enables a combined interaction which forma
can be represented byuv2kv i u5vc . Such an interaction
extracts energy from the rf field and transfers it to the el
trons as can be concluded from the ‘‘valleys’’ in the cur
corresponding toRint57 mm. Exact description of the inter
action in the vicinity of these points would require inclusio
of TE modes in the analysis. In any event such a mechan
will hurt the operation of a TWT, therefore it is necessary
operate as far as possible from this regime, therefore only
first peak in the curve is of interest.

So far we examined the effect of the energy spread
suming an infinite guiding field. In addition we investigate
the effect of a finite guiding field on an~initially ! ideal beam.
Our next step is to consider the effect of energy spread at
input on the interaction in a tapered structure which has
internal radius of 6 mm; the guiding magnetic field is 0.5
Figure 4 illustrates the efficiency of such a system for fo
different energy spreads at the input. The results are not
matically different from those we found when the motion
assumed to be constrained to the longitudinal direction b
strong external magnetic field. As in the other case we ob
efficiencies as high as 40% in a single-stage amplifier. T

FIG. 4. The development of the efficiency in space with t
relative energy spread as a parameter;B50.5 T. Efficiency as high
as 40% can be obtained in a single-stage amplifier.
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FIG. 5. The variation of the normalized radius change as it develops in the interaction region with the relative energy spre
parameter. Note that beyond the saturation point, this normalized radius increases by a factor of more than 3~from 5% to 15%!.
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may not be necessary in practice since it was found th
two-stage system can have a higher efficiency and usu
the first stage is only operated at relatively low efficiency
order to bunch the beam. However, the operation of a t
stage system is beyond the scope of this study.

Figure 5 illustrates the relative change (Dr /^r &) in the
radius of the beam which corresponds to the interac
whose efficiency is presented in Fig. 4. We find that beyo
the saturation point,Dr /^r & increases by a factor of 3~from
5% to 15%!; this happens if the relative energy spread is l
than 5%. Above 10%, the efficiency is low, which in tu
implies a weak radial force and consequently the beam
dius virtually does not vary.

In conclusion, a 2D quasianalytic model has been de
oped in order to investigate the operation of a 35 G
traveling-wave amplifier. Based on this model we were a
to establish constraints on beam quality, guiding magn
a
lly
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n
d

s
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l-
z
e
ic

field, and the radius of the aperture. Our main conclusi
are~i! as long as the relative energy spread at the input is
than 5% the 35 GHz system should operate in a similar w
as inX band;~ii ! a magnetic field of 0.5 T should suffice t
confine a beam which generates about 30% efficiency wi
6 mm disk aperture and a higher efficiency (>35%) can be
achieved if a 1.2 T field is applied to a 7 mmaperture sys-
tem; ~iii ! relative change in beam radius is confined to le
than 20% even if in a single stage the efficiency approac
the 40% level.
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