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Analytical theory of frequency-multiplying gyro-traveling-wave-tubes
G. S. Nusinovich,a) W. Chen, and V. L. Granatstein
Institute for Plasma Research, University of Maryland, College Park, Maryland 20742

~Received 10 August 2000; accepted 1 November 2000!

The theory is developed which describes analytically the gain and bandwidth in
frequency-multiplying gyro-traveling-wave-tubes. In this theory the input waveguide is considered
in the small-signal approximation. Then, in the drift region separating the input and output
waveguides, the electron ballistic bunching evolves which causes the appearance in the electron
current density of the harmonics of the signal frequency. The excitation of the output waveguide by
one of these harmonics is considered in a specified current approximation. This makes the analytical
study of a large-signal operation possible. The theory is illustrated by using it to analyze the
performance of an existing experimental tube. ©2001 American Institute of Physics.
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I. INTRODUCTION

There is considerable interest in the development
compact, high-power, millimeter-wave amplifiers for a
vanced radar applications. As is known~see, e.g., Ref. 1!,
among such amplifiers the devices capable of delivering
highest average power are gyroamplifiers. However, th
use in radar can be restricted by magnetic fields required
generating electromagnetic waves with frequencies clos
the cyclotron frequency of gyrating electrons. To allevia
the magnetic field requirement, one can develop gyroam
fiers operating at harmonics of the cyclotron frequency~see,
e.g., Ref. 2 for second harmonic gyroklystrons and Ref. 3
second-harmonic gyro-traveling-wave-tubes!.

When such devices consist of several stages it is ben
cial in some cases to operate in frequency-multiplying
gimes. In these regimes the benefits from operation at cy
tron harmonics can be combined with the advantages
using available, relatively inexpensive, low-frequency, hig
power drivers for input stages of such amplifiers. In rec
years such frequency-multiplying operation of various gy
amplifiers was studied at the University of Maryland bo
experimentally4–6 and theoretically.7–11

One of the most promising large-bandwidth gyroamp
fiers is the gyro-traveling-wave-tube~gyro-TWT!. These
tubes have been under development at the Naval Rese
Laboratory~NRL! for a long time: in the late 1970s the firs
proof-of-principle experiments were carried out12 in which
the bandwidth was only about 1.4%. Very soon, in the ea
1980s, the use of the properly tapered waveguide and e
nal magnetic field allowed NRL researchers to enlarge
bandwidth up to 13%.13 Later, in a tapered two-stage con
figuration the 20% bandwidth was demonstrated.14 ~The
theory of such tapered two-stage gyro-TWTs is develope
Refs. 15 and 16.! Another group where gyro-TWTs are bein
actively developed is the National Tsing Hua Universi
Taiwan. Recently, the efforts of this group culminated in t
development of a 100 kW level, Ka-band gyro-TWT with

a!Electronic mail: gregoryn@Glue.umd.edu
6311070-664X/2001/8(2)/631/7/$18.00
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3% bandwidth and 70 dB gain.17 The success of this grou
initiated an interest in their concept at NRL.18

In regard to the frequency-multiplying multistage gyr
TWTs, let us point out that, although some important the
retical issues were outlined in Ref. 11 where some result
simulations for two-stage, frequency-doubling devices w
presented, the analytical theory for such devices is not
developed. In the present study we make an attempt to
velop a simple version of such a theory which allows one
analyze the gain, bandwidth, and saturation effects
frequency-multiplying gyro-TWTs. Our theory is based o
the formalism used in Ref. 19 for developing the line
theory of multistage gyro-TWTs. At this point we shou
remind our readers that the frequency multiplication is
purely nonlinear process, which occurs in an initially mod
lated electron beam due to its nonlinear properties. Th
nonlinear properties can be associated with the electron
listic bunching evolving in the drift region between the inp
and output stages.20 Correspondingly, the input waveguid
can be considered in the frame of the linear theory. Then,
appearance of signal frequency harmonics in the elec
current density can easily be analyzed in the drift reg
which is free of electromagnetic waves. Finally, the exci
tion of a relatively short output waveguide by a prebunch
beam can be studied in a specified current approximat
which greatly simplifies the nonlinear analysis of the devi
The last approximation was also adopted in Refs. 15 and
~see also Refs. 19 and 21!.

Our article is organized as follows. Section II contains
general formalism. In Sec. III we present the results. In S
IV we discuss an applicability of our formalism and resu
to the analysis and design of real devices. In Sec. V
summarize our study. In the Appendix we compare the
sults of the analysis of the output waveguide operation w
and without the use of a specified current approximation

II. GENERAL FORMALISM

Below we will consider a two-stage gyro-TWT assum
ing that we can neglect the space charge effects and
© 2001 American Institute of Physics
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electron spread in velocities and guiding center radii, as w
as the interaction of electrons with the nonsynchronous ba
ward wave.~Recall that the latter implies the waveguide o
eration far from cutoff.! Then, as discussed in deta
elsewhere,22,23 the operation of the gyro-TWT can be d
scribed by equations for the slowly variable normalized el
tron energyw, phaseu, and wave amplitudeF:

dw

dz
522

~12w!s/2

12bw
Re~Fe2 isu!, ~1!

du

dz
5

1

12bw
$w2D1~12w!s/2 21 Im~Fe2 isu!%, ~2!

dF

dz
52I 0

1

2pE0

2p ~12w!s/2

12bw
eisudu0 . ~3!

Here w52@(12hbz0)/b'0
2 #@g02g)/g0] is the normalized

variable describing the changes in electron energy,h
5kzc/v is the normalized axial wave number,bz0 andb'0

are, respectively, the initial axial and orbital electron velo
ties normalized to the speed of light,g is the electron energy
normalized to the rest energy, andg0 is its value at the
entrance. Also in Eqs.~1!–~3!, z5@b'0

2 (12h2)/2bz0(1
2hbz0)#(vz/sc) is the normalized axial coordinate, and p
rameterb5hb'0

2 /2bz0(12hbz0) characterizes the change
in the electron axial velocity with the change in electr
energy in the process of interaction with the wave. The ph
u5Q2(vt2kzz1c)/s is the slowly variable gyrophase o
electrons with respect to the phase of the wave,s is the
cyclotron resonance harmonic number, andc is here the
phase of the Lorentz force acting on electrons with po
coordinatesRg andcg of the guiding center radius. For cy
lindrical waveguides, as shown elsewhere,23 c5(s7m)cg

~herem is the azimuthal index of the operating TEm,p-wave!.
In Eq. ~3!, u0 is the initial phase at the entrance to the inp
waveguide which is homogeneously distributed from 0 to
p. Also D5(2/b'0

2 )@(12h2)/(12hbz0)#(12hbz02sV0 /
v) is the initial mismatch of the cyclotron resonance; t
definitions of the normalized wave amplitudeF and beam
current parameterI 0 are given in Ref. 23. Note that sinc
below we consider the operation of different stages at dif
ent harmonicss, we use hereu, z, F, andI 0 , which relate to
those used previously10,19,23 ~marked by the index ‘‘p’’ ! as
u5up /s, z5zp /s, F5sFp , I 05s2I 0,p .

Now let us consider this formalism for each stage of
device in a successive manner.

A. Input waveguide

As mentioned in the Introduction, the input wavegui
can be considered in the frame of the small-signal theo
This means that Eqs.~1!–~3! can be linearized with respec
to F, which yields the known dispersion equation for t
propagation constantG22–25

~G2sD!~G21I 0b!2sI0G1sI050. ~4!

As is known,26 at small I 0 one can introduceg
5G/(sI0)1/3, d5sD/(sI0)1/3, z85(sI0)1/3z, w85w/
(sI0)1/3, and F85FeisDz/(sI0)2/3. Then, ignoring small
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terms proportional to (sI0)1/3!1, one can reduce Eq.~4! to
the standard dispersion equation for conventional TWTs w
negligibly small space charge effects:27

g2~g2d!1150. ~5!

This transition from Eq.~4! to Eq. ~5! corresponds to reduc
ing Eqs.~1!–~3! to

dw8

dz8
522 Re$F8e2 isu0%, ~6!

du

dz8
5w8, ~7!

dF8

dz8
2 idF852

1

2pE0

2p

eisudu0 . ~8!

Let us point out that Eq.~5! does not contain the cyclotro
harmonic numbers directly ~although, of course, the norma
ization parameterI 0 depends ons, as will be discussed be
low!. Recall that this conclusion has already been reache
the first articles on the theory of cyclotron resonance mas
~see, e.g., Ref. 20 and references therein!.

Then, as described elsewhere,19 by solving the disper-
sion equation@either Eq.~4! or Eq. ~5!#, one can find the
propagation constants for three partial waves and determ
the normal wave as superposition of these three. Below
will mostly consider Eq.~5!, so the normal wave will be
represented as

F85(
l 51

3

Cle
ig lz8, ~9!

where the partial wave amplitudes,Cl , should be found from
the boundary conditions which yield three linear algebr
equations forCl ~see, e.g., Ref. 19!. Substituting this solution
for the wave field into Eq.~6! one can determine the norma
ized energy at the exit from the input waveguide

w8~z18!522 ReH e2 is1u0(
l 51

3
Cl

ig l
~eig lz1821!J . ~10!

B. Drift region

In the drift region the electron energy remains u
changed, while the phase varies due to initial energy mo
lation in the input waveguide. Since there is no wave in
drift region, it makes sense to introduce here a slow varia
phaseudr , which will describe the shift of a gyrophase of a
initially modulated electron with respect to the gyrophase
an unperturbed electron:udr5Q2Q (0) . If we neglect small
modulation in the electron axial velocity@which, as follows
from comparison of Eqs.~1!–~3! with Eqs.~6!–~8!, was al-
ready done#, the relation betweenudr and the phaseu1 used
in describing the input waveguide operation is simply

udr5u11D1z ~11!
 license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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~here index ‘‘1’’ relates to parameters adopted for the fi
waveguide!. Correspondingly, the equation for the phaseudr

has the same form as Eq.~7! with the boundary condition
udr(0)5u1(z1)1D1z1 .

When the drift section is long enough, the ballistic o
bital phase bunching in the drift region dominates over ph
perturbations in the input waveguide@the latter is determined
by the last term in figure brackets in the right-hand side
Eq. ~2!#. Correspondingly, the phasesu1(z1) andudr(0) can
be determined asu1(z1)5u02D1z1 and udr(0)5u0 , re-
spectively, and the phaseudr at the end of the drift region is

udr~zdr8 !5u01w8~z18!zdr8 .

Taking into account Eq.~10!, this equation can be rewritte
as

udr~zdr8 !5u01q sin~s1u02f1!. ~12!

Here we used the representation of the right-hand side of
~10! in the form

(
l 51

3
Cl

g l
@eig lz1821#5uF 1ueif1, ~13!

and introduced the bunching parameter

q52uF 1uzdr8 . ~14!

Note that the amplitudes of partial wavesCl are linearly
proportional to the input wave amplitudeF08 , since the
boundary condition for Eq.~8! is F8(0)5( l 51

3 Cl5F08 .
Therefore we can introduceCl8 by the relationCl5F08Cl8 .
Correspondingly, ( l 51

3 Cl851, uF1u5F08uF̂1u, and q

52F08uF̂1uzdr8 . As is known~see, e.g., Refs. 27,19!, in the
absence of electron prebunching at the entrance to the i
waveguide the coefficientsCl8 are determined by the follow
ing equations:( l 51

3 Cl851, ( l 51
3 Cl /g l50, ( l 51

3 Cl /g l
250.

C. Output waveguide

In general, the large-signal operation of the output wa
guide can be described by Eqs.~1!–~3! with corresponding
cyclotron harmonic numbers2 and boundary conditions. To
simplify this treatment we will consider a relatively sho
output waveguide in the specified current approximati
~The validity of this approximation is checked in the Appe
dix.! The latter implies that we consider the excitation of t
output waveguide by a given current without analyzing
effect of the output waveguide field on electron energies
phases. This simplification reduces the set of Eqs.~1!–~3! to
Eq. ~3!, which in the case of small initial modulation i
electron energies and the assumptions just made can b
written as

dF2

dz
52I 02

1

2pE0

2p H 1

2pE0

2p

eis2u(zdr)1 ic2du0J dcg .

~15!

Here an additional averaging over azimuthal coordinates
electron guiding centers appears, which follows from
original averaging of the source term in the wave equat
over the interaction cross section. Above, in Eq.~3!, this
Downloaded 03 Jan 2002 to 128.8.86.10. Redistribution subject to AIP
t

e

f

q.

ut

-

.

e
d

re-

of
e
n

averaging was eliminated by introducing a properly shift
phaseu for each beamlet as discussed after Eq.~3! ~see also
Ref. 22!. So in Eq. ~15! for the case of cylindrical
waveguides, the exponential term contains the combina
of azimuthally dependent terms 2(s2 /s1)c11c2

56(s2m12s1m2)cg /s1 . This shows that a beam pre
bunched by the wave with the azimuthal indexm1 at the
cyclotron resonance with the harmonics1 will excite at the
harmonics2 only the wave for which11 s2m15s1m2 , i.e., the
wave which is not azimuthally orthogonal to the first one28

For such waves the second integration in Eq.~15! is redun-
dant and the integration overu0 determines a correspondin
resonant harmonic of the electron current density which
follows from Eqs.~12! and ~15!, is equal to

j s2
5~21!MJM~s2q!. ~16!

HereM5s2 /s1 is the ratio of the resonant harmonics in tw
waveguides, i.e., the frequency multiplication factor.

In accordance with Eqs.~15! and~16!, the field intensity
at the output (z5z2) is equal to

uF2u25I 02
2 JM

2 ~s2q!z2
2 . ~17!

Note that Eqs.~1! and~3! being properly combined yield the
energy conservation law,22,23,25 which gives the following
relation between the so-called orbital efficiency of the d
vice,

h'5
1

2pE0

2p

w~z2!du0 , ~18!

and the output field intensity just found,

uF2~z2!u25I 02h' . ~19!

~Note that the specified current approximation correspond
smallh' .! Also, by relating this intensity to the intensity o
the input waveuF0u2 excited by a driver at the entrance to th
input waveguide, one can determine the gain,

G520 logH I 02z2UJM~s2q!

F0
UJ . ~20!

This gain can be represented asGconst1Gvar where the con-
stant part,

Gconst520 log~ I 02z2!, ~21!

is the gain of the output stage~determined in our simplified
approximation! and the variable part,

Gvar510 logS JM
2 ~s2q!

uF0u2 D , ~22!

describes all nonlinear and saturation effects.
In the small-signal regime the Bessel function can

expanded as (s2q/2)M/M !, which yields the polynomial de-
pendence of the log argument on the intensity of the in
wave. Correspondingly, the gain given by Eq.~22! can be
represented in the small-signal regime asGss

(const)1Gss
(var)

where
 license or copyright, see http://ojps.aip.org/pop/popcr.jsp



ns

a

e-
; t

c

e
o

de
g

c

y
s
a

s

So

ses
h
g. 1
-
ll-
ling
om

in,

by

in

n in
ve
so-
Eq.
m

cy
the
nt
e

.

634 Phys. Plasmas, Vol. 8, No. 2, February 2001 Nusinovich, Chen, and Granatstein
Gss
(const)520 logH 1

M ! S s2zdr

~s1I 0!1/3D M

uF0uM21J ~23!

and

Gss
(var)520 log$uF̂1uM%. ~24!

Here, in Eq. ~23! all parameters correspond to notatio
adopted in Eqs.~1!–~3! and the input wave amplitudeF0 , as
shown in Ref. 10, relates to the input power given in kW

F050.9631023
~12hbz0!2

kg0b'0
3

AGPin /h. ~25!

Equation~25! is written for the case when the input wav
guide operates at the fundamental cyclotron resonance
coupling coefficientG for the TEm,p-wave excited in a cir-
cular waveguide is equal toJm71

2 (k'Rg)/(n22m2)Jm
2 (n),

whereRg is the guiding center radius of a thin annular ele
tron beam andn is the pth root of the equationJm8 (n)50.
Also, in Eq.~25! k is the transverse wave number,k' , nor-
malized tov/c.

By using Eqs.~5!, ~13!, and~24! one can determine th
dependence of the variable part of the small-signal gain
the detuning and normalized length of the input wavegui
Also the saturation effects can be analyzed by studyin
simplified version of Eq.~22!, namely,

Gvar510 log$JM
2 ~s2q!%. ~26!

Here, in accordance with Eq.~14!, q52uF08uzdr8 uF̂1u, i.e., this
gain as well as the bunching parameter depends on the
clotron resonance mismatchd.

III. RESULTS

A small-signal operation of a two-stage frequenc
multiplying gyro-TWT is illustrated by Fig. 1, which show
the dependence of the variable part of the small-signal g
on the cyclotron resonance mismatch for several value
the input waveguide length. In accordance with Eq.~24!, we
plotted in Fig. 1 the valueĜss

(var)5Gss
(var)/M520 log$uF̂1u%,

which is the same for any frequency multiplication factor.

FIG. 1. Variable part of the small-signal gain divided by the frequen
multiplication ratio as the function of normalized detuningd for several
values of the normalized length of the input waveguide.
Downloaded 03 Jan 2002 to 128.8.86.10. Redistribution subject to AIP
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the maximum value of the variable part of the gain increa
with M. At the same time, asM increases, the bandwidt
becomes smaller because the gain variation shown in Fi
should be multiplied byM in order to determine the band
width which corresponds to 3 dB deviation in the sma
signal gain. For example, in the case of frequency doub
operation to determine the bandwidth one should find fr
Fig. 1 the range ofd corresponding to21.5 dB degradation;
in the case of frequency tripling it should be21 dB degra-
dation, etc. Note that, although the variable part of the ga
as mentioned above, increases withM, the total gain does the
opposite, since the constant parts of the gain determined
Eqs.~21! and ~23! contain the terms which, asM increases,
cause the gain degradation.

In order to evaluate the importance of terms neglected
the process of transition from the dispersion Eq.~4! to its
simplified version given by Eq.~5!, we also solved Eq.~4!
and calculated the corresponding gain. Results are show
Figs. 2 and 3. In Fig. 2 the growth rate of the growing wa
is shown as the function of the normalized cyclotron re
nance detuning. The data plotted correspond to solving
~4! with s51, b50, and several different values of the bea

FIG. 2. Growth rate of the wave amplified in the input waveguide as
function of detuningd for several values of the normalized beam curre
parameterI 0 . The limiting caseI 050 corresponds to the reducing of th
dispersion equation for gyro-TWTs to that for conventional TWTs~in the
absence of space charge effects!.

FIG. 3. Variable part of the small-signal gain~the same as shown in Fig. 1!
for several values of the normalized beam current parameterI 0; solid,
dashed, and dotted lines correspond toI 050, 0.001, and 0.01, respectively
 license or copyright, see http://ojps.aip.org/pop/popcr.jsp



e
n

r-

ch

e

in

ra

m

,
le

er
s

ri

in

y-

ing
ents
fre-
this

red
cy

ve-
-

on
nd

ut
was
ive

ters

uld
ith
in-

ce,
cy-

at

in

ze

ment

635Phys. Plasmas, Vol. 8, No. 2, February 2001 Analytical theory of frequency-multiplying . . .
current parameterI 0 . The caseI 050 corresponds to Eq.~5!.
As seen in Fig. 2, the finite values ofI 0 cause a certain
degradation of the growth rate which is consistent with R
19. The same happens with the small-signal gain show
Fig. 3. Here solid lines correspond to the TWT-limit@given
by the dispersion Eq.~5!#, dash-dotted and dotted lines co
respond toI 050.001 and 0.01, respectively.

The saturation effects are illustrated by Fig. 4, whi
shows the variable gain given by Eq.~26! where the bunch-
ing parameterq is now represented asq0uF̂1(d)u/uF̂1(0)u,
i.e., q052uF08uzdr8 uF̂1(0)u is the bunching parameter in th
case of the exact cyclotron resonance. Figures 4~a! and 4~b!
correspond to the frequency doubling and frequency tripl
regimes, respectively. In the first case (M52), the maxi-
mum variable gain is26.26 dB and in the second case (M
53) it is 27.24 dB. Note that in the case of standard ope
tion without frequency multiplication (M51) this gain
yields 24.7 dB, so there is no big difference in maximu
values of this functionGvar(d) for different M .

As seen in Fig. 4, whenq0 exceeds the optimum value
qopt, which corresponds to the maximum of the variab
gain, the valley in the dependence ofGvar on d appears at
small d. This valley can be explained by the electron ov
bunching. In such a case the maximum gain correspond
nonzero detuning which yieldqopt. This formation of two
peaks leads to significant bandwidth enlargement. The c

FIG. 4. Variable part of the large-signal gain as the function of normali
detuningd for several values of the bunching parameterq0 in frequency-
doubling ~a!, and frequency-tripling~b! gyro-TWTs.
Downloaded 03 Jan 2002 to 128.8.86.10. Redistribution subject to AIP
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cal value of overbunching corresponds to suchq0 which at
zero detuning give the variable gain by 3 dB smaller than
the maximum. These maximum values ofq0 can be found
from the analysis of Bessel functions: for frequenc
doubling devicesqopt51.527 andq0,max52.038, and for
frequency-tripling devicesqopt.1.4 andq0,max.1.761.

IV. DISCUSSION

In the analysis done above, we studied the gain assum
some normalized parameters to be fixed. In real experim
practically all these parameters depend on the operating
quency. Therefore, to accurately analyze the bandwidth
frequency dependence should be taken into account.

As an example, let us consider parameters of a seve
gyro-TWT described in Ref. 29, assuming that for frequen
doubling operation the sever is followed by an output wa
guide operating in the TE21-mode~an input waveguide oper
ates in the TE11-mode at the fundamental resonance!. The
tube described in Ref. 29 was driven by a 90 kV, 2A electr
beam with an orbital-to-axial velocity ratio close to 1.0 a
the guiding center radiusRg50.33Rw . The waveguide ra-
dius, Rw , was equal to 0.2757 cm, the length of the inp
waveguide was 8.25 cm, and the length of the separation
3 cm. The driver produced up to 1 kW power and the dr
frequency was varied from 32 to 36 GHz.

For this tube the dependence of normalized parame
used above on the drive frequency is shown in Fig. 5~here
the cyclotron resonance mismatchD is shown for the mag-
netic field equal to 12.15 kG!. Note that for a given wave-
guide the cutoff frequency of the TE1,1-wave is equal to
31.886 GHz~shown in Fig. 5!. Also recall that, when the
drive frequency approaches the cutoff, our formalism sho
be modified since we neglected the electron interaction w
a nonsynchronous backward wave while near cutoff this
teraction must be taken into account.

Among the dependencies shown in Fig. 5, at first glan
the most surprising is the frequency dependence of the
clotron resonance mismatchD. This dependence shows th
in a certain range of frequencies the mismatchD remains
practically unchanged. To explain this one should bear

d

FIG. 5. Frequency dependence of normalized parameters for the experi
described in Ref. 29.
 license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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636 Phys. Plasmas, Vol. 8, No. 2, February 2001 Nusinovich, Chen, and Granatstein
mind that the mismatchD contains the frequency depende
Doppler termkzvz , i.e.,D;12hbz02sV0 /v. By differen-
tiating this mismatch one can easily find that the change
frequency do not affect the mismatchD when the device
operates at the grazing conditionvgr5vz0 . Here vgr

5dv/dkz is the group velocity of the wave. In the case ofD
shown in Fig. 5 forB0512.15 kG,dD/d f50 corresponds to
f .34.45 GHz.

The corresponding dependence of the gain on the d
frequency is shown in Fig. 6. As follows from Fig. 6, wit
the departure from cutoff the gain decreases while the ba
width increases. A relatively small value of the gain can

FIG. 6. Gain vs frequency for the experiment~Ref. 29!.
Downloaded 03 Jan 2002 to 128.8.86.10. Redistribution subject to AIP
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explained by the use of a specified current approximation
the short output waveguide. A more accurate analysis o
extended output waveguide, certainly, would allow us to
crease the gain. For illustrative purposes, in Fig. 7 there
also shown the data corresponding to this experiment in
same plot as a previously calculated small-signal gain. T
fact that the changes in the drive frequency do not cha
significantly the normalized detuning can be explained, fi
by the discussed-above nonlinear dependence of the detu
D on the signal frequency and, second, it can be explained

FIG. 7. General dependencies of the variable part of the small-signal
on the normalized frequency detuning and the data corresponding to
experiment~Ref. 29! for several frequencies.
t
FIG. 8. Wave amplitude as the function of the axial coordinate calculated in the specified current approximation~solid curves! and by using a self-consisten
set of equations~dashed curves!: ~a! I 0250.01, q50.5, ~b! I 0250.01, q51.5, ~c! I 0250.1, q50.5, and~d! I 0250.1, q51.5.
 license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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the frequency dependence of the normalized beam cur
parameterI 0 to which the detuningd is normalized.

This example shows that for correct evaluation of t
bandwidth in real devices it is not enough to use gene
dependencies of the gain on the normalized detuning~similar
to those shown in Figs. 1, 3, and 4!. We should also be
concerned about the dependencies of normalized param
on the operating frequency.

V. SUMMARY

In this article, we presented the analytical theory d
scribing the gain and bandwidth of frequency-multiplyin
gyro-TWTs. The analysis of frequency-doubling a
frequency-tripling gyro-TWTs has been carried out. Al
shown was how to use the developed theory for evalua
the operating characteristics of real devices.
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APPENDIX: VALIDITY OF A SPECIFIED-CURRENT
APPROXIMATION

To check the validity of the specified-current approxim
tion we did simulations for the output waveguide describ
by Eqs. ~1!–~3! with the boundary condition for the phas
given by Eq. ~12! and compared these results with tho
based on the use of Eq.~15!. The results are shown in Fig.
where the axial dependence of the wave amplitude is sh
for several values of the normalized beam currentI 0 and the
bunching parameter@the cyclotron resonance mismatchD
present in Eq.~2! is taken equal zero#. The results shown
indicate that at small values of the parameterI 0 @ I 050.01,
see Figs. 8~a! and 8~b!#, the specified current approximatio
works well up to the normalized length of the output wav
guide of aboutz254. In the case of large values ofI 0 @ I 0

50.1, see Figs. 8~c! and 8~d!# the region of validity of this
approximation is restricted byz2<2. Note that for param-
eters of the experiment29 discussed above, these normaliz
lengths correspond toL2 /l2.6.8 and 3.4, respectively.
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