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Ferrite-guided cyclotron-resonance maser
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The concept of a cyclotron-resonance maser~CRM! with a ferrite loading incorporated in its waveguide is
proposed. The CRM interaction occurs between the rotating electron beam and the em wave propagating along
a longitudinally magnetized ferrite medium. The ferrite anisotropic permeability resembles the CRM suscep-
tibility in many aspects, and particularly in their similar response to the axial magnetic field~the ferrite
susceptibility can be regarded as a passive analog of the active CRM interaction!. The ferrite loading slows
down the phase velocity of the em wave and thus the axial~Weibel! mechanism of the CRM interaction
dominates. The ferrite loading enables also a mechanism of spectral tunability for CRM’s. The ferrite loading
is proposed, therefore, as a useful ingredient for high-power CRM devices. A linear model of the combined
ferrite-guided CRM interaction reveals its useful features. Future schemes may also incorporate ferrite sections
functioning as isolators, gyrators, or phase shifters within the CRM device itself for selective suppression of
backward waves and spurious oscillations, and for gain and efficiency enhancement.
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I. INTRODUCTION

Cyclotron resonance masers~CRM’s! are well-known
sources of high-power microwaves and millimeter waves@1#.
Two competing physical mechanisms are involved in the
teraction of the em wave with the helical orbiting electr
beam in the axial magnetic field@2#. The first mechanism
originates from the relativistic dependence of the cyclot
frequency on the electron energy. This effect induces
muthal phase bunching of the orbiting electrons. The op
site mechanism is the axial bunching effect caused by
axial velocity modulation of the electrons~this effect is also
known as the Weibel interaction!.

The azimuthal bunching mechanism dominates in fa
wave devices. For instance, gyrotron devices@3# utilize
highly azimuthal bunching due to their large em phase
locity ~near the waveguide cutoff!. Gyrotrons have recently
reached up to an 850 GHz frequency@4# and up to a 70 dB
amplifier gain@5#. The latter achievement is made feasible
a distributed loss along the interaction, which suppresses
undesired backward waves.

The axial bunching mechanism dominates in slow-wa
CRM’s. Such devices, with dielectric loads@6,7# and peri-
odic waveguides@8,9#, have been demonstrated experime
tally. The dielectric load or the periodic structure~i.e., artifi-
cial dielectric! decreases the impedance of the em wa
involved in the azimuthal bunching, and enhances the op
site axial bunching effect, which may then dominate. T
anomalous Doppler CRM effect@7,10,11# may occur in these
conditions. This effect, for instance, enables amplificat
even with a zero initial transverse velocity component of
electrons@12#. This feature alleviates the need for an initi
kicking of the electron beam, and it may simplify the CR
device operating in the anomalous regime.

This paper proposes the concept of a CRM interact
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incorporated in a ferrite-loaded waveguide@13#. Ferrite loads
were discussed already in the early 1960s for backward-w
tubes @14,15#. In the presently proposed CRM, the ferri
loading slows down the wave phase velocity and enhan
the magnetic field component of the em wave involved in
axial bunching effect. Unlike periodic or dielectric loads f
slow-wave CRM’s, the ferrite permeability is a resonant
fect governed by the same axial~static! magnetic field incor-
porated in the CRM device itself. The linear model presen
in this paper shows that the ferrite loading may provide
additional tunability feature of the CRM interaction since t
waveguide spectral response is tuned simultaneously
the CRM interaction by the static magnetic field.

Ferrite-guided CRM’s can be conceived in a variety
different schemes. In this paper we study a cylindrical m
tallic waveguide loaded by a hollow ferrite rod as shown
Fig. 1 ~other structures based on rectangular or pla
waveguides are feasible as well!. In the scheme shown in
Fig. 1, an axial magnetic field is applied externally to ac
vate both the CRM interaction and the ferrite anisotro
permeability.

Ferrite materials are used in a wide range of passive n

ic FIG. 1. The proposed ferrite-guided CRM scheme in a cylind
cal waveguide.
©2002 The American Physical Society02-1



or

M
M
n

fo

a
le
th

s
e
re

n-
e

ire

te
as
e
s
d
e

ve
s
h

a
ed
n
he

in
s

,
-

c
ite

re

cies

ncy

re-
r-

des
tly

e

e-

tion
this

led
ents

he
em
TM
odes

ELI JERBY, A. KESAR, A. AHARONY, AND G. BREITMEIER PHYSICAL REVIEW E65 066502
reciprocal microwave devices, such as isolators, gyrat
circulators, filters, and phase shifters@16,17#. Hence, these
functions can be incorporated as well in future CR
schemes. For instance, one may conceive an ‘‘isolator CR
in which the backward waves or other spurious oscillatio
are suppressed selectively by the ferrite. The amplified
ward wave will not be attenuated then as in@5#, since the
resonance frequencies of the ferrite loss and of the forw
CRM interaction deviate by the Doppler shift. Ferrite e
ments can be conceived also for phase shifting within
CRM interaction, to enhance its gain and efficiency.

This paper is organized as follows. Section II present
transverse-mode analysis for the cylindrical ferrite-load
waveguide shown in Fig. 1, and a linear gain-dispersion
lation of the corresponding CRM interaction. Section III i
troduces the extended tunability feature of a ferrite-load
CRM, and Sec. IV summarizes the paper and proposes d
tions for future ferrite-guided CRM studies.

II. LINEAR MODEL

The linear model derived in this section demonstra
physical features of the ferrite-guided CRM. This model
sumes an electron beam spiraling in a uniform magnetic fi
along a hole in the cylindrical ferrite-loaded waveguide illu
trated in Fig. 1. This model presents the features of the
vice and can be generalized to other schemes as well. Th
wave propagating on thez axis along with the electron beam
is tuned to the range of a single circularly polarized wa
guide mode. Section II A analyzes the transverse effect
the bounded ferrite medium on the guided em wave. T
results in mode dispersion and impedance, and thee-beam
filling-factor parameters. These constitutive parameters
incorporated in Sec. II B in the kinetic linear model deriv
for the convective cyclotron instability. This approach e
ables us to focus first on the principal contribution of t
ferrite guide to the CRM interaction.

In view of the CRM scheme shown in Fig. 1, we obta
from Maxwell’s equations a tensor wave equation as follow

¹2H1v2«mH5H 2“3J, 0,r ,r b

0, r b,r ,Ro ,
~1!

whereH is the magnetic field component of the em wave«
is the~nonuniform! effective dielectric permitivity of the me
dium, v is the em wave angular frequency,J andr b are the
electron-beam current and radius, respectively~assuming a
pencil e beam!, and Ro is the inner radius of the metalli
waveguide. The permeability tensor is given for the ferr
medium by@16#

m5m0S m r 2 j k r 0

j k r m r 0

0 0 1
D , ~2!

where the scalar permeability terms, neglecting losses, a
06650
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m r512
v0vM

v22v0
2

, ~3a!

k r5
vvM

v22v0
2

. ~3b!

In vacuum, the permeability tensorm is reduced tom0. The
ferrite resonance and the magnetization angular frequen
are given by

v05
e

m0
m0Hi , ~4a!

vM5
e

m0
m0Mi , ~4b!

respectively; both resemble the cyclotron angular freque
in the magnetized electron beam

vc05
e

m0
B0 , ~5!

wheree and m0 are the electron charge and rest mass,
spectively,Hi is the static magnetic induction inside the fe
rite andMi is its magnetization, andB0 is the static magnetic
field induced on the electron beam. The em-wave mo
propagating in a magnetized ferrite medium are inheren
circularly polarized waves@16,17#. Their relative permeabil-
ity m r 65m r6k r depends on frequency. The effect of th
metallic bound is elaborated in the next section.

A. The ferrite-loaded cylindrical waveguide

The modes of em-wave propagation in a cylindrical wav
guide partially filled with a ferrite tube~without an electron
beam! were investigated by Baden-Fuller@18#. In this study
he derived a comprehensive model for the dispersion rela
and the transverse profiles of these waveguide modes. In
model, the homogeneous tensor wave equation@Eq. ~1! with
J50# for the waveguide shown in Fig. 1 leads to the coup
wave equation for the transverse and axial wave compon
as follows:

m r¹'
2 Hz1~v2«m0m r2b2!Hz5 j v«bk rEz , ~6a!

m r¹'
2 Ez1@v2«m0~m r

22k r
2!2m rb

2#Ez

52 j vm0bk rHz , ~6b!

whereb is the longitudinal wave number, andEz andHz are
the longitudinal electric and magnetic field components. T
ferrite-loaded cylindrical waveguide supports composite
wave modes, which cannot be classified as pure TE or
modes like the empty waveguide modes. Hence, these m
possess both longitudinalEz andHz components due to the
nonisotropic ferrite properties represented by thek r term in
Eqs.~2!, ~6a!, and~6b!.

The waveguide modes are found in Ref.@18# by a sixth-
order matrix dispersion equation of the formD(b)L50 ob-
2-2
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tained by applying boundary conditions to the general so
tion of Eqs.~6a! and~6b! on the inner and outer ferrite jacke
surfaces. Theb-dependent terms of the sixth-order matrixD
are listed in@18#. The solution of the vectorL provides the
coefficients for the em-wave components in the vacuum
ferrite media, as calculated below. The dispersion rela
b(v) of the ferrite-loaded waveguide modes is found by
numerical solutions of detD(b)50. Figure 2 shows the com
puted dispersion relations for the left- and right-hand cir
larly polarized modes of the first three modes for the para
eters listed in Table I.

Reference@18# presents general expressions for the va
ous field components. These include the transverse mag
field components in the waveguide bore region~i.e., the
e-beam vicinity on axis! as follows:

Hr5Z0
21F2p

ga
2

n

r̄
K3Jn~gar̄ !2b̄

2p

ga
K4Jn8~gar̄ !G

3ej (nu1vt2bz), ~7a!

FIG. 2. Computed dispersion relations of the first three mode
a ferrite-loaded cylindrical waveguide. The waveguide parame
are listed in Table I. The external magnetization fieldB052.5 kG.
The solid and dashed lines describe the right-hand~R! and left-hand
~L! circular polarization modes, respectively. The free-space s
of c is also shown for comparison.

TABLE I. Parameters for numerical calculations.

Parameter Symbol Value

Ferrite-loaded cylindrical waveguide
Length L 1 m
Ferrite inner/outer radius Ri /Ro 5/8 mm
Relative dielectric factor « r 12.9
Maximum magnetization 4pm0Mi 3 kG

Electron beam
Current I 1 A
Voltage Veb 6–9 kV
Beam radius r b 2 mm
Pitch ratio a 1
06650
-
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Hu5 jZ0
21F2

2p

ga
2
b̄

n

r̄
K4Jn~gar̄ !1

2p

ga
K3Jn8~gar̄ !G

3ej (nu1vt2bz), ~7b!

where Z05Am0 /«0 is the free-space wave impedance,K3
andK4 are coefficients resulting numerically from the vect
L solution, r̄ 5r /l0 and b̄5b/k0 are the radial coordinate
and the axial wave number, respectively~normalized to the

free-space wavelength and wave number!, ga52pA12b̄2,
andn is the azimuthal index of the mode. Unlike in uniform
waveguides, discrete radial indices are not valid for the p
tially filled ferrite waveguide. The mode presented by E
~7a! and ~7b! is inherently circularly polarized.

The em-wave profiles and the dispersion relations for
fundamental mode (n51) are computed here by the Bade
Fuller model@18# for the parameters listed in Table I. Figur
3 presents the resulting profiles of the transverse em-w

in
rs

e

FIG. 3. Computed transverse profiles of the electric~a! and
magnetic~b! vector fields, and their corresponding intensity co
tours, across the partially filled ferrite loaded waveguide~without
an e beam!, for the right-hand circularly polarized mode denote
‘‘1b’’ in Fig. 2 at a frequency of 9 GHz andB052.5 kG.
2-3
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components across the partially filled cylindrical ferr
waveguide for the right-hand circularly polarized mode~at
B052.5 kG, v/2p59 GHz). Figure 4 shows the magn
tude of the radial and axial electric field components (uEr(r )u
anduEz(r )u, respectively! along the horizontal axis of Fig. 3
The computed results show that near the waveguide axis
fundamental mode is dominated by the transverse field c
ponents. The wave profile is nearly uniform within th
e-beam cross section (r<r b), and it can be regarded there
a quasi-plane-wave. This circularly polarized quasi-pla
wave can be characterized near axis by its local impeda
Za and wave numberb. In the conditions of Fig. 3, these ar
found to beZa5446 V andb5327 m21, respectively.

For a single-mode CRM interaction, the transverse eff
of the waveguide is characterized also by the filling factorF f
which relates the effective cross-sectional areas of the
beam and the em mode as

F f5
Aeb

Aem
~8!

whereAeb5*u50
2p * r 50

r b (S• ẑ)r dr du and

Aem5*u50
2p * r 50

Ro ~S• ẑ!r dr du,

andS5E3H* is the Poynting vector of the em mode. Th
filling factor, impedance, and wave number of the em mo
found above enable the derivation of the single-mode mo
for the ferrite-guided CRM interaction in the next section

B. The cyclotron interaction

A linear model for the CRM interaction with a singl
waveguide mode is derived using the mode characteris
found above~i.e., the wave impedance, wave number, a
filling factor parameters!. Following Ref. @12#, the electron
current density is computed in the linear regime by

FIG. 4. The magnitude of the radial and axial electric field co
ponentsuEr(r )u ~solid line! and uEz(r )u ~dashed line!, respectively,
of Fig. 3 along its horizontal axis.
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m0
E E E

P0

Pc

g0
f 1c~P0 ,z,v!d3P0 , ~9!

where f 1c(P0 ,z,v) is the electron first-order distribution
function, andPc(P0) is the momentum characteristic line o
the zero-order Vlasov equation. This line describes an e
tron spiraling trajectory along the axial magnetic fieldB0

5 ẑB0, as

Pc5 x̂P0' cosc~z!1 ŷP0' sinc~z!1 ẑP0z , ~10!

wherec(z)5kcz1c0 is the phase of the electron gyromo
tion. The initial value of the momentum characteristic line
given in cylindrical coordinates by the initial components
the axial and radial electron momentum,P0z and P0' , re-
spectively, and by the tilt anglea and the initial phase of the
electron gyromotion,c0. These are related to the Cartesi
initial momentum components (P0x ,P0y ,P0z) by P0'

5AP0x
2 1P0y

2 anda5arctan(P0y /P0x), where both Cartesian
and cylindrical coordinate systems are used simultaneo
in the following analysis. The relativistic factor in Eq.~9! is
given byg05A11(P0z

2 1P0'
2 )/m0

2c2 wherec is the speed of
light. The cyclotron motion periodicity in Eq.~10! is given
by kc5vc /V0z , whereV0z5P0z /g0m0 is the initial axial
velocity of the electron. The relativistic cyclotron frequen
is vc5vc0 /g0.

The first-order distribution functionf 1c(P0 ,z,v) in Eq.
~9! is the solution of the first-order Vlasov equation int
grated along the zero-order characteristic lines~10!, as fol-
lows:

j v f 1c~P0 ,z,v!1
P0z

g0m0

]

]z
f 1c1F1c•¹p0f 0c~P0!50

~11!

wheref 0c(P0) is the electron zero-order distribution functio
at the entrance to the interaction region (z50). The first-
order force induced by the transverse em fields along
characteristic lines is given by

F1c52eS E'1
Pczm0

g0m0
ẑ3H'

1
m0

g0m0
Pc'3H'1 ẑEzD . ~12!

For a CRM interaction with a single circularly polarize
wave, we assume a slowly varying wave amplitudeA(z)
along the interaction region. The em wave propagating in
ferrite-loaded waveguide, in the region of the electron bea
is described by the transverse components of the wave e
tion ~1! as

H'56 jA~z!ê6f̂H
6H0e2 j bz, ~13a!

E'5A~z!ê6f̂E
6H0Za

6e2 j bz, ~13b!

-

2-4
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and by the axial component of the electric fieldEz

5A(z)f̂Ez
6 Ez0e2 j bz, where 1/2 denote a right-left-hand

polarization, andê65 x̂7 j ŷ is the circularly polarized unit
vector. The transverse profiles of the em mode aref̂H

6 , f̂E
6 ,

and f̂Ez
6 ~note that within thee-beam cross sectionf̂H

6

'f̂E
6). The initial transverse magnetic field isH0, andEz0 is

the initial axial electric field. The longitudinal wave numb
b is found as described in Sec. II A above.

Assuming a uniform initial azimuthal distribution of th
electron beam, the distribution functionf 0c(P0) is indepen-
dent of c0. Consequently,] f 0c /]P0x5(] f 0c /]P0')cosc,
] f 0c /]P0y5(] f 0c /]P0')sinc, and the Vlasov equation~11!
is rewritten in the form

j v f 1c~P0 ,z,v!1
P0z

g0m0

]

]z
f 1c

5eF S Za
62

P0zm0

g0m0
D ] f 0c

]P0'

1
P0'm0

g0m0

] f 0c

]P0z
G

3A~z!f̂H
6H0e2 j (bz6kcz6c0)

1e
] f 0c

]P0z
A~z!f̂Ez

6 Ez0e2 j bz. ~14!

Substituting Eq.~13! into the wave equation~1!, subtracting
the homogeneous components@which do not include deriva-
tives ofA(z) and are therefore equal to zero#, and neglecting
second derivatives ofA(z), we obtain the wave equation fo
the e-beam region (r ,r b)

62b
dA~z!

dz
ê6f̂H

6H0e2 j bz52
]

]z
~ ẑ3J'!1 ẑ3“'Jz . ~15!

Equations~9!, ~14!, and ~15! form a linear set of partia
differential equations. In order to solve them, we apply
Laplace transform on the z dimension, Ã(s)
5*zA(z)e2szdz, and rewrite Eqs.~9!, ~14!, and~15! in thes
domain as follows. The current components~9! are trans-
formed to

J̃'~s,v!52
e

2m0
E E E

P0

P0'

g0
@ej c0 f̃ 1c~s2 jkc!ê

1

1e2 j c0 f̃ 1c~s1 jkc!ê
2#d3P0 ~16a!

and

J̃z~s,v!52
e

m0
E E E

P0

P0z

g0
f̃ 1c~s!d3P0 , ~16b!

where the first-order distribution function is given by th
solution of the transformed first-order Vlasov equation~14!
as follows:
06650
e

f̃ 1c~P0 ,s,v!5eS j v1
P0z

g0m0
sD 21

3H F S Za
62

P0zm0

g0m0
D ] f 0c

]P0'

1
P0'm0

g0m0

] f 0c

]P0z
G

3Ã~s1 j b6 jkc!e
7 j c0f̂H

6H0

1
] f 0c

]P0z
Ã~s1 j b!f̂Ez

6 Ez0J . ~17!

The wave equation~15! is transformed to

62b@~s1 j b!Ã~s1 j b!2A0#ê6f̂H
6H052s@ ẑ3 J̃'~s,v!#

1 ẑ3“'J̃z~s,v!, ~18!

whereA0 is the wave amplitude at the entrance (z50).
Substituting the distribution function~17! into the current

components~16a!,~16b! yields the expressions

J̃'
6~s,v!>2

pe2

m0
Ã~s1 j b!ê6f̂H

6H0

3E
P0z

E
P0'

P0'

g0
S j v1

P0z

g0m0
s7

j vc0

g0
D 21

3F S Za
62

P0zm0

g0m0
D ] f 0c

]P0'

1
P0'm0

g0m0

] f 0c

]P0z
G

3P0'dP0'dP0z ~19a!

and

J̃z
6~s,v!>2

2pe2

m0
Ã~s1 j b!f̂Ez

6 Ez0

3E
P0z

E
P0'

P0z

g0
S j v1

P0z

g0m0
sD 21

3
] f 0c

]P0z
P0'dP0'dP0z , ~19b!

where terms independent ofc0 vanish in the integration.
We assume now that the dominant poles are located in

s plane in the vicinity of the cyclotron-resonance conditio
hence

U j v1
P0z

g0m0
s7

j vc0

g0
U;0, ~20!

where the2/1 signs correspond to the normal and anom
lous modes of the CRM interaction, respectively. Sideba
harmonics and other off-resonance effects that do not sa
Eq. ~20! are negligible. In particular, the axial currentJ̃z @Eq.
~19b!#, associated with the traveling-wave tube or Cˇ erenkov
2-5
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axial bunching effect, is off resonance in the CRM resona
condition ~20! and therefore negligible@note thatV0z'(v
2vc)/b is much smaller than the em phase velocityVph
5v/b, and thus the denominator of Eq.~19b! exceeds the
o
x

e

y,

n

06650
eorder ofvc#. Therefore, even ifuEzu&uE'u the effect ofJz is
negligible with respect toJ' near the cyclotron resonance.

After integration by parts and some further algebra
steps, Eq.~19a! results in
J̃'
6~s,v!>Ã~s1 j b!ê6f̂H

6H0

2pe2

m0
E

P0z

E
P0'

1

g0
F S j v1

P0z

g0m0
s7

j vc0

g0
D 21S Za

62
P0zm0

g0m0
D2

1

2 S j v1
P0z

g0m0
s

7
j vc0

g0
D 22S P0'

g0m0
D 2S j v

c2
Za

61sm0D G f 0cP0'dP0'dP0z . ~21!
ite-
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In the ideal case of a cold and azimuthally uniform electr
beam, the zero-order electron distribution on axis is appro
mated by

f 0c~P0!>
n0

2p P̄0'

d~P0'2 P̄0'!d~P0z2 P̄0z!, ~22!

wheren0 is the electron density andd is a Dirac function.
We substitute the current equation~21! in the ideal limit~22!
into the wave equation~18!. In the region of the electron
beamZa

65Vph
6 m0, whereVph

6 is the em phase velocity of th
homogeneous solution. The above results in

22 j b@~s1 j b!Ã~s1 j b!2A0#

5
vp

2

c2
F fF s

j ~v7vc!1sV̄0z

~Vph
6 2V̄0z!

2
V̄0'

2

2

s

@ j ~v7vc!1sV̄0z#
2 S j v

c2
Vph

6 1sD G
3Ã~s1 j b!, ~23!

wherevp5Ae2n0 /g0m0«0 is the plasma angular frequenc
F f is the e-beam filling factor~8! for the fundamental em
mode, andV̄0z5 P̄0z /g0m0 andV̄0'5 P̄0' /g0m0 are the av-
erage electron axial and perpendicular velocity compone
respectively. This yields

22 j b@sÃ~s!2A0#

5
1

c
vp

2F f

s2 j b

j ~v7vc!1~s2 j b!V̄0z

3F ~ b̄ph
6 2b̄0z!2

1

2
b̄0'

2
j vb̄ph

6 1~s2 j b!c

j ~v7vc!1~s2 j b!V̄0z
G

3Ã~s!, ~24!

where b̄0z5V̄0z /c, b̄0'5V̄0' /c, and b̄ph
6 5Vph

6 /c are the
normalized electron and phase velocity components.
n
i-

ts,

The dimensionless operating parameters of the ferr
guided CRM interaction are defined as follows. The tuni
parameter is

û75~v7vc2bV̄0z!
L

V̄0z

~25!

where L is the interaction length. The normalized spac
charge parameter isûp5vpL/V̄0z , and the dimensionles
wave number variables areŝ5 jsL, k̂5kL, and b̂5bL.
This notation leads to a simplified gain-dispersion relat
for the ferrite-guided CRM interaction as in Ref.@12#:

Ã~ ŝ!5
~ ŝ2 û7!2

ŝ~ ŝ2 û7!22k~ ŝ!F fC~ ŝ!ûp
2

A0 , ~26!

where the coupling term for the circularly polarized wave
the ferrite-guided CRM is

k~ ŝ!5b̄0z~ ŝ2 û7!~ b̄ph
6 2b̄0z!

2
1

2
b̄0'

2 ~ ŝ1b̂2 k̂b̄ph
6 !, ~27!

and the ratio parameterC( ŝ)5( ŝ1b̂)/2b̂ is close to1
2 for

slow waves. The resulting Pierce-type equation~26! for the
ferrite-guided CRM interaction with a single circularly po
larized mode is solved for several representative case
demonstrate the ferrite effect in the next section.

III. FERRITE-CRM TUNABILITY

The unique feature of the ferrite-loaded waveguide ste
from the dependence of its dispersion relation on the indu
external magnetic field. This effect is shown for instance
Fig. 5 for the parameters listed in Table I. The dependenc
the dispersion relation on the magnetic field enables on
vary the waveguide mode cutoff frequency, and to shift
entire dispersion curve according to the axial static magn
field. Figure 5 shows, for instance, the variation in the d
persion relation of the right-hand circularly polarized mo
~denoted ‘‘1b’’ in Fig. 2! for three values of the externa
2-6
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magnetic field~2.50, 2.59, and 2.68 kG!. An increase ofB0
by 0.09 kG leads to an increase of 0.25 GHz in the fer
resonance frequency, and consequently to a similar incr
of the waveguide cutoff frequency. Hence, in the ferri
loaded CRM, the frequency range can be tuned not only
varying thee-beam energy but also by using the axial ma
netic field effect on the ferrite. Here, the magnetic field
fects not only the electron-cyclotron frequency~as in an or-
dinary CRM!, but also the ferrite resonance frequency a
consequently the spectral response of the waveguide.

Figure 5 shows, for instance, thee-beam line for B0
52.5 kG, Veb57.5 kV, and the other parameters listed
Table I. The CRM interaction with the corresponding e
wave is denoted as pointA in this dispersion diagram. Th
phase velocity at this point is 0.57c, whereas the electron
axial velocity is 0.12c, and hence the two are intentional
mismatched (Vph;5V0z).

The tunability feature of the ferrite-loaded CRM device
demonstrated in this section by a numerical example.
gain-dispersion relation~26! is solved by an inverse Laplac
transform ofÃ( ŝ) for the parameters listed in Table I. Figu
6 shows gain curves of the CRM interaction in three differ
e-beam voltages~6.5, 7.5, and 8.5 kV! for the same static
magnetic field~2.59 kG!. This tuning effect, by varying the
electron energy, is similar in principle to the ordinary CRM
But in a ferrite-guided CRM a variation in the static ma
netic field leads to a wider tunability range because of
ferrite response to this field. Figure 7 demonstrates this
ture by three gain curves of the CRM interaction in differe
magnetic fields~2.50, 2.59, and 2.68 kG! for the same
e-beam voltage~7.5 kV!. The instantaneous bandwidth
;0.3 GHz and the tunability range attains 1.2 GHz in t
example.

It should be noted that this CRM performance in such

FIG. 5. The dispersion relation of the right-hand circularly p
larized mode denoted ‘‘1b’’ in Fig. 2 for three values of the extern
magnetic field,B052.50, 2.59, and 2.68 kG. The dashed li
shows the electron beam line for the operating parameters of T
I with B052.5 kG andVeb57.5 kV. PointsA and B denote the
CRM interaction point and the cyclotron frequency, respective
The dotted lines present the em phase velocity slopeVph and the
free-space slopec (V0z50.12c andVph50.57c).
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low operating voltage is not achievable in an empty wa
guide of the same diameter~16 mm!, because its cutoff fre-
quency ~11 GHz! is higher than that of the ferrite-loade
waveguide~7.5 GHz!.

IV. DISCUSSION

The concept of a ferrite-guided CRM is proposed a
discussed theoretically in this paper. The ferrite medi
slows the em wave and enhances its magnetic field com
nent. This enables a CRM interaction in the Weibel regim
in which the axial bunching mechanism is dominant. T
ferrite-guided CRM may also attain the anomalous Dopp
condition ~with the left-hand circular polarization modes!.

A linear gain dispersion equation~26! is derived in this
paper using the formalism of Ref.@12#, whereas the ferrite-
loaded waveguide parameters~i.e., the wave number, phas
velocity, impedance, and filling factor! are found numerically
according to Ref.@18#. Unlike in an ordinary CRM, the

l

le

.

FIG. 6. Gain vs frequency forB052.59 kG, ande-beam volt-
ages of 6.5, 7.5, and 8.5 kV, for the parameters listed in Table

FIG. 7. Gain vs frequency fore-beam voltage of 7.5 kV, and
external magnetic fields of 2.50, 2.59, and 2.68 kG, for the par
eters listed in Table I.
2-7
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waveguide parameters depend on the axial-magnetic
strength, which adds another dimension of tunability to t
CRM scheme. The gain vs frequency of the ferrite-guid
CRM amplifier is calculated numerically for several e
amples to demonstrate this tunability feature.

The slow-wave interaction widens the spectral bandwi
of the amplification curve, but unlike dielectric-loaded CR
schemes, the spectral response of the ferrite guide dep
on the induced magnetic field, and it can be made selec
in frequency. For instance, the losses associated with the
rite resonance frequency~which differs from the CRM oper-
ating frequency by the Doppler shift and is therefore n
glected in this study! can be utilized in future schemes
.

ru
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tt,
m
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.
J.

,

06650
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suppress selectively backward waves and other spurious
cillations. This may extend the concept demonstrated by C
et al. @5# with a resistive load. In future schemes, ferrite co
ponents can be incorporated within CRM tubes as inter
phase shifters to enhance gain and efficiency. Ferrite-gu
CRM’s can be made in rectangular and planar shapes as

Further theoretical and experimental studies are nee
following this conceptual study in order to evaluate the fe
tures of the ferrite-guided CRM’s and to examine their ch
acteristics. These include nonlinear analysis in a wide ra
of parameters, taking into account multimode transverse
fects and ferrite losses. An experimental demonstration of
ferrite-loaded CRM concept is considered in@19#.
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