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Ferrite-guided cyclotron-resonance maser
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The concept of a cyclotron-resonance ma&RM) 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(fiedferrite
susceptibility can be regarded as a passive analog of the active CRM intera¢tienferrite loading slows
down the phase velocity of the em wave and thus the a¥\dibe) 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 incorporated in a ferrite-loaded waveguidss]. Ferrite loads
were discussed already in the early 1960s for backward-wave

Cyclotron resonance masef€RM’s) are well-known tubes[14,15. In the presently proposed CRM, the ferrite
sources of high-power microwaves and millimeter wa\ds loading slows down the wave phase velocity and enhances
Two competing physical mechanisms are involved in the inthe magnetic field component of the em wave involved in the
teraction of the em wave with the helical orbiting electron axial bunching effect. Unlike periodic or dielectric loads for
beam in the axial magnetic f|e|E2] The first mechanism slow-wave CRM’s, the ferrite permeability is a resonant ef-
originates from the relativistic dependence of the cyclotrorfect governed by the same axiatatio magnetic field incor-
frequency on the electron energy. This effect induces aziporated in the CRM device itself. The linear model presented
muthal phase bunching of the orbiting electrons. The oppoin this paper shows that the ferrite loading may provide an
site mechanism is the axial bunching effect caused by thadditional tunability feature of the CRM interaction since the
axial velocity modulation of the electrorgthis effect is also Waveguide spectral response is tuned simultaneously with
known as the Weibel interaction the CRM interaction by the static magnetic field.

The azimuthal bunching mechanism dominates in fast- Ferrite-guided CRM's can be conceived in a variety of
wave devices. For instance, gyrotron dev|({@ utilize different schemes. In this paper we StUdy a cyIindricaI me-
highly azimuthal bunching due to their large em phase vetallic waveguide loaded by a hollow ferrite rod as shown in
locity (near the waveguide cutoffGyrotrons have recently Fig. 1 (other structures based on rectangular or planar
reached up to an 850 GHz frequeri@y} and up to a 70 dB  Waveguides are feasible as Welln the scheme shown in
amplifier gain[5]. The latter achievement is made feasible byFig. 1, an axial magnetic field is applied externally to acti-
a distributed loss along the interaction, which suppresses théate both the CRM interaction and the ferrite anisotropic
undesired backward waves. permeability.

The axial bunching mechanism dominates in slow-wave Ferrite materials are used in a wide range of passive non-
CRM's. Such devices, with dielectric loadl6,7] and peri-
odic waveguide$8,9], have been demonstrated experimen-
tally. The dielectric load or the periodic structuiee., artifi-
cial dielectrig decreases the impedance of the em wave
involved in the azimuthal bunching, and enhances the oppo-
site axial bunching effect, which may then dominate. The
anomalous Doppler CRM effef?,10,13 may occur in these
conditions. This effect, for instance, enables amplification
even with a zero initial transverse velocity component of the Electron
electrong[12]. This feature alleviates the need for an initial beam
kicking of the electron beam, and it may simplify the CRM
device operating in the anomalous regime.

This paper proposes the concept of a CRM interaction

* Author to whom correspondence should be addressed. Electronic FIG. 1. The proposed ferrite-guided CRM scheme in a cylindri-
address: jerby@eng.tau.ac.il cal waveguide.
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reciprocal microwave devices, such as isolators, gyrators,
WoW

circulators, filters, and phase shiftdr5,17]. Hence, these pr=1-——, (3a)
functions can be incorporated as well in future CRM W~ wg

schemes. For instance, one may conceive an “isolator CRM”

in which the backward waves or other spurious oscillations wwy

are suppressed selectively by the ferrite. The amplified for- Kf:wz_ w2 (30)

ward wave will not be attenuated then as[B1, since the

resonance frequencies of the ferrite loss and of the forwargh yacuum, the permeability tensgr is reduced tquo. The

CRM interaction deviate by the Doppler shift. Ferrite ele-ferrite resonance and the magnetization angular frequencies
ments can be conceived also for phase shifting within theyre given by

CRM interaction, to enhance its gain and efficiency.

This paper is organized as follows. Section Il presents a e
transverse-mode analysis for the cylindrical ferrite-loaded wo:ﬂMoHi' (4a)
waveguide shown in Fig. 1, and a linear gain-dispersion re-
lation of the corresponding CRM interaction. Section Il in- e
troduces the extended tunability feature of a ferrite-loaded wM=m—o,qui, (4b)

CRM, and Sec. IV summarizes the paper and proposes direc-

tions for future ferrite-guided CRM studies. respectively; both resemble the cyclotron angular frequency

in the magnetized electron beam

II. LINEAR MODEL e

The linear model derived in this section demonstrates C"Cozr-n_oBO’ (5)
physical features of the ferrite-guided CRM. This model as-

sumes an electron beam spiraling in a uniform magnetic fielavheree and my are the electron charge and rest mass, re-
along a hole in the cylindrical ferrite-loaded waveguide illus- spectively,H; is the static magnetic induction inside the fer-
trated in Fig. 1. This model presents the features of the derite andM; is its magnetization, anB, is the static magnetic
vice and can be generalized to other schemes as well. The €field induced on the electron beam. The em-wave modes
wave propagating on theaxis along with the electron beam propagating in a magnetized ferrite medium are inherently
is tuned to the range of a single circularly polarized wave-circularly polarized wavegl6,17). Their relative permeabil-
guide mode. Section Il A analyzes the transverse effects aty w,.=u,* «x, depends on frequency. The effect of the
the bounded ferrite medium on the guided em wave. Thisnetallic bound is elaborated in the next section.

results in mode dispersion and impedance, andetheam

filling-factor parameters. These constitutive parameters are A. The ferrite-loaded cylindrical waveguide

incorporated in Sec. 11 B in the kinetic linear model derived
for the convective cyclotron instability. This approach en-
ables us to focus first on the principal contribution of the

ferrite guide to the CRM interaction. ) : : g .
In view of the CRM scheme shown in Fig. 1, we obtain he derived a comprehensive model for the dispersion relation
from Maxwell's equations a tensor wave equatio}l as follows.""nd the transverse profiles of these waveguide mode§. In this
model, the homogeneous tensor wave equdtian (1) with
J=0] for the waveguide shown in Fig. 1 leads to the coupled
—VXJ, 0<r<ry wave equation for the transverse and axial wave components
2 2 —
VH+o%epH= 0, rp<r<R,, @ as follows:

e VEH A+ (0% pop— BAH,=jwe B, E,, (68

The modes of em-wave propagation in a cylindrical wave-
guide partially filled with a ferrite tubéwithout an electron
bean) were investigated by Baden-Fullgt8]. In this study

whereH is the magnetic field component of the em wawe,

is the(nonuniform) effective dielectric permitivity of the me- e VIE+[w2e ol ul— xf) — e B2IE,
dium, o is the em wave angular frequendyandr are the ]
electron-beam current and radius, respectielysuming a =—jopoBrH;, (6b)

pencil e bean), and R, is the inner radius of the metallic ) o
waveguide. The permeability tensor is given for the ferriteWN€res is the longitudinal wave number, atg andH, are
medium by[16] the longitudinal electric and magnetic field components. The

ferrite-loaded cylindrical waveguide supports composite em
) wave modes, which cannot be classified as pure TE or TM
e —jre 0 modes like the empty waveguide modes. Hence, these modes
u=po| ikr  mr O, 2) possess both longitudin&, andH, components due to the
= nonisotropic ferrite properties represented by khderm in
Egs.(2), (6a), and(6b).
The waveguide modes are found in REf8] by a sixth-
where the scalar permeability terms, neglecting losses, areorder matrix dispersion equation of the foid§3)L =0 ob-
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FIG. 2. Computed dispersion relations of the first three modes in
a ferrite-loaded cylindrical waveguide. The waveguide parameters
are listed in Table I. The external magnetization fiBlg=2.5 kG.
The solid and dashed lines describe the right-h@)dnd left-hand
(L) circular polarization modes, respectively. The free-space slope
of ¢ is also shown for comparison.

tained by applying boundary conditions to the general solu-
tion of Egs.(6a) and(6b) on the inner and outer ferrite jacket
surfaces. Theg-dependent terms of the sixth-order matbix
are listed in[18]. The solution of the vectok provides the
coefficients for the em-wave components in the vacuum and
ferrite media, as calculated below. The dispersion relation
B(w) of the ferrite-loaded waveguide modes is found by the
numerical solutions of dBX{ ) =0. Figure 2 shows the com-
puted dispersion relations for the left- and right-hand circu-
larly polarized modes of the first three modes for the param-
eters listed in Table I.

Referencd 18] presents general expressions for the vari-
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FIG. 3. Computed transverse profiles of the electat and
magnetic(b) vector fields, and their corresponding intensity con-

ous field components. These include the transverse magnetig s, across the partially filled ferrite loaded waveguidithout

field components in the waveguide bore regiome., the

e-beam vicinity on axisas follows:

an e bean), for the right-hand circularly polarized mode denoted
“1b” in Fig. 2 at a frequency of 9 GHz an®&,=2.5 kG.

H=zo Y 2T 3 (= B Kl () 2 2
=Zo | — =Kadn(val) =~ B—Kad\(val - 7N — 27 =
S Y e T Hy= 125" = —B=Kadn(yar) + ——KaJi(7ar)
a a
j(n6+ wt—Bz)
X e , (78 x gl (nf+wt=p2) (7h)

TABLE |. Parameters for numerical calculations.

Parameter Symbol Value
Ferrite-loaded cylindrical waveguide

Length L 1m

Ferrite inner/outer radius R /R, 5/8 mm

Relative dielectric factor & 12.9

Maximum magnetization AuoM; 3 kG

Electron beam

Current | 1A

\oltage Vep 6-9 kv

Beam radius Iy 2 mm

Pitch ratio a 1

where Z,= /ey is the free-space wave impedanég,
andK, are coefficients resulting numerically from the vector

L solution,r=r/\, and 8= B/k, are the radial coordinate
and the axial wave number, respectivéhormalized to the

free-space wavelength and wave nun)b%:wa/l—ﬁz,
andn is the azimuthal index of the mode. Unlike in uniform
waveguides, discrete radial indices are not valid for the par-
tially filled ferrite waveguide. The mode presented by Eqgs.
(7a) and(7b) is inherently circularly polarized.

The em-wave profiles and the dispersion relations for the
fundamental moden(=1) are computed here by the Baden-
Fuller model[18] for the parameters listed in Table I. Figure
3 presents the resulting profiles of the transverse em-wave
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FIG. 4. The magnitude of the radial and axial electric field com-

ponents E,(r)| (solid line) and|E,(r)| (dashed ling respectively,
of Fig. 3 along its horizontal axis.

components across the partially filled cylindrical ferrite
waveguide for the right-hand circularly polarized mo@e
By=2.5 kG, w/2m=9 GHz). Figure 4 shows the magni-
tude of the radial and axial electric field componen& (r)|
and|E,(r)|, respectively along the horizontal axis of Fig. 3.

The computed results show that near the waveguide axis the

fundamental mode is dominated by the transverse field co
ponents. The wave profile is nearly uniform within the

e-beam cross sectiom£r), and it can be regarded there as
a gquasi-plane-wave. This circularly polarized quasi-plane

PHYSICAL REVIEW E55 066502

- fjf Pcf (P )d3P,
= — VZ,w ,
Mo Py Yo 1etro 0

where f1.(Pg,z,w) is the electron first-order distribution
function, andP.(P,) is the momentum characteristic line of
the zero-order Vlasov equation. This line describes an elec-
tron spiraling trajectory along the axial magnetic fidtg

=7B,, as

(€)

Pe=xXPg, cosy(z) +yPq, siny(z)+2zPy,,  (10)
where /(z) =k.z+ i, is the phase of the electron gyromo-
tion. The initial value of the momentum characteristic line is
given in cylindrical coordinates by the initial components of
the axial and radial electron momentuy, and Py, , re-
spectively, and by the tilt angle and the initial phase of the
electron gyromotionys,. These are related to the Cartesian
initial _momentum components Pg,,Poy,Po;) by Pq,

= \/P02X+ POZy and a=arctanPy, /Py,), where both Cartesian
and cylindrical coordinate systems are used simultaneously
in the following analysis. The relativistic factor in E(Q) is
given byyo= 1+ (P3,+ P5, )/mic? wherec is the speed of
light. The cyclotron motion periodicity in Eq10) is given

by k.= w./Vqy,, WhereVy,=Pq,/y,mq is the initial axial
velocity of the electron. The relativistic cyclotron frequency

S 0= 0ol Yo

The first-order distribution functiori;.(Py,z,®) in EQq.
(9) is the solution of the first-order Vlasov equation inte-
grated along the zero-order characteristic liG&8), as fol-

wave can be characterized near axis by its local impedanclgws'

Z, and wave numbeg. In the conditions of Fig. 3, these are
found to beZ,=446 ) andB=327 m !, respectively.

For a single-mode CRM interaction, the transverse effect

of the waveguide is characterized also by the filling faéter
which relates the effective cross-sectional areas of ghe
beam and the em mode as

8

whereAq,= 32,/ (S-2)rdrdé and
Aen=1370l 0 o(S Dr dr do,

andS=EXH* is the Poynting vector of the em mode. The

POZ
YoMo

Jd
Eflc"' Fic VpOfOC( Po)=0
(11

jwflc(PO,Z,w)+

wheref.(Pg) is the electron zero-order distribution function
at the entrance to the interaction regiar—=(Q0). The first-
order force induced by the transverse em fields along the
characteristic lines is given by

(12

filling factor, impedance, and wave number of the em modd™0r @ CRM interaction with a single circularly polarized
found above enable the derivation of the single-mode modéiave, we assume a slowly varying wave amplitutiez)

for the ferrite-guided CRM interaction in the next section.

B. The cyclotron interaction

A linear model for the CRM interaction with a single

waveguide mode is derived using the mode characteristics

along the interaction region. The em wave propagating in the
ferrite-loaded waveguide, in the region of the electron beam,
is described by the transverse components of the wave equa-
tion (1) as

H, =*jA(2)e" pHoe 17, (13a

found above(i.e., the wave impedance, wave number, and

filling factor parameteps Following Ref.[12], the electron
current density is computed in the linear regime by

E, =A(z)e" pzHoZse 157, (13b)
E a

066502-4



FERRITE-GUIDED CYCLOTRON-RESONANCE MASER

and by the axial component of the electric field,
=A(2) ¢z ,E,0e 1#%, where +/— denote a right-left-hand
polarization, ande™ =X jy is the circularly polarized unit
vector. The transverse profiles of the em modedsie ¢z ,
and ¢¢, (note that within thee-beam cross sectiom;;
~ ¢z ). The initial transverse magnetic fieldtt, andE, is
the initial axial electric field. The longitudinal wave number
B is found as described in Sec. Il A above.

Assuming a uniform initial azimuthal distribution of the
electron beam, the distribution functidg.(P) is indepen-
dent of ¢y. Consequentlydfq./dPg=(dfoc/IPg,)COSH,

df o/ IPoy=(dfoc/ P, )siny, and the Vlasov equatiofil)
is rewritten in the form

. I:’Oz d
jofi(Py,z,0)+ YoMg 97 1¢
e (Z+— P0zﬂo) dfoc  Poimo dfgc
& yomg ) dPo YoMy dPo,

X A(2) piHoe ™Iz ke= o)

2 E,oe 152, (14)

e Oc
dPo,

Substituting Eq(13) into the wave equatiofil), subtracting
the homogeneous componefighich do not include deriva-
tives of A(z) and are therefore equal to zgrand neglecting
second derivatives d4(z), we obtain the wave equation for
the e-beam region 1(<ry)

dA(z)

A ) Jd ~
izﬁTeid)ﬁHoe_JﬂZ:—E(ZXJL)-I—ZXVLJZ. (15

Equations(9), (14), and (15) form a linear set of partial

differential equations. In order to solve them, we apply the

Laplace transform on the z dimension, A(S)
= [,A(z)e 34z, and rewrite Eqs(9), (14), and(15) in thes
domain as follows. The current componei® are trans-

formed to
e Por . ~ A
am) | [ e Tt o
0

(16a

J (s,w)=—
+e 1ot (s+jk.)e ]d3P,

and

F1c(5)d%Pg,  (16b)

s af .2

PHYSICAL REVIEW €5 066502

P -1
F1(Po,s,0)=¢€| jo+ —=s
1ettor= YoMo
| 7= P0zM0) dfoc  Poimo C7‘(00}
& yomg) dPo.  YoMg 9Py,

XA(s+]Bxjko)eTY0piH,

Oc~ +
+ o, E } (17

The wave equatiofl5) is transformed to

+2B[(s+]B)A(s+]B)—Agle" dyHo= —s[zXT, (s,0)]

+ZXV,3,(s,0), (18

whereA, is the wave amplitude at the entran=00).
Substituting the distribution functiofi?7) into the current
component$16g,(16b) yields the expressions

2

. T ..
Ji(s,@)=———A(st]B)e ¢yHo
)
J f POL( Po, ijc0>_l
PozJ Por Y0 )/omo Yo
. P0zM0) dfoc  Poimo 5f0c}
X a
YoMg ) dPo. YoMy dPy;
X Pg, dPg, dPy, (199
and
~+ 277 2~ . N+
J (s,0)=— Mo A(st]B) deEq0

POz
YoMo

NS

% Po.dPy, dPy,,

7Pos (19b)

where terms independent @f, vanish in the integration.

We assume now that the dominant poles are located in the
s plane in the vicinity of the cyclotron-resonance condition;
hence

POz
YoMp

_Joweo
+

jo+
Yo

~0, (20)

where the—/+ signs correspond to the normal and anoma-
lous modes of the CRM interaction, respectively. Sideband

where the first-order distribution function is given by the harmonics and other off-resonance effects that do not satisfy

solution of the transformed first-order Vlasov equat{@#)
as follows:

Eq. (20) are negligible. In particular, the axial curreht[Eq.
(19b)], associated with the traveling-wave tube arénkov
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axial bunching effect, is off resonance in the CRM resonancerder ofw.]. Therefore, even ifE,|<|E, | the effect ofJ, is
condition (20) and therefore negligiblénote thatVy,~(w negligible with respect td, near the cyclotron resonance.
—w¢)/ B is much smaller than the em phase velocity, After integration by parts and some further algebraic
= w/ B, and thus the denominator of E(L9b) exceeds the steps, Eq(199 results in

~ ~ o n 27E 1 Poz _| wco) _1( POZMO) 1 ( Poz
J5(s,w)=A(s+jB)e" piH f f —|jo+ s¥ Z:— —~ljo+ S
Lsw)=AlstiB)e duHo Moy Jpy,J Py, Yo J YoMo Yo YoMo 2 : YoMo
. 72 2 .
_cho> ( Po. ) Jo_ .
F —Z,+Ss focPo dPg, dPy, . 21
Yo YoM o2 a Mo | |TocFoLUFoLUFoz (21)

In the ideal case of a cold and azimuthally uniform electron The dimensionless operating parameters of the ferrite-
beam, the zero-order electron distribution on axis is approxiguided CRM interaction are defined as follows. The tuning
mated by parameter is

n — — "l — L
foo(Po)= ——=—8(Po. —Po.) 8(Po,~Po),  (22) 07 =(0F wc— BVo)= (29
27TP0L 0z

whereny is the electron density and is a Dirac function. where L is the interaction length. The normalized space-

We substitute the current equati@i) in the ideal limit(22)  charge parameter iépzpr/VOZ, and the dimensionless
into the wave equatiort18). In the region of the electron \y4ve number variables are=jsL, k=kL, and B=pL.

beamZ; =V o, WhereVy, is the em phase velocity of the This notation leads to a simpiified gain-dispersion relation

homogeneous solution. The above results in for the ferrite-guided CRM interaction as in R¢L2]:
—2jBl(s+iB)A(s+iB)—Ad] - . (5-67)2
A(S)=x=—=—> = ~—=5 Ao, (26)
w2 _ S(s—60")“— k(s)F¢C(s) b
__P +
=—F|————= V5 Vo) _ _ _ _
c J(oF wc) +sVy, where the coupling term for the circularly polarized wave in
— ) the ferrite-guided CRM is
Yo > 19 +s
2 [[(0Fw)+sV)? | c2 P" k()= Boy(S— 07)(Bon—Boo)
XA(s+] 2 1ey i o et
(5418 29 - 5B%. (54 Bk, 21

wherew,= Je%ng/vomoe, is the plasma angular frequency,

F; is the e-beam filling factor(8) for the fundamental em and the ratio paramete®(s) = (s+ 3)/28 is close to} for

mode, andVy,= P,/ yomo andVy, =Py, / yom, are the av-  slow waves. The resulting Pierce-type equatiaf) for the

erage electron axial and perpendicular velocity componentderrite-guided CRM interaction with a single circularly po-

respectively. This yields larized mode is solved for several representative cases to
demonstrate the ferrite effect in the next section.

—2j BLSA(s)—Ao]
2 S_j:B

1
ZEpr

Ill. FERRITE-CRM TUNABILITY

f—— —— The unique feature of the ferrite-loaded waveguide stems

J(@F oc)+(5=]B)Vo, from the dependence of its dispersion relation on the induced
1 jwﬁi F(s—jp)c e>_<terna| magnetic field. This ef_fect is shown for instance in

% (Eth_ﬁoz)_ __(ZM ph ~ Fig. 5 for the parameters listed in Table I. The dependence of

. 2" (wF 0g)+ (s—jB)Vo, the dispersion relation on the magnetic field enables one to

_ vary the waveguide mode cutoff frequency, and to shift its

XA(s), (29 entire dispersion curve according to the axial static magnetic
o o _ field. Figure 5 shows, for instance, the variation in the dis-
where Bo,=Vog,/c, Bo, =Vy, /c, and B§h=V§h/c are the persion relation of the right-hand circularly polarized mode

normalized electron and phase velocity components. (denoted “1b” in Fig. 2 for three values of the external
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L ' iy [ V =75V o,
25t v =65kV Vo= 8:3kV
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FIG. 5. The dispersion relation of the right-hand circularly po- FIG. 6. Gain vs frequency fdBy,=2.59 kG, ande-beam volt-
larized mode denoted “1b” in Fig. 2 for three values of the externalages of 6.5, 7.5, and 8.5 kV, for the parameters listed in Table I.
magnetic field,B,=2.50, 2.59, and 2.68 kG. The dashed line
shows the electron beam line for the operating parameters of Tablew operating voltage is not achievable in an empty wave-
I with Bo=2.5 kG andVe,=7.5 kV. PointsA and B denote the  guide of the same diametét6 mm), because its cutoff fre-

CRM interaction point and the cyclotron frequency, respectively.quency (11 GH2 is higher than that of the ferrite-loaded
The dotted lines present the em phase velocity sMpeand the  \yaveguide(7.5 GH2.

free-space slope (V,,=0.1Z andV,,=0.57).

magnetic field(2.50, 2.59, and 2.68 KGAn increase oB, IV. DISCUSSION
by 0.09 kG leads to an increase of 0.25 GHz in the ferrite
resonance frequency, and consequently to a similar increas
of the waveguide cutoff frequency. Hence, in the ferrite- . L
loaded CRM, the frequency range can be tuned not only b lows the em wave and enhances its magnetic field compo-

varying thee-beam energy but also by using the axial mag-, ent. _This enabl_es a CRM interaction_ in the Weit_)el regime,
netic field effect on the ferrite. Here, the magnetic field af-" which the axial bunching mechanism is dominant. The

fects not only the electron-cyclotron frequen@s in an or- ferntg-'gwde'd CRM may also.attaln the apomalous Doppler
dinary CRM), but also the ferrite resonance frequency anOcondltlon(wnh the left-hand circular polarization modes

: A linear gain dispersion equatioi26) is derived in this
consequently the spectral response of the waveguide. . ; .
Figure 5 shows, for instance, thebeam line for B, paper using the formalism of R€f12], whereas the ferrite-

=2.5 kG, Vo,=7.5 kV, and the other parameters listed in Ioade_d V\_/aveguide paramt_atg{@., the wave number, .phase
Table 1. The CRM interaction with the corresponding emvelocny, impedance, and f|||l|ng factbare fo'und numerically
wave is denoted as poirt in this dispersion diagram. The according to Ref[18]. Unlike in an ordinary CRM, the
phase velocity at this point is 0.67whereas the electron

The concept of a ferrite-guided CRM is proposed and
iscussed theoretically in this paper. The ferrite medium

30r

axial velocity is 0.12, and hence the two are intentionally B =2.59 kG
mismatched Vpn~5Vo,). 25} B =2.68 kG
The tunability feature of the ferrite-loaded CRM device is
demonstrated in this section by a numerical example. The 200
gain-dispersion relatiof26) is solved by an inverse Laplace 15}
transform ofﬁ(é) for the parameters listed in Table I. Figure = 10
6 shows gain curves of the CRM interaction in three different %
e-beam voltage$6.5, 7.5, and 8.5 kY for the same static g 5H
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 mag- -5f
netic field leads to a wider tunability range because of the
ferrite response to this field. Figure 7 demonstrates this fea- -10r Vv, =75kV
ture by three gain curves of the CRM interaction in different  _j5 . . . )
magnetic fields(2.50, 2.59, and 2.68 KGfor the same 8 8.5 9 9.5 10

F GH
e-beam voltage(7.5 kV). The instantaneous bandwidth is requency [GHz]

~0.3 GHz and the tunability range attains 1.2 GHz in this FIG. 7. Gain vs frequency foe-beam voltage of 7.5 kV, and
example. external magnetic fields of 2.50, 2.59, and 2.68 kG, for the param-
It should be noted that this CRM performance in such eeters listed in Table I.
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waveguide parameters depend on the axial-magnetic fielsluppress selectively backward waves and other spurious os-
strength, which adds another dimension of tunability to thiscillations. This may extend the concept demonstrated by Chu
CRM scheme. The gain vs frequency of the ferrite-guideckt al.[5] with a resistive load. In future schemes, ferrite com-
CRM amplifier is calculated numerically for several ex- ponents can be incorporated within CRM tubes as internal
amples to demonstrate this tunability feature. phase shifters to enhance gain and efficiency. Ferrite-guided

The slow-wave interaction widens the spectral bandwidthiCRM’s can be made in rectangular and planar shapes as well.
of the amplification curve, but unlike dielectric-loaded CRM  Further theoretical and experimental studies are needed
schemes, the spectral response of the ferrite guide depenfislowing this conceptual study in order to evaluate the fea-
on the induced magnetic field, and it can be made selectivaires of the ferrite-guided CRM’s and to examine their char-
in frequency. For instance, the losses associated with the feacteristics. These include nonlinear analysis in a wide range
rite resonance frequendwhich differs from the CRM oper- of parameters, taking into account multimode transverse ef-
ating frequency by the Doppler shift and is therefore nefects and ferrite losses. An experimental demonstration of the
glected in this studycan be utilized in future schemes to ferrite-loaded CRM concept is considered[ir9].
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