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2.1. Introduction

This chapter discusses the solution of Maxwell’s equations to study the wave
propagation in the uniform and periodic lossy dielectric loaded waveguide. The basic
theory of lossy dielectric loaded cylindrical waveguide is studied first to address the
dispersion relation in the gyro-TWT operation. Since, the lossy waveguide interaction
system has been proved effective to suppress various instabilities; the full-wave
interaction analysis of lossy dielectric loaded waveguide structure for gyro-TWT using
linear and nonlinear theories have been reviewed [Du and Liu (2010), (2010)].
Nonlinear analyses of gyro-TWT reported so far have considered only single waveguide
mode interaction with the electron beam [Sprangle and Drobot (1977), Chu (2004),
Wang et al. (1992)]. The single-mode theory of the distributed lossy waveguide was
introduced by Chu et al. [Chu et al. (1999)]. Using the single-mode theory, one can
preliminarily select the structural and electrical parameters of the system to analyze the
growth of the operating mode. However, to analyze the backward wave oscillation and
their effect on the growth of the operating as well as competing modes, one must
consider multiple modes interaction with the beam at the same time. In this chapter, a
multimode steady-state nonlinear analysis of gyro-TWT is presented to analyze the
mutual effects among more than one waveguide modes, including the operating mode
and backward wave oscillation modes for a uniform dielectric-loaded (UDL) waveguide
and the periodic dielectric loaded (PDL) waveguide. The motion of electrons is affected
by both the operating mode and backward wave oscillation modes. With the help of
multimode analysis, one can discuss the effect of backward wave oscillation modes on
the operating mode, which cannot be performed through the single-mode theory. This
section reviews the theory of dielectric-loaded waveguide which provides theoretical

foundation for studying the waveguide propagation characteristics.
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2.2.  Theory of Dielectric Waveguides

The development of gyro-TWT amplifier including various types of interaction
waveguide structures such as dielectric loading, photonic band gap structures, confocal
waveguide, helically corrugated waveguide, etc. have been experimentally and
theoretically reported. While employing a certain kind of structure as RF interaction
circuit, the primary motive is generally remained to suppress the various oscillations
and get the zero-drive stability [Du and Liu (2014)]. Among various kind of interaction
waveguide structure, the lossy dielectric loaded interaction circuit has been proved as
operation mode control method that effectively suppresses these oscillations by
providing the heavy attenuation to the oscillating modes. The lossy dielectric controls
the propagation characteristic of the operating as well as competing modes that directly
influence the beam-particle interaction. This chapter reviews the theory of dielectric-
loaded waveguide which provides theoretical foundation of the propagation

characteristic of the RF beam in the lossy dielectric waveguides.

2.2.1. Theory of Uniform Dielectric Waveguide

Figure 2.1 depicts the longitudinal and transverse view of uniform dielectric
loaded cylindrical waveguide. The dielectric loaded waveguide is divided into two
regions, Region I, is the empty waveguide region filled with vacuum and Region 2, is
the lossy region filled with the lossy dielectric layer. According to the solution of
Maxwell’s equations, the electric and magnetic field component in the vacuum filled
and dielectric filled regions of a dielectric loaded cylindrical waveguide system can be
separately expressed as [Harrington (2001)],

Vacuum Region
E, =—jA@)xJ,(k,r)e ™ (2.1a)
H, = A(2)J, (k,r)e/™ (2.1b)
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E, =|-A@Q) 224 (k,r)- JA'(Z)—ZJ (k,,r) | el (2.1¢)
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_ I ' 1 ' m 0)81 j(at-m @)
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E, =|—jA@Z) 223! (K1) - A'(z)——sz(kur) gitet-mo) (2.1¢)
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Hw{—jA'(z % " L4, (kur)}e”“ me) (2.1f)
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Dielectric Region
E, =—jA@)[ @3, (k, 1)+ AN, (K , ) [ (2.2a)

H, = A(@)[ad, (k, 1)+ BN, (k)] (2.2b)
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E = 2 gllet-me) (2.2¢)
wm 1o ~
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12

_J'A'(z)mkiz(O(Jm(kl2 r)+ BN, (K, I’))
H - rKp, gllet=me) (2.2f)
~A@D) (@3, (ki 1)+ AN (ko))

LZ

where, A(z) is the axial field amplitude and «, 3, @, S are arbitrary constants. The
permittivity and permeability constants of vacuum and dielectric regions are &, =g,
=M, & =8¢, and u, = u, p, respectively. The functions J, and N, are the Bessel

functions of first and second kind. The boundary conditions for the fields are continuous
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tangential field components at the interface r = r,, and vanishing tangential electric field
at the perfect conductor r = ry, +Ar :

At the surface r = ry,

E,=E) and H, =H,'; for0<z<Ly,

Eglp =0; forL; <z < L;+L,

At the surface r = ry, + Ar |
E, =0; for0O<z<lL,

With these boundary conditions, the system of equations (2.1a - 2.1f) and (2.2a - 2.2f)

can be recast into the dispersion relation [Du et al. (2014)]

, , , , 2 2
1K) a4 P(kﬂ(r»Hym(kurw)_e_z <kurw)} 1 Ekzm) F_i} 0
kll Jm (kLl ra)) Iul P(kLZ r(u) 11 Jm (kLl ra)) 81 Q(kLZ ra)) /ulgl a)R(u kfl kz

12

(2.3)
where,
P(x)=J, ()N, {k,(r, +VN} =Y, (x)J, {k,,(r, +Vr)},
P'(x) =3, () Ny {k L (r, + VN =Y, (x) 3, {k,(r, +VI)},
QM) =35 () Ny (K, (1, + VD) =Y, ()3, {K L, (1, + V), (2.4)
Q'(x) =35, () Ny {k o (1, + VD) | =Y, (03, ko, (1, + V)],

For m = 0 and k; = 0, the equation (2.3) splits into TE and TM modes fields and can be

expressed as,

J(k,r P'(k ,r
i n(k,r,) 3 1 M (kour,) _0 . for TE mode 2.5)
Koy Jm(kyyr,) Ky g Pk t,)

J"(k "(k
L dnlt) 1 g QUG =0 , for TM mode (2.6)
k, Jnkr,) kg Qky,r,

For k, #0 and m=0, the solution of equation (2.3) has complex field distribution

i.e., hybrid HE,  or EH_  modes. The transcendental equation (2.3) is solved along
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with the following dispersion relations,
k%, +k>=k* =gy, (Regionl) (2.7)
k2, +k? =k* =a’g,1,, (Region Il) (2.8)
The solution of the dispersion equation for real w is having a complex wave number (k;

+ jk;) with |ki] >> k, near the cut-off region. Therefore, the dispersion curve of modes is

discontinuous near the cut-off region due to high attenuation by the lossy dielectric.

metal

metal

'y

] ] Nonlinear
Linear region (L,) region (L;)

Figure 2.1. Schematic of UDL RF interaction structure for W-band gyro-TWT (a)

transverse view and (b) longitudinal view.
2.2.2. Theory of Periodic Dielectric Loaded (PDL) Waveguide

The cross-section of PDL waveguide is divided into two regions namely: (i)
vacuum region (Ry), and (ii) dielectric region (Ry). In region Ry, the wave is propagating
one, and according to the Floquet’s theorem, the axial magnetic field in Ry is expressed

as a sum of Bloch harmonics [Tigelis et al. (1998), Kesari et al. (2011)].

El= i AJ (hﬁr)ej(“""_knz) r<a (2.9)
H:= i BLJ_ (hﬁr)ej(“""_k“z) r<a (2.10)

In the periodic system, the propagation constant is k, =k +n (2z /L), where mand n
indicate the order numbers of the Bessel Function and the Bloch harmonic, respectively.

A and B? are the unknown coefficients of field’s amplitude and (hrf)2 =(w/c) —k2,

41



Fundamental Theory and Multimode Analysis of Dielectric Loaded Gyro-TWT

represent the inverse characteristic length in region R;. The axial component of
magnetic field in dielectric region R, corresponds to standing eigenwaves, which are

represented by Fourier series [Tigelis et al. (1998)],

Ef:Zm:Ame(h,zr)ej(”t)cos(lﬂz/b) (a<r<b, nL<z<b+nl) (2.11)
1=1

HZ = 87z, (hr)el@sin(lzz/b)  (a<r<b, nL<z<b+nL) (2.12)
1=1

where, (hnz)2 =g, (a)/c)2 —(I;z/b)2 represent the inverse characteristic length in region

Ro. Z,(Wr) =13, (hr)Y, (hr,)—J; (hr)Y,(her,) is combined function of modified
Bessel and Neumann functions. In order to characterize the transverse field equation for
the present periodic dielectric waveguide, relevant boundary conditions are needed to be
incorporated. The tangential electric and magnetic fields must be continuous at the
interface between region (R;) and region (Ry) atr =ry,

E,=E2 and H;=H?  for0<z<b (2.13)

The tangential electric field should vanish at the interface between vacuum and perfect

conductor at r = ry,
1
E,=0 for b+nL<z<(n+1)L (2.14)

The tangential electric field should also vanish for the interface between dielectric and

perfect conductor at r = r,, + d,
2
E,=0 for 0<z<b (2.15)

As each period of periodic dielectric-loaded waveguide contains two sections, namely, a
dielectric section and a copper region. The modes will have complex field distribution.

The transverse field distribution of TEq1, TE»1, TEg;, and TEg, mode in the dielectric

section, maps to the modes that in the uniform DL waveguide i.e., HE],, HEj,, TE,,
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and TE§4. While in the copper region, modes are similar to that in the conventional

copper waveguide. Due to such a mapping relationship, four modes namely, ~TEj;,

~TEj;, ~TEg, and ~TEg,, are used for the mode’s nomenclature in the periodic

dielectric waveguide [Du et al. (2009)].

2.3.  Theory of CRM interaction in lossy Dielectric loaded Gyro-TWT

The theoretical modal for CRM interaction in gyro-TWT system developed in
this section is valid with limitations. It is only valid for ECM system of longitudinal
uniformity and considering only TE mode or TE mode-like hybrid mode. Three basic
assumptions are made [Chu (2004), Wang et al. (1992)]:

Single Mode Interaction: The electron beam interacts with a single mode and

reaches a steady state in frequency domain.

Undisturbed Mode Distribution: The wave mode in the interaction circuit maintains

the same transverse distribution as it is in an electron-free waveguide. The beam-

wave interaction influences the wave amplitude only.

Omitting the Space Charge Effect: The space charge from the electron beam

imposes no influence on the beam-wave interaction.
A transverse cross sectional of a general CRM interaction waveguide system is shown
in Figure 1. The waveguide system is parted into two regions. The region 1 is the
vacuum region containing electron beam, while remaining complicate region is region
2. The region 2 contains the disturbance structure (e.g., lossy layer) introduce to control
the waveguide mode. For a waveguide system, the major field components for a TE
mode or a hybrid HE mode, most energy of which is carried by TE mode components
[Calame et al., (2002), Du et al. (2009)].

Using the Maxwell’s equation and considering the distributed current density source J ,
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the wave equation can be expressed as,
d? = . =
(waj E =joud, (2.16)
Now, operating with ( jj ™ gt H EI/A*(z) dS on the both sides of the above

equation, the beam-wave interaction equation can be expressed as,

(3—;+ksz(z)G [ j”jmﬁwz J Ezl)det (2.17)

The above equation is the field exciting equations for linear and self-consistent
nonlinear theories, where, R; and R; indicate the transverse areas of Region 1 and

Region 2, respectively, and G is the geometry factor.

2.3.1. Linear theory of lossy Dielectric Loaded Gyro-TWT

In general, the modes in a uniform dielectric-loaded waveguide are hybrid ones
HEm, or EHm.. In a gyro-TWT application, properly designed dielectric-loaded
waveguide conveys an operation mode with a TE mode like energy distribution, and
this hybrid mode is quite similar to a pure TE mode in a cylindrical waveguide [Garven
et al. (2002), Lee et al. (1986), Du (2009)]. According to research experience, an CRM
system only considers TE mode components could evaluate the interaction performance
with reasonable accuracy [Du and Liu (2009)]. Substituting the field expressions of the

TE component of a hybrid mode in dielectric waveguide into Eq. (2.17)

dz -1 @ 2zloty 2z -,

where, 59 is the disturbing current, Eg is field expression in the guiding center

coordinate of the electron beam, the geometry factor is Gn, = G; + G, and the constants

G; and G are given as,
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2
Glzﬂrvf(l— kTrszz(ktrW) (2.19)

Tt w

. 2
" 3 (ky ) + BN, (k1)
"

k2

thor,

G, = 24 rdr (2.20)

tl mp \ "l

|
when the dielectric layer is eliminated, the geometry factor becomes G, = G4, and
returns to a beam-wave interaction equation of a cylindrical waveguide-based CRM
system [Chu et al. (1999)]. Linearizing the relativistic Vlasov’s equation and after
Laplace transformed, the dispersion relation and field amplitude of the dielectric-loaded

CRM system can be expressed as [Du and Liu (2010), Kou et al. (1992)] ,

D(@,k,) = (K}, —k?) Gy, — S,(k,) =0 (2.21)
S (k2|) ZI mn 4 Gmn —jksiz
A(z) = Z F(0)=2 D(kzi) +F(O)—J'D’(kzi) e (2.22)

where, Ky is the cold propagating constant of the waveguide, and constants §1(kz) and
§0(kzi) are respectively.

Ar*e® 1 't F °° f
- ””lIrcdrcj|fnd|fnjolloz70
11 0 0 0 0 (223)
Z ﬂt (a)z_k2 CZ)Hsm +(a)_kz Vz)Tsm_kLVtUsm
(@—5Q—K V)’ (@—sQ—k V)

§l(kz)

S(k)— 47z'e,ul

jr d, IpLddepz
am 4 (2.24)

S _kz Vt Hsm Vszm
XSZ_:;[(a)—sQ—kzvz) (@-sQ—k v )}

where,

Hy (% ¥) =[3.003,, ()| (2.25)
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T, (X, Y) = 2H o, + 2Re[x3.(X) 370013 s ()] = X3 1(X) 3 (%)

) , . (2.26)
<[ 1305 )+ 35 0 + 35037 )

. ‘]s+1(X)|:yT*|‘]m—s—1(y)|2_|‘]m—s(y)|2}
Usm(x, y) = (=3)J; (X) (2.27)

* 2 2
3,00 L0 ) =P (9]
other variables are x=k ,r_ and y=k,,r.. The linear theory takes into consideration

the influence of the dielectric layer loaded to the propagation characteristics and field

distribution and is capable of efficiently analyzing the CRM interaction.

2.3.2. Nonlinear theory of lossy Dielectric Loaded Gyro-TWT

Similar to the linear theory, the nonlinear theory of the dielectric-loaded
waveguide considers a pure TE mode or the TE mode component of a hybrid mode.

Substituting the field components into (2.30), it is obtained as follows:

62 2 ||0| ﬂ ' i A )
[?4_ kz jAD(Z) ( mn ] Z ﬂ |:kJ_1 S;O ‘]s(kLlrLi)‘]m—s (kLl Cl)e i| (228)

where, the beam current density is assumed to be

J=- 2”|'°|ZW 5(r—r)5((p ) 5(t- t)g (2.29)

ZI

where, the phase distribution is A, =wt. —sé —(m—-s) ¢, and the weight factor of

macro particle follows Z Wo=1.

2.4.  Nonlinear Multimode Theory of Dielectric Loaded Gyro-TWT

The steady state nonlinear multimode theory discussed here for the two types of
distributed loss-loaded waveguide modes, (1) UDL waveguide and (2) PDL waveguide.
The beam wave interaction circuit of gyro-TWT mainly divided into two sections (i)

loaded linear section and (ii) unloaded nonlinear section. In the UDL waveguide model,
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the linear section of the interaction circuit is uniform loaded waveguide with lossy
material. For the PDL waveguide model, the linear section has periodic arrangement of
alternate lossy materials and metal rings. For both the structures, the radius of the
waveguide is ry, and the thickness of the lossy material is Ar. The PDL structure has a
period length of L and a lossy material length of b within each period. Considering that
more than one mode simultaneously interacts with the electrons in the cylindrical
waveguide, N field-evolving equations (N is the number considered the modes in the
waveguide) and six electron-evolving equations are deduced from Maxwell’s equations
and Lorentz’s equation for the multimode steady state theory. Various assumptions are
used in the abovementioned discussion, which typically appear as follows in the classic
single-mode theory [Du and Liu (2010)]; (i) the transverse field distribution of
electromagnetic modes is not affected by the electrons in the cylindrical waveguide, and
the variation of the field amplitude only takes place in the axial direction and (ii) space

charge force among electrons is not considered.

2.4.1. Wave Dynamics in UDL Waveguide Linear Section

The loss is uniformly distributed along the entire length (L;) of the linear
section. Assuming that only transverse electric (TE) modes (E; = 0) are propagating in
the RF interaction circuit. The magnetic and electric field distributions [Tang et al.
(2017)] of the p™ TE mode in Ry and R, are expressed as, respectively,

Moy = Re{A@C, ,(ro)e™ |

H.. , =Re{A,(2)¢, ,(r, )|

(2.30)

Jou _ jort
E =A (z2)—5Relg,xV & (r,p)e™
P ’ kf_p—kf { T } (2.31)

@ = jo
Eo = A;J(Z)ﬁl?e{eZ <V .¢&, (rp)e’ "t}
2 p

where, A, (z) is the axial field distribution, ki j = ¢, 14, and k} | = &’ ¢, 11, are the
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axial wave numbers of the p™ mode in Ry and Ry, respectively. The angular frequency of

the p" mode is w, The function & ,ne)=3, (k_u_pr)e—imp(”and
4/2_p(r1¢):|:a‘1mp (ki , N +BN, (K, )] e'™”are the transverse field distribution

function in R; and R,, respectively, where, k,, ; and k, , are the transverse wave

number of the p™ mode, m is the order of Bessel function, I, (k,, .r) and

12_p

N, (k, ,r)are the Bessel functions of 1% and 2" kind, respectively,

a=13, (k, N (k, 1)/ Pk, 1), and f=-J, (ko p1)Ig (kp  1)IP(ky, o 1,) are

12 _p
constants. Assuming that more than one mode exists simultaneously, the total axial
magnetic field component is expressed based on the superposition of various modes,

= Z H,i and H,=>H,,, (2.32)
p p

Considering that the electron beam is modeled by N macro particles, the current density

distribution J | is assumed to be

3, =2l S W L ste— ) 80— 5 -1) 5 (233

2 i=1 i zi

where, W, is the weight factor [20], which can be defined as ziNWi =1 and N

represents the total number of electrons.

The wave equation in the presence of an electron beam can be expressed as,

Y(VPH, ,+KH, )=—(VxJ),, (2.34)

p

Using identity V* =V? +0°/0z° and Vi, =—k? £, wave equation can be given as,

ZRe{ () 2, +kpAp(Z)§J }:-(WJ)Z
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ZRe(—+ k? jAp(Z)é’peW =—(VxJ),, (2.35)

after multiplying by £"e~** in both sides of equation (2.35), and following the integral

IOZ”/“” .[(: J'02”< )derdrdt, the real part of left side of equation (2.35) is given as,

1 2 N, (27 d2 ) ()é’ é/l* —i(wp- o))t
EIOI'[O J.O Z{[E-}—hp}{ ( )é/ éll m)t}}x derdrdt (2.36)

Using the orthogonal property of £ and ¢, the term,

r

14 (M@
= ~ rxderdrdt=0, forp=l (2.37)
2'([ '([ '([ {+Ap(2)§p§| lelt} Y

for p =1, geometry factor is defined as [4] G, , =G, +G,,

2

J—kfl[e xV, ¢ p(r €0)]
Ko ki (2.38)

s A (2)C ¢+
SRR L

M[ez xV, gZ_p(r!qp):|

xdgpl’dl’+ﬂ Z xderdr
2_p z_k

where, G; and G, represent geometry factors for region R; and R, respectively. Using

equations (2.37) and (2.38) into equation (2.35), field equation can be written as,

( 622 +k2 jAp(z):(j27z|lo|,ul/Gmn p)x(a), /27)
oz ) (2.39)

zi

I j<2 wi;1_5<r—n>5(¢—<oi>5(t—ti)%:.*>xd(prdrdt

where, ¢ =3 (k1)  (k,r)xe' M dis0

ml—sl

2.4.2. Wave Dynamics in Nonlinear (Unloaded) Section

The unloaded section of the waveguide is a simple metal waveguide, where the

loss is negligible. Hence, the geometry factor reduces to G = Gy and can be expressed as
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G, =7r’ [1—(m2 I %500 )JJé(xmpnp). Now, the field evolving equation in the unloaded

section can be written as [19],

2|1,k N & :
|2b| = XZWi ﬂ{ Z J;| (ku rLi)‘JmI—sl (ku rci)e_JAi }

X pp

myn

PP

(2.40)

where, A= t, —(m, —s,) ¢, —s, 6, is the phase distribution.

2.4.3.  Electron Beam Dynamics in Interaction Waveguide

The self-consistent electron beam-wave interaction can be specified by the
equation of electron motion. In the presence of three forces: (i) axial DC magnetic field,
(if) influence of high-frequency field, and (iii) transverse DC magnetic field,
respectively, the equation of electron momentum can be expressed by [Du and Liu

(2014), Tang et al. (2017)],

?j—?:—er B, —e(E +V x B) +eB,g (V x) (2.41)

where, g=(1/28,)(dB,/dz), E and B are the electric and magnetic fields,

respectively, p and vV are the momentum and velocity of electrons, respectively, and
y is the relativistic factor. Based on this, the equation of electron motion describing the

axial momentum (p,), transverse momentum (p;), rotation angle (6), guiding center
radius (rc), and guiding center angle (¢;) are expressed through (2.42a) — (2.42e),

respectively [Tang et al. (2017)].
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d t 0t ’ iA
d_pz -m cg%Jr Ko Re{zk—A( )32 (Kot P, (Kot Je } (2.42a)

z z P "t_p

dﬁ:—mecga+%Re{zki<iprp<z>+uzA (2)x3 (k 483, 0 ) }<242b>

dz ok,

: (2.42c)

1 (s,
[de ij e o Zp:kfp[ Per ke, tAp(z)——uAp( )]
“ldz p, v p e
t_p'c

Z X‘]sp(kt_prL)‘]mp—sp(k

kij (k. pL)J’ (kt ). [Re(la) Ap(z)+uzA;')(z)):><eiA

dr. H !

E_—grC +?€/ZZ ‘]sp—l(ktl rL)‘]mpispﬂ(kLprc) (1 . (Z)eiAj (2.42d)
_ X —U,

_‘]spu(kt,prL)‘]mp—sp—l(ktprC) o

1m —s

Pl - J, (kt_prL)Jm‘fsp (kt_prc).[lm(iprp(z)+UZA;(Z))]><e

r dg; ~ [ C (2.42¢)

Tdz By, T ol ) dea(kir) xRe(lutAp(z)eiAj
+‘Jsp+l(kt_prL)‘Jmp-sp-l(kt_prc) 2

2.5.  Benchmarking with Experimental Gyro-TWT

The steady-state multimode nonlinear code for the lossy dielectric loaded gyro-
TWT has been benchmarked with the experimental gyro-TWT reported by Song et al.
[Song et al. (2004)]. The initial 12 cm length (linear section) of RF interaction
waveguide circuit is heavily loaded with a lossy dielectric with resistivity of 70,000
times copper resistivity to suppress the gyro-BWOs. The final 2.5cm (nonlinear section)
is unloaded to avoid the damping of the operating wave. A total loss of ~90dB loss in
lossy linear section is predicted by the cold test simulation. The electron beam
parameter used for the nonlinear simulation is 100kV and 5A with an axial velocity
spread of 5%. The detailed parameter list is shown in the Table 2.1. The multimode
wave particle interaction behavior of the gyro-TWT is analyzed using the multimode

nonlinear code. Figure 2 shows the growth of the operating TEy; mode along with
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Figure. 2.2 Growth of operating TEy; mode along with competing modes (inset) in both
linear and non-linear sections.

Table 2.1: Parameters List For W-Band Gyro-TWT [Song et al. (2004)]

Parameters Values
Operating Mode TEn
Lossy wall resistivity 70,000p¢y
Beam Voltage (V) 100 kv
Beam Current (1) 5A
Guiding Center radius (rg) 0.9648 mm
Larmor radius (r,) 0.22 mm
Velocity ratio () 5%
DC Magnetic Field, By 356T
Total Lossy section length (L,) 12.0cm
Copper circuit length (L») 2.5¢cm

competing modes in the interaction circuit. The figure shows that strength of the wave is
weakened in the lossy section due to the attenuation and it gets maximum amplification
in the unloaded section. The lossy linear section provides heavy attenuation to
competing modes, including ~6.5 dB / cm TE;; mode (at ~67 GHz), ~11.30 dB /cm to
TE»; mode (77 GHz), and ~18.50 dB /cm to TEq, mode (at 166.5 GHz), as compared to
~7.5 dB /cm (~90dB / 12cm) to the operating TEy; mode at 92 GHz. The RF power
developed in the desired operating TEo; mode is ~145 kW as shown in Figure 2.2, the

power in all other competing modes including TE;1, TE»;, and TEp, modes is ~100W,
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~1W, and ~100W, respectively. The obtained simulation results are also compared

using 3D PIC simulation code, which will be discussed in Chapter 3.

2.6. Concluding Remarks

In this chapter the fundamental theory of dielectric loaded waveguide interaction
structure for gyro-TWT amplifier has been revisited and understood. The linear and
single mode nonlinear theory for gyro-TWT with dielectric waveguide interaction
circuit has been studied. Since the single mode analysis fails to give the mutual effect of
operating and oscillating mode, a multimode nonlinear analysis has been presented and
benchmarked with an experimental W-band gyro-TWT [Song et al. (2004)]. In the next
chapter, 3D PIC simulation investigation of uniform dielectric loaded interaction
structure for W-band gyro-TWT amplifier will be discuss along with design and

simulation of various subassemblies of gyro-TWT amplifier.
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