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6.1. Introduction

As discussed earlier, in order to reduce requirement of high DC magnetic field for the
high frequency gyro-TWTs, the device is often operated at the harmonic modes. In case of
higher harmonic operation, the RF interaction structure cylindrical waveguide has to be
operated at the high order modes. For such overmoded waveguides, the mode spectrum
becomes very dense and electron beam is probable to interact with the several nearby
modes simultaneously, if it is used as the RF interaction structure of the gyro-devices. In
case the competing modes amplify and propagate with same phase and group velocities,
leads to device instability, increase in losses and lowers the efficiency. The efficiency
depends upon the tightness of the electron bunches, difference in the bunching pattern due
to different mode in the device leads to the existence of two or more modes simultaneously.

The single mode gyro-TWT device operation is only possible if the design of
interaction region is appropriate, the start oscillation current and interaction length criteria
are properly selected after due analysis for the designed waveguide. In addition for
synchronization, a fundamental-harmonic gyro-TWT requires high DC magnetic field,
because the output signal frequency is directly proportional to the magnetic field,

w=Q, =176x10"B,(T)/y [Wang et al. (2000)]. A millimetre wave gyro-TWT generally

requires a superconducting magnetic to provide such high static magnetic field. To
overcome the high magnetic field requirement, amplifier is to operate at a harmonic of the
cyclotron frequency. Higher harmonic modes are difficult to excite due to the mode
competition from the fundamental harmonic modes and other nearby competing modes.
Hence, the study of multimode interaction mechanism is essential for the harmonic device

operating in the millimetre and sub-millimetre wave region.
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The nonlinear analysis is used to predict output power, efficiency, and bunching
phenomena of electrons thereby providing better understanding of the saturation
mechanism. Nonlinear analysis can include the drift of electron guiding center, the effect of
velocity spread, and inhomogeneity of applied magnetic field. The arbitrary type of
interaction structure can also be comprised in the nonlinear analysis. Another advantage of
this method is that the electron overtaking and the saturation effects caused by defocusing
of the electron bunch from the RF phase can be taken into account which results in better
explanation for the nonlinearity.

The purpose of the present chapter is to study the performance of the overmoded
waveguide in the presence of several modes, a nonlinear time dependent multimode
analysis is developed. The self-consistent equations to provide information about all the
competiting modes simultaneously in the gyro-TWTs are derived. To identify important
design parameters for the design of gyro-TWT amplifier a suitable approach for its design
is developed. Therefore, in the present work, author is also taken the optimized ceramic
wedge loaded W-band amplifier as described in previous chapter for the study using the
time dependent multimode nonlinear analysis developed in the present chapter.

6.2. Multimode Time-Dependent Analysis

As shown in Figure 1, points O, A are the centre of circular waveguide and beamlet
respectively and point B depicts the instantaneous position of electron in the presence of a
uniform magnetic field [Wang et al. (2014)]. The radius of waveguide, guiding radius,

Larmor radius and instantaneous distance of electron from the waveguide centre is r,, r,,

r. and r respectively. In the absence of RF input, beamlets centre is stationary. 6, v, ¢
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and (7/2)+¢ -y are the electron position, guiding centre, polar angle of p, and gyration

phase angle of the cyclotron motion of electrons angle, respectively.

A

Waveguide wall

electron orbit

A

o

Figure 6.1. Projection of an electron orbit in tranverse plane, showing various orbital
parameters.

It is considered that electron beam interacts with the one or more competing modes closely
spaced in the waveguide [Wang et al. (2013), Wang et al. (2014)].

The electric and magnetic fields of TE,, mode in a waveguide can be decomposed as

E=E =Ef+E,0 (6.)
,=B,f+B,0+(B,+B,)2 (6.2)
Where, E,, B, B, are the transverse electric, transverse magnetic and axial magnetic field
components respectively [Peng et al. (2014)]. The right circularly polarized TE,, mode can

be expressed in the superposition form of cylindrical coordinate system (r,0,z) as

E = ReZ{ Oty p,(zt)b(r@)e"‘"} (6.3)
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B, = Rei{f—g aq,a(zz,t) &(r,0) e“"t} (6.4)
B, = Rei{uoq,(z,t)\{', (r,@)e““t} (6.5)

1=1

Where, L is the number of interacting modes, k. =v_ /r,,v_isthe n"root of J'(x) =0, SI

w? 'mn

unit system is adopted and transverse profile is expressed as

¥, (r,0)=J, (k,r)e™ (6.6)
g(r,0)=V,Y, (6.7)
bi(r,0) =7 x¢, (6.8)

where functions ei(r,0), bi(r,0) and ‘¥,(r,0) describe the transverse field profiles in the
waveguide, and p,(z,t), q(zt) is the complex amplitude of the corresponding mode, which
depend upon mode, axial position and time [Wang et al. (2014)]. The scalar function
satisfies the Helmholtz equation with respect to transverse coordinates.

(Vo+k2)®, =0 (6.9)
and the boundary condition on the waveguide

oY
—1=0 (6.10)
on

where d/on denotes the normal derivative. The vector function satisfy the following
orthonormality condition when integrated over the waveguide cross-section

[dah,.h,; =35, (6.11)

where h denotes either e(r,0) or b(r,0) and the Kronecker delta function

The Maxwell’s equation
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VxE=-— (6.13)

VxB=p,d +—— (6.14)

to obtain

- 1 0%E 0J

by substituting the RF field expression from equation(6.3)-(6.5) into equation (6.15), after

some simplification we can obtain

p=0+—— (6.16)

S, = 6.17
c2 ot? ¢ ot o672 G (647)

equation (6.17)are the partial differential equation of p, qands.

27/w
T g* p-iot
C? !J'Jt.e, e “'dadt (6.18)

S, =

where C? = rr? (1— m? /vf)Jril (v,) is the normalized constant and J¢ is transverse density of

the electron beam. The term J..&" describes the energy transfer between wave and beam of

I™ mode. We use the Graff’s summation theorem for Bessel function to express the

transverse field profile as a sum of infinite number of harmonics in guiding centre

coordinates (p,¢,z),

¥, r0)=S 3o(k, 1)3, (K 1) mooweise (6.19)
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&(r.0)= Zw (ktl Jo(k,r)p —:)—S Js (k, U@j Joa(k, ) M (6.20)

S=0

b(r.0)=>" [ir—st(kn L) +k J;(k, rL)cﬁj 3o (k) e Mo (6.21)

S=—00

Put the value from equation(6.19)-(6.21) into equation (6.3)-(6.5), obtain the electric and

magnetic of corresponding mode field component in terms of Bessel function

GZ{Z t2 % P03, (k1 )3, (k1) '5“’)} (6.22)

1=1 (s

_ L X JING) . :

E,=Re) 1 > EmLICURHCLOEA r,) el ) (6.23)
I=1 | s=—o :

E, =0 (6.24)
L o0

B, :ReZ{Z ﬁO aq'a(“) 3! (K, 1) J 0 (k, 1) et Mo '54’)} (6.25)
I=1 | s=—o0 |
L o0 . .

B,=Re> {> i j £oS 2G (2 4 (k1) (K r)e @ meIv i) (6.26)
I=1 | s=—o kt L az ! !
L S=0
Z{ 1ot (2.) 3, (K, 1), (K, 1) € ’} (6.27)
1=1

For the electron beam represented by N discrete electrons andv, is positive for all

electron, the current density can be represented as [Chu et al. (1999)]

J(Xt)=— Zwa(r (6 -6)5(t-t)V, (6.28)

i=1

where W. is a normalized weighting factor for the i" electron satisfying

Wi =1 (6.29)

and C is determined from the beam current I, through
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Ib=Trder0<Jz>t (6.30)
- 27[' th
J = bZWE(r r)5(0-0)5(t- t)v (6.31)

zi

Substituting equation (6.21)and (6.31)into equation(6.18), we get

(6.32)

S| — 2 Ibkt| [iwl vti‘]s:(ktl r-Li)‘]m—s (ktl rbi)jeimti+(ml-s)y/i+is<p,

CI2 i=1 Vzi
For obtaining field amplitude solve partial differential equation. Equation (6.17)can

be simplified for convenience, first neglect the second order termé?q/ét?, because its

coefficient is much smaller than first order term aq/ét coefficient, that is ‘1/c2‘ <|2ik/c|.

0°q, 2ik 8q, |,
_AR M kg =S 6.33
2 ¢ ot +K; 0, =S, (6.33)

Put the value of S,

(6.34)

Zl

62(1, _%%_{_ kzz ql _ i}' iwl vtiJ;(ktl rLi )Jm—s (ktl rbi) e—ia)ti+(m|'5)’//i+is<pi
0z c ot ! CS = V.

Suppose the operating frequency is away from cutoff frequency, it can be assumed

that only interaction with forward propagating wave in z direction, so

[ (- (V-ik, |2

q(zt)=de (6.35)
% — d, [a/(t) —iby(t)] z.e " OO (6.36)
dzq ay (1)-iby (t)-ik, |2

3= d,[at)-i(b(0)+K, )] gl -tk | (6.37)
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where a, (t), b (t) are unknown real functions of time, d, =q,(0,t) is the input value of q,,
which can be determined by the input power [Wang et al. (2014)]. Substituting equation
(6.36)-(6.37)in(6.34), separate real and imaginary parts of the equation, then after some

simplification for multimode we can obtain

2

%:—;—I[Za,b, +2ak, +1m(S,)] (6.38)
B _ b ok, Re(S))] (639)

where

S = %T[ijdz (6.40)

0 ql
where |, is the length of the waveguide interaction region. Equation (6.38)-(6.39) is the

time domain ordinary differential equations that give instantaneous amplitude of the field.

6.2.1. The Dynamic Equations of the Electrons
The electron position coordinates r and @ are rapidly oscillating functions of z. For

convenience and clarity, we may define the position coordinatesr, and y of the
instantaneous guiding centre (p,¢,z) in terms ofr,8, and perpendicular momentum p, of

the electron by the following equations in the triangle OAB of Figure 6.1,

inl % —rsinl Fag-
rS|n(E—¢+0J_rbsm(2+¢ V/J (6.41)

rcos(%—qﬂ@jﬂbcos(%ﬂp—y/j:rL (6.42)

For the equation of motion, we get
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re" =re’ +ire" (6.43)

Replacing r,_ with p,/m,, Qand differentiating the above equation with respect to z

d i d/ wy -d p

—(re")=—(re" )+i—| ——e" 6.44

dz(b ) dz( ) dz[mOQ j (6.44)
The first term on the right hand side of the above equation can be written as

d,  ; 1d . m . i
E(reg)zv—&(XHy):ypo(vx+|vy)=%e¢ (6.45)

Z Z Z

Substituting the value from equation (6.45) in equation (6.44) and equating the real and

imaginary parts, we obtain

ARENCERY ISTC B R

dZ mQ p, dz iz o

b1 [(dn 0 (O e
i e estomr o n M- sy | (o

Rearranging the above equation and using the equation(3.65)—(3.67), we can write
equation(6.46) and(3.271) as

dr t ' ! ! "Isi
d_;’ = [IO%JFQ&,BZ(E + Rr)jcos(gb—z//)—%(ﬁ, +R; )sin(¢—v ) (6.48)

z

d ., (1 N
d_zl’z[rbkgﬁz (F,+ R“’)COS((I)_W)JFrE_k[EJF QFC:,BZ j(Fp + Rr)}sm(q)—y/) (6.49)

Now, calculating the Lorentz force component by using the equation (3.48)

e

F'=— E +vB —-vB 6.50
r wmeoc( r t—z z (p) ( )

gr=__° (E, +V,B) (6.51)
(4 a)meoc (4 P
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F = P v,B, (6.52)
R' =0 (6.53)
R = gtﬁtﬁz (6.54)
RI=- gtkﬁtz (6.55)

Substituting the electric and magnetic field component from equation (6.22)—(6.27) into

Lorentz force component, we obtain force component in term of electric and magnetic

fields,
e 2{2 o) A qf}"«kmms<ktlrb)e‘<“*‘m'W“‘” (650)
F = wer;“)ckt Re%‘,{;‘;q. (K, )}Js(ktlrL)Jms(ktlrb)e‘(““””'”"’”“” (6.58)

Put the value of force component in (3.65)—(3.67) , we can obtain

dp; _ gﬁz i Sk a9 i(at-(m-s)y-isg)
b S ] S

d’ It E < l f (ut m—s)y—isp
s vt s P T D )

177



Chapter 6 Multimode Time dependent Nonlinear
Analysis of Gyro-TWT Amplifier

A9 u)_ e g% w[_%_z _is J
p{dz pzj oo e;{s_zw LR .

O O

,dl// (“I S) (Iw pl ,j i(wt—(m —s)y —isp)
rh— —J k r)J k. r)Im|—+p e ! —
b dz’ a)meouﬁ {;SZ_;O mlnl ( ) ( f b) { C qu

ZL: i ( —1( ) m—s+1(ktI rb)) +‘]s—1(kt, rL)Jm—s—l(kt, I’b) Re {%ﬂtql ei(wt—(m,—s)w—iap)}}

I=1 s=—w
(6.62)
dr, R, i(ot—(m -s)y i sp)
— =-0 k R -
O g O R R e
C()m ,uﬁ ; Z_ (‘]s+l( )‘Jm—s—l(kt, rb))_‘]s—l(kt, rL)'Jm—s+l(kt, rb)
{ ﬁtql i(wt—(m~ )w—isw)}
(6.63)
and
&_rm. (6.64)
dz p,

For initial phase of the electron, it assumed that they are uniformly distributed over
the interval (0,27 ). For the initial distribution in space, it is assumed the electron beam is
annular with all the guiding centres uniformly distributed on the circle of the radius r, and
around each guiding centre is a ring of electrons uniformly spaced in their common Larmor
orbit. Equation (6.59)—(6.64) has completely described the evolution of electrons in the

interaction region of the gyro-TWT amplifier.
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Power and Efficiency
The power propagating along the interaction circuit is calculated using the Poynting’s

vector and can be given by
C My 2r - N
P=§£rdr£Re[ExB .z} (6.65)

The corresponding electronic efficiency of gyro-TWT amplifier is defined as the ratio of

the grown RF power to the applied DC beam power and is estimated as

_ Be
T 1) 1-hpy) " (6.66)

where, 7, is the orbital efficiency which characterizes the changes in the electron orbital

momentum in the interaction mechanism.

6.2.2. Algorithm for multimode LSA of Gyro-TWT Amplifier

e Step 1. Start t=0, d=dp consider g(zt)=de" ™ calculate g(zt)|,

=0toL

complete g at t =0 along the waveguide g =[0, ¢ 0, ccovvrrrverrnne. 9, ] -
e Step 2: Calculate Fusing A, whichisA=g, we have F =[F,; Fj.cccccciinrnnnne. F.] -
e Step 3: With the help of F=[0 l....ccccc.... L] ., calculate {w&v, } along the
waveguide with the help of coupled equation i.e. ((jj_vzv% .

e Step 4: Since, we need to move from t=t, tot, , so we need updated (a &b ). For that

%: f(a,b,S) and %: f(a,b,S) to solve where S is f (w,v,), find new S value.

e Step 5: Consider past a,b and updated Svalues to get new updated a and b.

e Step 6: Updated a,b gives new g values at t =t , repeat from step 2.
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6.2.3. Flow-chart for multimode LSA of Gyro-TWT Amplifier

A\ 4
Initialize a(t)=ap,b(t)=ho,W, phases and input
power values and calculate d=d, at time t=to;

At time t=to+At, with calculate g(z,t0),from

v

z=2ptAz, from 0 to L.

v

Now put values of g at individual z, and solve energy and phase

coupled equations at each z from z=0 to L and store the energy,
phases values at z=L for the calculation at next time iteration

|

IS to+At<
simulation
time

No, simulation
time is completed

v

With the updated
values calculate the
desired parameters

When z=L, with the recent values of energy, phase
calculate S from equation (7), at t=to+At.

End

\4
Now, update a (t),b(t) at t=ty+At, by using equation
and update

Figure 6.2. Flow chart for the performance estimation of multimode gyro-TWT amplifier.
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6.3. Results and Discussion

The generalized single particle time dependent and time independent multi-mode
nonlinear analyses developed in the preceding section 6.2 are further exploited to observe
the gyro-TWT amplifiers behaviour with the aid of numerical computations. To validate
the developed analytical model, W-band gyro-TWT amplifier described and taken in the
earlier Chapters of this thesis is selected again. This performance estimation has been
carried for the validation of the developed analysis, so that they can be successfully
implemented for the design and analysis of the higher harmonic mode operated gyro-TWT
amplifiers.

The analysis of 91.4GHz, second harmonic gyro-TWT with operating in the TEg;
mode has been carried out using the approach developed above. Table 5.1 shows the design
specifications taken for analysis of 91.4GHz gyro-TWT.

i“ L=100mm

Cathode

Cearamic Wedge

Input port Output port

Waveguide

Figure 6.3. Cross sectional view of ceramic loaded gyro-TWT.

A computer code has been developed in the MATLAB based on the multimode
nonlinear analysis described in the previous section to investigate the RF behaviour of the
gyro-TWT as well as validate the developed analysis. In the time dependent multimode
analysis, the differential equations are solved using Runge-Kutta method. For the 128
number of particles, accuracy is found to be sufficient enough. All the electrons are
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assigned the initial transverse and longitudinal energy based calculated from the beam

voltage (Vv,) and the velocity pitch factor (a). The electrons are uniformly distributed over

the interval [0, 2x] for the zero velocity spread. For the multimode analysis, a computer
code has also written to analyse the interaction mechanism. This code provides the
comprehensive picture of the multimode effect on the performance of the device for
arbitrary harmonic operation. The coupling coefficient between the electron beam and RF

fields in the cylindrical waveguides is defined as

Cmn =— Jriisz(ktrg) (6.67)
(an —m )‘]m(vmn)

0.05

0 0.2 04 0.6 0.8 1
Beam to waveguide radii ratio (ry/ry)

Figure 6.4. Coupling coefficient C,as a function of ratio of beam to waveguide radii
(ru/ry) for the different modes.

Using this expression, the optimum radius of the electron beam can be determined

for the maximum coupling to the chosen mode. The normalized coupling coefficient (C,,,)

of second-harmonic TEg; mode gyro-TWT amplifier and competing modes with respect to

the normalized beam radius for the different number of modes is shown in Fig. 6.4.
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The peak value of coupling coefficient for the desired mode at r, /r, =0.44.

However to reduce the interaction strength of nearby competing, a value for r, /r, of 0.41

is selected. The temporal growth of the RF output power for the operating TEZ, mode and

the other nearby competing modes (TEZ, and TE;, ) has been shown in Figs. 6.5.

103 : : : : 3
g 102
5 10" |
§_ - ‘5;" "”'u ﬁ" ml |" n"'” % \‘ w ||.
% 10'1 E E|
—— TEg; ]
Iﬁ:" 102 F | e Tng |
—— TEgs
-3 | | | |
10 0 20 40 60 80 100
Time (ns)

Figure 6.5. Temporal growth of the RF output power in the operating TEZ
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Figure 6.6. Comparison in variation of RF output power and gain with drive power.

183



Chapter 6 Multimode Time dependent Nonlinear
Analysis of Gyro-TWT Amplifier

Figs. 6.5 explicitly demonstrate that none of the competing mode has sufficient
power apart from desired mode. It indicates that a stable RF output power of ~438kW. Fig.
6.6 elucidates the variation of RF output power and gain with the drive input power. By
time independent single mode analysis and time dependent multimode analysis has RF
saturated power ~450kW and ~438kW, respectively, and corresponding saturation gain are
~30dB and ~29.88dB, respectively. Figure 6.7 shows the comparison in variation of RF
output power and gain with pitch factor. By time independent analysis the peak power and
gain is ~450kW and ~30dB, respectively and through time dependent analysis the peak

power and gain is ~435kW and ~29.88dB, respectively.

500 T — . — 32
—— Time Independent Analysis
------ Time Dependent Analysis
< 400 | 130
|
Q —
% g
2 300 {28 =
= =
2 6
=
O 200} 426
L
x
100 ' ' ' 24
1 11 1.2 13 14

Pitch factor (o)
Figure 6.7. Comparison in variation of RF output power and gain with pitch factor.

Fig. 6.8 depicts the variations of RF output power with the drive frequency. The variation
of RF power through CST PIC simulation software, time dependent analysis and time
independent analysis, results are closely matched, at saturation its peak value is ~435.6kW,

~438kW and ~450kW, respectively.
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Figure 6.8. Comparison in variation of RF output power with frequency.

6.4. Conclusion

For the gyro-TWT operating at the higher harmonic, for the reduction of the
magnetic field requirements, we use overmoded RF structure. Hence, there is necessity to
study the other competiting modes along with the fundamentals. For the analysis of a gyro-
TWT amplifier, both time independent and time dependent signal analyses are in vogue.
Small signal analysis based on the linear theory is used to study the device behaviour in the
linear regime. On the other hand, the large signal analysis based on the nonlinear theory is
used to predict output power, efficiency, saturated gain, and phenomenon of electron cross-
over and bunching thereby providing better understanding of the beam-wave interaction
and saturation mechanisms. A self-consistent time-dependent multi-mode nonlinear signal
formulation for the gyro-TWT has been developed in the present Chapter to study the
beam-wave interaction behaviour of a gyro-TWT amplifier considering all the competiting
modes into the consideration. The addition of waveguide wall loss is a solution to suppress

the competing modes in the gyro-TWT has also been studies. In loading technique, lossy
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ceramic attenuating material is deposited on the waveguide wall. Through the introduction
of additional losses, convective instability amplification is reduced and hence increases the
start oscillating current of nearby competing modes. The coupling coefficient provides the
selection of beam guiding centre radius for a particular mode of operation. In order to get
optimum beam-wave interaction, it is important to position the electron beam at the place
where field is the maximum. The output power and efficiency depend on the beam
interaction quality. The selection of appropriate value of axial magnetic field is important
for proper beam-wave interaction in order to get optimum saturated power.

The effects of the various device parameters, such as, variations in the pitch factor,
drive power, and drive frequency on the bandwidth and RF output power has also been
explored and discussed. This sensitivity studies will help this device developer to analyse
their device under practical conditions. The analytical results obtained by the large signal
analysis developed in the present chapter have also been validated with the PIC simulation
values obtained using available 3D commercial software CST in the previous chapter.

In the next chapter, summary and conclusion is discussed. Further limitations of the

present work and scope for and future work is also discussed.
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