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5.1 Introduction

Metal disc-loaded coaxial cylindrical waveguiding structures are frequently
used for microwave devices as the slow-wave and fast-wave RF propagating
structures at the microwave and millimeter wave frequency ranges. In MILO, disc-
loaded waveguide is used as its RF interaction structure with an additional coaxial
metallic cylinder at its center. A disc-loaded coaxial waveguides structure is a
periodic electromagnetic (EM) structure also finds applications in the passive devices,
such as, filter, antenna, and antenna feed, mode converter, etc. as well as in the active
devices as its RF interaction structures. Crossed-field high power microwave device
— magnetically insulated line oscillator (MILO) which is a gigawatts level of RF
oscillator also uses disc-loaded coaxial waveguiding structure as its RF interaction
structure. Now-a-days, high power microwave devices employing intense relativistic
electron beam are needed in many applications where direct energy weaponry is most
important. MILO is being preferred leaving in all other high power microwave device
because it reveals most important property for focusing electron beam. MILO doesn’t
require external magnetic field, due to which it seems to be compact and produces RF
output power up to gigawatt range at lower microwave frequency range. This chapter
is focussed on deriving dispersion relation and temporal growth rate for the coaxial
disc loaded structure using equivalent circuit approach, that can be used as the RF
interaction structure. This is revealed on extending the work outlined in previous

chapter for beam present case.

5.2  Electromagnetic Analysis in the presence of Electron Beam

MILO device consists of coaxial cylindrical disc loaded periodic structure, in

which metal disc is added radially inward with anode structure to form SWS cavity.
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In this chapter, electromagnetic analysis for the MILO device considering equivalent
circuit approach in the presence of electron beam is carried out, by modifying the
analysis of previous chapter. It is worth noting that the effect of the presence of beam
for a disc-loaded coaxial waveguide was included in the analyses due to [Dwivedi and
Jain (2013)]. They used the modal field matching technique in the TMy; mode. This
analysis is carried out to obtain the temporal growth rate, released RF energy,
oscillation frequency and RF output power. For further rigorous and simplicity, here

equivalent circuit approach is preferred.

5.2.1 Analytical Model

In the present chapter, the analysis of disc-loaded coaxial waveguide is
extended, by taking into account the presence of beam due to explosive emission from
the cathode surface. The application of a strong electric field results in plasma
formation on the cathode surface due to surface flashover mechanism. The enhanced
electric field then extracts a space-charge limited electron flow from this plasma
[Miller (1998)]. MILO operates on the principle of load limited magnetically
insulated flow. During magnetic insulation, electron drift parallel to the cathode and
an electron sheath is formed between the discs tip and cathode surface. This electron
sheath equilibrium is known as the relativistic Brillouin flow (RBF). Electron sheath
has both radial and axial electric field components in addition to the azimuthal
magnetic field component. Present work is extended considering perturbation effect
due to axial periodicity of discs, to estimate the mechanism of energy exchange
between electron beam and RF, taking into account plasma frequency. During
analysis consider a region of plasma (electron sheath) in equilibrium, but when this

region is perturbed, space charge waves are formed, due to periodicity of disc and

128



lead to space charge instability. The axial periodic metal boundary of the anode
structure will affect the outer radius of the electron sheath due to presence of radial
field components. Axial field component perturbs space charge equilibrium. Here,
considering that coaxial discs oscillate at TM waves, and three nonzero field
components are radial electric field E,, axial electric field E,, and azimuthal magnetic
field By Correlation between particles and different field components can be

described using linearized Vlasov-Maxwell equation as:
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(5.1)

Where, J;; represents the perturbed (RF) axial current density,
Joixt}= —ejv,)ﬁ{x,p,t}dp .

In above equation, f,{x, p,t} represents RF distribution function and can be expressed

using floquet’s theorem and Vlasov equation as [Lemke et al. (1997)],

. dfy & B ,
fl{x’p’t}:leﬁnz; o expi(B,z—art)].

Where, Q, =w-v,B, represents velocity shifted frequency. Different relevant EM
field intensities components can be expressed by substituting Maxwell-Vlasov

equations into Vlasov equation in conjunction with Floquet theorem [Lemke (1989)]:

The different components of EM field intensities, E,,, E, ,, and H|, ,, can be expressed

as [Lemke(1989)]:
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[liriw*zj]sm =0, (5.2)

rdr dr "
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Where, I'}? =y, /[1-(@,” / ,°Q,7)] is a constant in terms of the beam parameter and

7’ =%— 2 is the radial propagation constant; 8, = B, +nh, is the axial propagation
C
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constant and @, (=(4zep/m)"")is electron plasma frequency. Differential form of

field expression (5.2) can be solved considering some relevant assumptions that the
transverse electron motion in the perturbed state is negligible compared to
corresponding axial motion. Thus expression for axial electric field in the presence of
beam can be evaluated by solving second order differential equation using
formulation of singular point transformation and Taylor series [Dwivedi and Jain
(2013)],

1. E , =AJAG,, r}+BY({G,, 1}, (5.9)

where, G,, =(,r/ &)’ -1/3.
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Figure 5.1: Schematic diagram of a disc-loaded coaxial waveguide structure with
electron beam.
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But the expression for axial electric field in the absence of beam can be written as:

oo

E'= Y (AL (v ry+ B,y rilexp j(wr - B 2) .

The electron beam present analysis of the coaxial disc loaded structure shown in
Figure 5.1, is carried out through dividing the structure in three regions. Region I
(r.<r<r, 0<z<w)is cylindrical electron beam region around the coaxial cylindrical
cathode of thickness rp,-r.. Region II (1, <r<r,, 0<z<e) is the region between
outer edge of the electron beam and tip of the metal discs. Region III
(r,<r<r,,0<z<(L-T)) is the disc-occupied region between two consecutive metal
disc as free space. Here, r. is the radius of the central coaxial conductor, r,, is the
waveguide-wall radius, r; is the disc-hole radius with disc thickness T of the axial
periodicity L and r, is the outer beam radius. During analysis, it is assumed that the
space harmonics of the travelling-wave being generated due to the axial periodicity of
the structure and the modal harmonics of the standing wave caused due to the
reflections of electromagnetic waves from the metal discs. Therefore, travelling
waves will be present in the structure disc-free region (region I), between the central
conductor and the metal discs, and the standing waves in the disc-occupied region
(region II) of each unit cell, considered between two consecutive discs of the

cylindrical coaxial waveguiding structure.
5.2.2 EM Boundary condition

The EM boundary conditions are described here to predict the structure
characteristics, concern with either the axial or azimuthally components of the electric
and magnetic field intensities at the interface between the two regions. The relevant

boundary conditions referring to the continuity of the axial electric field intensity and

131



azimuthal component of magnetic field intensity at interface between region Il and

region III [Dwivedi and Jain (2012)]]:

1 i
E"=E"

ngHgl} atr=r;; 0<z<(L-T) . (5.6)

The discontinuity of the tangential (azimuthal) component of magnetic field

intensities at the interface, being equal to the surface current density:
H)'-H) =J_ atr=r;. (5.7)

The normal components of electric field intensity are discontinuous at the interface

and the amount of discontinuity being equal to surface charge density p; given as:

Er’”—Er”:& atr=r; 0<z<(L-T), (5.8)
£

u

Assuming at the interface, £" =€’ =¢

5.2.3 Electromagnetic field expression for region I

The region between coaxial cylindrical cathode and the outer radius of
electron beam considered as region 1. Traveling RF waves with all space harmonics
are considered to be present in this region and contains no energy source because the
electron motion is radially constant. Expression for axial component of electric field
intensity may be written by invoking the boundary condition that, at metallic interface

of discontinuity (r=rc), then field expressions for beam present region I can be

written as [Dwivedi and Jain (2012)]:

E' = f Jo (G, r}AlePs (5.9)

n=—oo
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n=oo G .
Hy=-jwe Yy —=-J{G,, )AL’ (5.11)

— T
5.2.4 Electromagnetic field expression for region II

Region II is the space between outer edge of the electron beam and tip of the
metal discs in which, the travelling-waves will be present with all space harmonics
due to the axial periodicity of the structure. Periodicity of discs perturbed the electron
sheath equilibrium, results in the formation of space charge waves. This space charge
wave oscillates at plasma frequency, which induces oscillations inside the cavity.
Oscillations are induced due to acceleration and deceleration of electrons along the
insulated sheath. Presence of radial electric field results in the formation of spokes.

The field expression for region II can be written as [Dwivedi and Jain (2012)]:

Z (A Jo{y,r}+ B Yo{7,r}1exp(jf, 2)

n=—oo

E'=Y ;Q”M Tyl ry+ Bl Y{y, r}lexp(jf,2) (5.12)

H} =-jwe Z —[A,’f J {7, r}+B"Y {7 r}lexp(jB,z)

n=—o /n

Considering boundary condition at the interface where presence of space charge wave

at the surface of insulated sheath between region I and II, modify the expression for

axial and radial electric field. Invoking boundary condition, E!(r,)=E!(r,) , field

constants A” and B! can be calculated as [Minami et al.(1990), Amin et al.(1995)]:

n _ 1_ !
Al ==bJ {7, Y y,n DA, } (5.13)

B" =bJ{y,n A b= (K = B 1 (w—y,v,)) ]
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In above equation, [, is beam current. Recasting equation (5.12) by substituting
equation (5.13), the field equation for region II can be written in terms of field

constant of region L.

n=oo

EzH == Z @, (A= (7,1, Yo 7,1, DI 7,1} + BT {7, }Yo{%zr})]A;ejﬂ"Z

n=—oco

E'=jY %ﬁ”«l—bJo{m}x)mr,,}wl{nr}+bJ§{nr,,}wnr}> Are’Pe L (5.14)

H) = Jwez (1= BT {71 Wol ¥ty DIV, 1Y+ BT 7,1 Y {7, 1} 1AL P

n=—o0 n

where, I, is beam current, ¢, =Y{G,,r}/J{G,,r} and b=*(k*-£ [ (@-yv,)'], .

5.2.5 Electromagnetic field expression for region II1

Region III is the free space region between two consecutive discs separated by
an axial distance (L-T). In this region stationary waves are supported due to the
reflections from the metal discs, accommodating an integral number of half guide
wavelength as, (L-7)=mA" /2, where m represents the model space harmonics (m = 1,
2, 3, ...). The travelling waves will not be present in this region. The axial electric
field intensity and azimuthal magnetic field in region III for the stationary wave
supported between discs, is given as [Dwivedi and Jain (2012)]:

B =Y Bl =3 X, (71 AY expljnysin Bz, (5.15)
m=1

m=1

where, X {2 ry=Y Ay r 7Y =T AV e WY (72 v}

11
£l = SR ALK riepGonsn ), (5.16)
m=1
HY' =Y Hy = Al X {ya'riexp(jor)sin(B, 2), (5.17)
m=1 m=1

134



where, X, {32 rt=Y, (7l r W70 vk =Ty YAy )

m w

5.3. Equivalent Circuit Approach

Equivalent circuit is an alternative analytical approach for analyzing an EM
structure. In this approach, the actual EM structure is treated as a transmission line
characterized by a set of four distributed line parameters. Using equivalent circuit
analysis slow wave structure is replaced by a lumped parameter transmission line
whose inductance and capacitance per unit length has been calculated which are used

to calculate the phase velocity and characteristics impedance of the structure.

5.3.1 Equivalent shunt capacitance per unit length

In this section, authors have analyzed the coaxial disc loaded structure, in the
slow-wave operating regime suitable as RF interaction structure for slow-wave high
power microwave device (MILO). Using equivalent circuit approach explained in
previous chapter, telegraphic equation has been derived taken into account circuit
current and voltage along the interaction length in the TM operating mode. During
equivalent circuit analysis slow wave structure is replaced by a lumped parameter
transmission line whose inductance and capacitance per unit length has been
calculated which are used to calculate the phase velocity and characteristics
impedance of the structure. Further, using this approach, the dispersion relation and
temporal growth rate is used to investigate the oscillation process inside the RF
structure in terms of structure parameters. Expression for the equivalent shunt
capacitance per unit length for the structure can be obtained using the ‘current’
telegraphist’s equation. Here, same expression is used as mentioned in previous

chapter.
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c =Pul: (5.18)
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Here, authors follow the same steps for finding the ratio of axial current to voltage as
explained in previous chapter. In this chapter, authors consider beam present field
expressions for different regions. Considering boundary condition between interface
of two regions, express the axial electric field in terms of axial current and voltage.
Then equating, both the expression, find the ratio of axial current to voltage. For this
purpose, the field expressions (5.14) and (5.15) are inserted into the first boundary
condition explained in Equation (5.6). After rearranging, multiplied both sides by

sin(f” z)and integrating further within the limit 0<z<(-T)as well as using

orthogonal property of trigonometric function results in:

AlInH = i X:;m {%ﬂ"}Ai ’

where, X, Ay,ry=BAy,r}xSxQ2/(L-T) 1 (X, 7" riexp(jar)) , (5.19)
B{y.r} 2_2 ?, [[(l_bjo{%Q}K}{%Jbbjo{7nr}+bjr?{7nrh}yo{%1r}]] ) (5.20)

n=—co

_ | B A=(D"exp jB, (L—T))

S 2
(BY) -8

Due to the cavities coupled by means of capacitors a relation between field constant in
region III and in region I is derived. To evaluate the capacitance field constant exists
between the tip of discs and cathode, in terms of axial current, we used boundary
condition (5.7). Thus substituting expression (5.14) and (5.17) into define boundary

condition. Resulting expression is solved using Equation (5.19) by replacing field
constant A”" . Then, multiplying both sides by sin(3" z)and integrating within limit
0<z<(L-T) using orthogonal property of the trigonometric function. Finally,

recasting, expression can be written as:
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Al =R, {r.r}1.. (5.21)

X 7 ryy™ (L-T) cos(BY (L-T))
| Blnr X7l b+ Xo (i byl (L=T0 By} |

R {7r}=3
nzz—oo 2zr,S(jwe)

In above expression,
BZ{ynr} = ¢n / yn |:(1 - b‘]() {7n7")}Y() {ynrb })‘]l {7/”}"} + b‘](? {7/11rb}Yl {ynr}:| *

Finally, relation between axial electric field intensity in terms of axial current is being

derived, considering Equation (5.21). Substituting this equation in (5.9), expression

for axial electric field intensity can be written as,

EZI = Z R:lmJO {Gan;r}exp(jﬁnZ)Iz = Pr:n {}/nr}lz 4 (522)
where, PoAvrt= Y R, y,rH Gy} (5.23)
Now, the axial electric field intensity can be written in terms of circuit potential as:
E'= j(%)v. (5.24)

Equating (5.22) and (5.24), to find ratio of axial current to voltage and further

substituted in (5.18) to obtain an expression for the shunt capacitance per unit length

in terms of structure parameters as:
} (5.25)

) |

=4
Ce{ynr}_ w|:an{}/nr}

5.3.2 Equivalent Series Inductance per unit length

Series inductance per unit length of the equivalent transmission line for the

structure under consideration can be obtained using the ‘voltage’ telegraphist’s

equation explained in previous chapter.
(5.26)
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To find the ratio of circuit potential and circuit current, V/I4 the relation between the
field constants, A" and A’ is required. Inside inductance energy is stored in the

form of magnetic field. Field expressions from Equations (5.14) and (5.17) are

substituted in the second boundary condition of Equation (5.6). After substituting,
multiply both sides by sin(8Yz)and integrating within limit 0<z<(L-T) using
orthogonal property of the trigonometric function, to obtain relation between various

field constants A" inregion IIl and A’ in region II, as:

Ar{{] = z U:,m{ynr}Ailz > (527)
n=-—oo
. 2 Y& B{nrs
here, U, 7.7 =( j - . (5.28)
.} L-T ,1;,0 X('){yglr}exp(ja)t)

Radial electric field is responsible for spoke formation in MILO during beam-wave
interaction process. These spokes have RF energy that is stored inside the cavities.
Thus, applying boundary conditions, given in Equation (5.8), to express field

constant, A’ , in terms of circuit current.

I

[

gl _ gl :&:l(gj: ,
' " e e\A) 2are

where the surface charge density p; can be written as the ratio of total surface charge
q to area A. Further, rearranging, and multiplying both sides by sin(8 z)and

integrated between the limito<z<(L-7) ,

(L-T) (L-T)

I(Ef”—Ef’)sin(,B,g[z)dz:I i sin (8™ 2)dz - (5.29)
0

o Qrmrye

Substituting field expressions from Equations (5.14) and (5.16) in (5.29) and value of
field constant from (5.27) in the above Equation. After rearranging, above expression

1s written in term of circuit current,
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A=Y 0, {rnr}, (5.30)

n=—oo

. _oos(B(L-D)y,(L-T)
where Q,m,{;ﬁr} =, (LTI B (S (5.31)

In order to couple the field intensity present between electron sheath and interaction
cavities, boundary condition explained through (5.9) is considered here. Thus,
substituting Equation (5.30) in (5.9), results in expression for axial electric field

intensity in term of circuit current expressed as:
El=w, 1,, (5.32)
here’ W/n*m{ylir} = Q:m{}/r{r} JO {Gan} °

Equating Equations (5.24) and (5.32), to find the ratio of circuit potential and circuit
current, V/I5 Substituted resulting expression in (5.26), to find the equivalent series

inductance per unit length in terms of structure parameters as:

L {y,:r}=.i[/”n j 00 {7110 {Gur} (5.33)

¢ jo\ 7,
5.3.3 Phase velocity of the structure

This is an important propagation parameter for the analysis and design of the
slow-wave RF interaction structure. The phase velocityv,of coaxial disc loaded
structure can be calculated using the well known relation:

v, =1/(L,C)". (5.34)
Substituting the expressions of the equivalent shunt capacitance from Equation (5.25)
and series inductance per unit length from Equation (5.33), the phase velocity can be
obtained. Equations, obtained represents a set of homogeneous linear equations, the
vanishing determinant of which, as a condition of the non-trivial solution, gives the

dispersion relation of the structure.
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5.3.4 Dispersion relation and Temporal growth rate

Dispersion relation is used for investigating the electromagnetic behavior or
oscillation region for the RF interaction region of the MILO structure in the presence

of the electron beam and is written as:
ﬂ: a) LC'CE
Above equation represents dispersion relation. On substituting value of series

inductance per unit length (L.) and shunt capacitance per unit length (C,) and

rearranging, dispersion relation is written as:

Z ( ii,m_fnz,m)zo
n=—co (5.35)

The above dispersion relation (5.35) is same as derived using a more involved and

cumbersome field analysis approach, where

J _cos(ﬂ,fl”d)xl Xo{?’g[”} ]

e 271, (d) ¢n(1_bJo{7nrb}Yo{Vn’"b})Jo{Vn’"}+b]§{7nrb}yo{7n’"}

11

cos (B (@) Xn[ Xi{n'r)

and fnzm = . - 2 *
2z, (joe)d) ¢, | A=bJy {75} {v.n DIyt + 045 {y.n Y {7}

The dispersion relation for RF interaction structure is obtained here, on applying the
equivalent circuit approach and is used to plot the dispersion characteristics as well as
study the role of structure parameters to control its shape. In above equations d is
defined as d = (L-T). For finding the temporal growth rate, Equation (5.35) is

differentiated with respect to ®, by substituting @ — @, + d@, on rearranging results:

X(;{}/,ff[r} y 1_bjo{%zrb}Yo{%zrb})‘]o{%,’"}*‘b]g VARV AS N

i
do=-w+[(L g, " (5.36)
_]8 X(){}/r!pf[r} l—bJO{7,,1’,,}1/(){7,11’17})J1{7nr}+b]g{7nrb}Yi{7nr}
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Above equation represent expression for temporal growth rate (that is imaginary part
of o, shows that waves are unstable and they grow in amplitude, drawing energy from

sheared velocity field of relativistic Brillouin flow.

5.4 Expression for RF energy and temporal power growth

In this section RF energy stored and transfer through the slow wave structure
is calculated using equivalent circuit approach. Admittance of the cavity [Dwivedi

and Jain (2014)] can be written as:

Y(a))zl{l+ jRCwo(ﬁ—&H .
R @

= Y(w)%{lﬂgm[wﬁ—%ﬂ-
0

(5.37)

Here, 0.

int

= RCaw, represents over-voltage coefficient or internal quality factor of cavity,

due to dissipative losses in the walls [Cousin et al. (2005)]. Imaginary part of
admittance represents energy stored or released from the cavity. Due to resonant

frequency o, the external over-voltage coefficient or external quality factor is written

Z . .
as, Q,, :a)_OL =Z,Ca,, here, z, represents output impedance of the signal source. In

MILO, energy stored inside cavity is coupled with the load through coaxial line with
the output opening axially [Cousin ef al. (2005)]. Interaction cavities coupling with
the load may be either over coupling or under coupling depends upon the external and

internal Q-factor. Coupling coefficient of the cavity is defined as,

Z_ (5.38)

141



For impedance matching if a transmission line is connected between source and load
together, it must also be same impedance, Z,=Z =Z, , where Z. is the coupling
impedance of the transmission line. During resonance when,a =1, Z, =Z,, the output
guide is adapted with cavity and system behaves like an equivalent resonator or all
electromagnetic energy injected is dissipated in cavity equivalent resistance.
Power transferred with the load is written as,

P=R1-pp) . (5.39)
where, Py is initial power injected and p represents complex reflection coefficient

function of the load impedance Z, and of guide characteristic impedance Z,such as,

%2 Yok (5.40)
Zy+Z, Y. +Y,
Substituting Equations (5.37) and (5.38) in (5.40),
@ ) +a’Q (7 =Y 1200, ()
o= @y —— @ . (5.41)
(@+)’+a’Q0 (———2)
@ o
Multiply Equation (5.41) by its complex and after simple algebra,
_. P 4o
(A-pp)=—= o (5.42)
O (@+1)+a’Qh(———2)
@ o
Omitting & in expression,
ﬁ = 4(Qext/ Qint) - (543)
BavQu /0.0 +02, 22y
@ o
Empty over-voltage coefficient, Q, = @ W
TV aw s dr
1 1 dw
4Qext (7 + 7)
P O @W dt (5.44)

P, [1+Q,, /0, +1/@QW(@dW /dr)) +Q>% (! &, —ay | ®)

ext
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Power seen by cavity is the sum of the variation of energy stored during df and of the
power dissipated (@,W /Q,, ) in the walls of disc,

_dW oW
dt Qim

P , (5.45)

P =L+Ld_w ) (5.46)
oW 0O, oW dt

Equation (5.46) can be rewritten after apply condition of resonance,

p= /‘gﬂ—‘g—w. (5.47)

Equating equations (5.45) and (5.47), results in first order differential equation:

dwW @, 4P,
Ziw—o [0S =o. (5.48)
dt QO Qext

Dividing above equation by (W'?), above equation becomes,

d(WU2) wO 1/2 P()a)()

T+2_Q0W - Z:o . (5.49)
General solution of above equation,
2
W(t)zifo—iﬂpexp[—[;& rm : (5.50)
o 2
= W(t)=W, |:1—exp(— 2Q00 IH , (5.51)

where, @,=1/,/L,C, and W,=4P0;/ ®,0,,. Qo is the loaded quality factor and is

proportional to energetic storage characteristic time inside the slow wave structure
[Cousin et al. (2005)]. Wy is the maximum energy stored inside the resonator. RF
energy developed through the MILO device is calculated using expression (5.51) on
substituting expression for inductance and capacitance per unit length. Temporal RF

output power developed during beam-wave interaction process is calculated by
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substituting (5.51) in (5.47), thus released RF energy is used to calculate RF output

power from the device.

5.5 Results and Discussion

To achieve efficient conversion of energy to RF, from electron sheath that is
magnetically insulated (consist of stream of free electrons) to electromagnetic
radiation, near synchronism must be attained between velocity of electrons and phase
velocity of waves. This condition is established in crossed field device MILO, by
reducing velocity of electromagnetic waves wave, by a slow wave structure
comprising of periodic arrangement of resonant cavities. Cylindrical configuration of
MILO allows for a continuous circulation of growing electromagnetic wave and thus
system provides its own internal feedback. In the presence of electron beam inside
the RF structure, generated instability due to beam-wave interaction produces
complex frequency and wavenumber that is responsible for temporal growth rate. In
order to predict the oscillation in MILO using equivalent circuit approach, dispersion
relation having real and imaginary part is solved numerically for defined structure and
beam parameters. For validation of our result of temporal growth rate, we find our
result in agreement with reported result using field analysis case [Dwivedi and Jain

(2012)].
5.5.1 Effect of structural parameters on propagation characteristic

Disc loaded coaxial structure exhibiting certain propagation characteristics of
transmission line parameters due to distributed capacitance and inductance along its
length. It can be seen from Figure 5.2 (a), for the defined structure and beam
parameters, referred from [Dwivedi and Jain (2013)], the distributed capacitance will
increase until a certain resonant frequency and the distributed inductance will

decreases, acquire a dip at maximum resonant frequency. Increases the shunt
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capacitance and decreases the series inductance, both changes result in a larger
current drawn that helps in proper spoke formation during beam-wave interaction
mechanism. Thus, current develop for a given applied voltage, equating to a lesser
impedance. As can be seen from Figure 5.2, an increasing pattern of shunt
capacitance, helps to understand the concentration of the electric field on the beam
axis that further increases the transit time factor. Increasing pattern of capacitance,
means inductance has to be lowered to maintain the same resonant frequency and this
can be observed from Figure 5.2. Series inductance goes down because the amount of
magnetic energy stored is reduced, results in increase of current, that further helps in
magnetic insulation process. For the typically chosen structure parameters and chosen
coaxial waveguide mode, in Figure 5.2(b) variation of the series inductance with
frequency is plotted. It can be further observed from Figure 5.2, there exists typical
electromagnetic coupling from one cavity to another and this is due to the capacitive

coupling at the bottom of resonance cavities and weak mutual inductance coupling at

the top.
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Figure 5.2: Variation of (a) shunt capacitance and (b) series inductance per unit
length versus frequency plot.
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Figure 5.3: Comparison plot representing variation of (a) shunt capacitance and (b)
series inductance per unit length versus frequency for beam absent and
beam present case.

Considering beam absent analysis defined in previous chapter, Figure 5.3 represent
comparison plot. It is concluded from Figures 5.3(a) and (b), that due to presence of
beam, there is slight difference in shunt capacitance and series inductance per unit

length. This effect arises due to presence of space charge waves between tip of disc

and the cathode.
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Figure 5.4: Variation of phase velocity versus frequency plot of disc loaded coaxial
waveguide.

To attain efficient beam-wave interaction inside the structure, phase velocity should
remain constant with frequency, as seen from Figure 5.4. Considering beam absent
analysis defined in previous chapter, Figure 5.3 represent comparison plot. It is

concluded from Figures 5.3(a) and (b), that due to presence of beam, there is slight
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difference in shunt capacitance and series inductance per unit length. This effect
arises due to presence of space charge waves between tip of disc and the cathode.
Absolute part of capacitance and inductance is considered during analysis. Effect of
real and imaginary part of the shunt capacitance and series inductance per unit length
will be considered for future studies.

Figure 5.2 represents variation of shunt capacitance and series inductance with
respect to frequency for different beam current. With increase in beam current,
instability in the device grows faster, electrons present at the sheath boundary will
undulate under the perturbing field, represents space charge waves. These space
charge waves led to instability, known as Diocotron instability that occurs in
neutralised charge sheets in the presence of uniform magnetic field. It can be inferred
from figure 5.2(a), that shunt capacitance decrease with increase of beam current,
keeping all other structure and beam parameters constant, further helps in
compensating oscillations inside the interaction cavity. These oscillations are due to
space charge waves oscillating at plasma frequency. Due to shunt capacitance,
synchronism condition occurs and cavity resonates at a particular operating
frequency. Behaviour of series inductance from Figure 5.2(b), speculates that energy
exchange between beam and RF occurs due to increasing behaviour of curve,
resulting in spoke formation. Efficient beam-wave interaction process is revealed
properly from the temporal growth rate, which is defined by the imaginary component
of frequency corresponding to conjugate roots of the dispersion relation. Using
dispersion relation interaction of electron beam with the phase velocity of
electromagnetic mode through the slow wave structure has been explained properly.
For zero beam current, the dispersion passes onto to the beam absent dispersion

relation of the disc-loaded coaxial structure, as reported earlier by the authors.
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Considering this analysis, starting threshold for the occurrence of instability is
explained properly, if structure and beam parameters are satisfying the above relation.
In order to determine temporal growth rate and dispersion relation, a typical structure
and beam parameter selected for MILO, [Dwivedi and Jain (2012)]. Considering
Equation (5.36), on plotting graph between temporal growth rate versus wave number,
one can realizes oscillation region in MILO due to which instability takes place. Due
to this instability beam-wave interaction mechanisms occur. Instability can occur
where slow TM;, waves intersect space charge modes, because at this point they have

equal phase velocities.

5-5 T |F IIdAI II — 1 T T T T T T 0.12
= = EI:uiva:\ean)t,i?lalysis b qg T=3 mm ry=73 mm
N 5| 4 T 0.1 | v=600 kv o — r=25 mm 1
N o i 1=35 kA 7 N =45 mm
o i s 1 = o.08} / \ 1
= 7
> 45} P \._\_. J E /' \
2 - o . 1 & o006} ! \ 1
s 4af 7 R B / \
g - M 5 coaf { \ i
E 3.5 / "'\___ o /t v
) h % 0.02 | /== Equivalent Analysis 1
3 i o ] - - - Field Analysis
0 L
6 1 2 3 4 5 &6 43 44 45 46 A7
Bo*L (Radian) Wave Number
(a) (b)

Figure 5.5: (a) Dispersion versus frequency plot for TMj; mode at beam voltage
600 kV and beam current 35 kA, (b) Variation of Temporal growth rate
with wave number.

To validate the result obtained through equivalent circuit approach, authors have
taken resort of published result of [Dwivedi and Jain (2012)] where the device
parameters taken are shown in Figure 5.5(b). The real part of the root of dispersion
relation has been obtained numerically and corresponding plot obtained is shown in
Figure 5.5(a). Results obtained are closely agree with those obtained using the field
analytical approach. It is inferred from Figure 5.5 (b), that the device instability region

lies between 4.54 cm™ and 4.76 cm™.
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Figure 5.6: Plot of the temporal growth rate versus voltage.
It can be seen from Figure 5.6 that for the typical device parameter selected, temporal
growth rate does not change significantly for applied voltages, due to compensation

provided by the shunt capacitance and series inductance.

5.5.2 Variation of RF energy and Output power

Electromagnetic RF energy stored inside the RF interaction cavity supporting
a transverse magnetic mode can be calculated by equivalent circuit analysis
considering admittance of the circuit [Dwivedi and Jain (2014)]. Resonant frequency
is calculated by considering series inductance and shunt capacitance per unit length.
Therefore, the RF energy is being calculated in terms of input power in the cavity and
its quality factor. For proper functioning, resonator cavity or slow wave structure of
MILO must store electromagnetic energy, that is sufficient to exchange RF energy
with the beam. At a particular resonant frequency, the conditions are necessary to
store maximum energy as shown in Figure 5.7 below. Figure 5.7(a) reveals
information related to maximum energy stored, and the time needed to stored energy,
which contributes during beam-wave interaction process. This released RF energy is
further used to calculate RF output power during beam-wave interaction process

considering Equations (5.47) and (5.51).

149



100 ' j j j 2.5 T T T T r r
= Equivalent Circuit Analysis
= Simulation Result P
80 | §“ | — Field Analysis - - -
e
S eof 8 15|
- % 1.8 L=15mm  rq=45mm
=2 o T=3 mm rw=73 mm
[ 5 V=500kV  rc=25mm
5 40f s 1} ly=40kA
>
(]
w
20 | — Equivalent circuit analysis © o5}
- Simulation
0 i L L L L 0le L L L L L L L L L
0 20 40 60 80 100 0 5 10 15 20 25 30 35 40 45 50
Time (ns) Time (nsec)
(a) (b)

Figure 5.7: (a) Variation of RF energy versus time, (b) Variation of RF output power
versus time.

In order to validate the analytical approach developed with the field analysis, the RF
energy and RF output power released during beam-wave interaction behavior have
been shown in Figure 5.7(a) and 5.7(b) for the selected structure and beam parameters
[Dwivedi and Jain (2012)]. The analytical results obtained are in agreement with the

simulation result + 5%.
5.6 Conclusion

The equivalent circuit approach has been developed considering the presence
of electron beam in order to study RF analysis of MILO. This approach has been used
to investigate the device oscillation condition, dispersion relation and temporal RF
growth rate. The developed simplified dispersion relation result and temporal RF
growth rate result has been validated against the published results as well as values
obtained through simulation. RF energy stored during beam-wave interaction is
numerically analyzed using admittance of the cavity and considering the effect of
quality factor. Effect of various structure parameters, such as coaxial disc hole radius,
periodicity between discs and beam radius on the shunt capacitance and series

inductance per unit length, have also been discussed.
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