"“RD-R183 873 uouuuemameoevorrueoaanaon WASER IN
THREE -DINENSTONSCU>_NAVAL RESERRCH LAB MASHINGTON DC
GANGULY ET AL 38 JUN 87 NRL-MR-5

UNCLRSSIFIED




r

| FE} m 25

o £
=k
™= .

T =

y

Iz

e

i liie

.~
Tz

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963-4

PN AN

A
Wi X W
)\_}5._‘_.‘,'_._ oy




NRL Memorandum Report 5979

Nonlinear Theory of the Orbitron Maser
in Three-Dimensions

A. K. GANGULY, H. P. FREUND, AND S. AHN

Microwave and Millimeter Wave Tube Technology Branch
Electronics Technology Division

AD-A183 073

June 30, 1987

DTIC

RELECTE®

Approved for public release; distribution unlimited

E e R
..............
.............

-------------- - - - . .. .. ‘ " - LN - -
r ‘J A '.r_'.- Sl R U P A I AP 5 .
fb':’\ .J-J‘.‘-\ .‘I'-F'." o \IJ‘.’ \ ( .! v R .

L R N G SRR \.&_“ .4_1\&.&.1.)-1.;;4 ..,a.h:l-i:.m p. e Yhy Wy Lu.x-)...JLnAa



*

SECURITY CLASSIFICATION OF THIS PAGE

REPORT DOCUMENTATION PAGE

1a REPORT SECURITY CLASSIFICATION
UNCLASSIFIED

tb RESTRICTIVE MARKINGS

2a. SECURITY CLASSIFICATION AUTHORITY

2b DECLASSIFICATION / DOWNGRADING SCHEDULE

3 DISTRIBUTION/AVAILABILITY OF REPORT
Approved for public release; distribution
unlimited.

NRL Memorandum Report 5979

4 PERFORMING ORGANIZATION REPORT NUMBER(S)

5 MONITORING ORGANIZATION REPORT NUMBER(-S)

6a NAME OF PERFORMING ORGANIZATION

Naval Research Laboratory

6b OFFICE SYMBOL
(If applicable)

Code 6840

7a NAME OF MONITORING ORGANIZATION

6¢. ADDRESS (City, State, and ZIP Code)

Washington, DC 20375-5000

7b. ADDRESS (City, State, and ZIP Code)

8a NAME OF FUNDING / SPONSORING
ORGANIZATION

8b. OFFICE SYMBOL
(if applicable)

9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER

8c. ADDRESS (City, State, and ZIP Code)

10 SOURCE OF FUNDING NUMBERS

WORK UNIT
ACCESSION NO

TASK

PROGRAM PROJECT
NO NO

ELEMENT NO

11 TITLE (Include Secursty Classification)

Nonlinear Theory of the Orbitron Maser in Three-Dimensions

12 PERSONAL AUTHOR(S)

Ganguly, A.K., Freund,* H.P., and Ahn, S.

t3a TYPE OF REPORT
FROM

13b TIME COVERED

TO

14. DATE OF REPORT (Year, Month, Day)

1S PAGE COUNT
1987 June 30 28

16 SUPPLEMENTARY NOTATION

*Permanent Address: Science Applications International Corp., McLean, VA 22102

17 COSATI CODES

FIELD GROUP SUB-GROUP

18 SUBJECT TERMS (Continue on reverse if necessary and identify by block number)

Orbitron
Maser

outer conductors.

ductor.

19 ABSTRACT (Continue on reverse if necessary and identify by block number)

The nonlinear analysis of the Orbitron Maser is studied numerically for an amplifier configuration in
which an electron beam propagates through a coaxial waveguide with a voltage applied between the inner and
A set of coupled nonlinear differential equations is derived in three-dimensions which
governs the self-consistent evolution of either the TE, TM, or TEM modes in a loss-free coaxial waveguide as
well as the trajectories of an ensemble of electrons. The saturation efficiency as well as the linear growth rate
are calculated and. although the linear growth rate for the orbitron amplifier is moderately high (~1.0dB/cm),
the efficiency is low (< 6.1%). Severe limitations arise in the high frequency operation of the orbitron ampli-
fier in the fundamental mode due to the break-down electric field and extremely small radius of the inner con-

20

D.STRBLTON AVALARILITY N+ AR, RACT
E0 mncoass e enunemitEp [ saMe as ret

[J DTIC 1USERS

2V ABSTRACT SECURITY CLASSIFICATION

UNCLASSTFIED

IRIYE
Saevoung Ahn

RESEGRS RS R 2Ty A

22b TELEPHONE (Include Area Code)
(202) 767-3382

22¢ OFFICE SYMBOL
Code 6841

DO FORM 1473, aavan

W AR ORI R (5

)
b0 TR O D AS A M,

4T,

LW W
)

4",'9 . .'A“.‘c." A

!

" -

X)

LA -
U
X
v .'»..Jo'!'n.-’i‘a':.-'t h

83 APR ed'tion may be used until exhausted
All nther editions are obsotete

SECURITY CLASSIFICATION QF THIS PAGE

MLS Gowrnment Printing Offies: 1088807047




CONTENTS

INTRODUCTION ittt et e s s ne e serae e 1
PHYSICAL MODEL: GENERAL EQUATIONS ...ttt 2
NUMERICAL SIMULATION ..ottt 11
SUMMARY AND DISCUSSION ..ottt 15
ACKNOWLEDGMENT ..o et 16
REFERENCES ..o e 17

Ch-cezicn for
‘ NTIS LRA&I
‘ Do T‘\J ]
PUnan wd (1]
1.)‘..!‘-1. L
O e
IR AN IORR Pl aNul |
bl e ey
) Acdieid VS '
‘L --------- 4 ) '.'(.,:.”-—.*‘
i D ,.»ud:‘ ) |
| ; | ‘
i | |
]n'l o |
R S S,




NONLINEAR THEORY OF THE ORBITRON MASER
IN THREE-DIMENSIONS

I. INTRODUCTION

An early application in which electrostatic focussing was used to impart a periodic oscillation on
electron trajectories was by Watkins and Wada' who employed a coaxial waveguide in which the central
element was a four-conductor transmission line. A dc voltage applied between the inner and outer con-
ductors gave rise to a radial electric field which balances the centrifugal force on the electrons and per-
mits orbital motion about the central conductor. Maser amplification is possible when the rotational
phase of the electrons is in synchronism with the phase of the waveguide modes of the system.
Recently Alexeff and Dyer? have conducted an extensive series of experiments for a configuration in
which the central conductor was a single wire, and emission was found at relatively low efficiency (an

optimized experiment found emission at 30 GHz with an efficiency of about 5%).

Numerous theoretical analyses of the linear stability of the interaction have been conducted based
upon a perturbation about an equilibrium in which the electrons execute circular trajectories about the
central conductor and the bulk beam is an annulus.2”® These studies have shown that the Orbitron
maser has the potential for producing extremely large growth rates (i.e., short e-folding lengths).>
However. the difficulty encountered with configurations based upon circular electron trajectories is that
high frequency operation (> 30 GHz) requires relatively high voltages. In order to circumvent this
problem, Burke et al” proposed a configuration in which the trajectories are highly eccentric ellipses in
which the electrons pass extremely close to the central conductor. [n such cases, resonant interactions

with large growth rates can occur at relatively high frequencies for moderate voltages if the central wire

is thin and the orbital eccentricity is high.

Manuscript approved March 5, 1987.
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oY
] While the linear theory of the Orbitron Maser has been amply studied, no nonlinear analyses have
§
L
;r: heretofore appeared which provide estimates of the interaction efficiencies. It is our purpose in this
KA
y
N paper to develop a fully three-dimensional nonlinear analysis of the Orbitron Maser to study the evolu-
‘»' . tion of the system through the linear regime of the interaction to saturation. This study will lead to an
4
?3 accurate calculation of the interaction efficiency in Orbitron Maser and a realistic assessment of its
A potential as a high power and high efficiency amplifier, particularly at high frequencies. To this end, a
" set of nonlinear coupled differential equations is derived in Sec Il which governs the self-consistent
X
i evolution of either the TE, TM or TEM modes as well as the trajectories of an ensemble of electrons.
W
b
i Further, the electron trajectories are treated in sufficiently general manner as to include arbitrary eccen-
:‘v tricities. hence we treat both circular and elliptic orbits. Boundary conditions appropriate for either the
AK]
)
::f TE, TM or TEM modes are applied to treat the effects of the finite waveguide geometry. The space
AN
U . . . . . . . 1
Y charge effects are neglected in the analysis and it will be applicable in the tenuous beam limit. The ‘
“
¢ nonlinear dispersion relation derived in Sec II, however, includes collective effects through the dielec-
.’ . . . . ..
- tric response of the plasma to the waveguide mode. In addition, since we are interested in the amplifier
)
L
:. configuration, only single mode propagation is considered. This permits an average over a wave period !
WS 1o be performed which eliminates the fast-time scale phenomena from the formulation and results in an
1%
K~ increase in the computational efficiency. The numerical solution of the coupled equations in given in
(L
N
: Sec 11l for a few sample cases. The efficiency of the amplifier is found to be small (<6%). The con-
'.; straints which appear in the orbitron amplifier operation at high frequency due to the break-down elec-
) q tric field and the requirement of an extremely thin inner conductor wire are also discussed. A sum-
A
mary and discussion are given in Sec IV, where efficiency enhancement schemes are indicated.
2
| I1. PHYSICAL MODEL: GENERAL EQUATIQONS
e
A fl
~. The physical configuration we employ is shown in Fig. 1. [t consists of an axis encircling electron
'5‘ peam propagating axially tarough a coaxial waveguide of circular cross-section with inner radius rr and
-J :
Y . . - ] .
'-f_ oate radtus 7o, The clectrons are radially confined by balancing the centrifugal force against the radial
~.
s
-f clectne tield produced by applying a de voltage between the two conductors. 1f the space charge effects
A are negeected, then the de electrostatic potential in the configuration of Fig. 1 is given by
: A
D
b
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o
o
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Vo

: o(r) = — mr—l) In (e/ry) (1
: and the d.c. electric field is

Vo 1
g Eg(r) = —— - — ¢ 2
o (1) In(ryfr) r & @
)
{
i . where €,, €,, and &, denote the unit vectors in r,0 and z coordinates, respectively.

T (a) Equilibrium Orbits

The charateristics of the steady-state orbits of the electrons acted on by the conservative potential

(WA

¢(r) in Eq. (1) were calculated by Burke at al'”’ in the nonrelativistic limit. The relativistic Lagrangian

L]
Ly is given by
A}
o
' ) 172
" L= —mc{l— = (F+r e+ +eo, &)
c
; where m, and e are, respectively, the rest mass and the magnitude of the charge of an electron. Here
,
) c = 1/\/ugey is the speed of light in vacuum, u, is the vacuum permeability and €, is the vacuum
¢
' . .
¢ dielectric constant. In Eq. (3), the dot over a quantity denotes time derivative. The Hamiltonian is
N H=mycly—e¢, 4)
:' where
)
[)
1 _ -1/2
y={l- =5 (FZ+r76+3) (5)
¢
k Since. the Lagrangian does not involve time explicity and is independent of @ and z, the three constants
of motion for the steady-state orbits are H, P, and P, where
P0=rp"=mﬂyr2(), (6a)
P: = MyYy é, (6b)
1 1/2
| P} eV
! H=m, 1 + ) p.2+—4+p,2 —2 n L (6¢)
my ¢ ) re In(ry/ry) r

In Eygs 6¢. p, = m, yr. 1he angular momentum term in Eq. (6¢) provides an outward radial force
which dominates at small r and the electrostatic potential provides an inward force which dominates at
large r. Thus the orbits have an inner and outer radial turning point,"”! r. and r,,, . respectively. Since

' p. s zero at each turming point, r,, and r,,, are the roots of the equation
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2 1p2)V2
eV, r c‘Py
- _ in—| = m? ct-c2p?— = 0. 7
cp [[H __In(rz/rl) ”’Il m c*—c?p 5 N

. . . . H
For the special case of circular orbits (r, = r,,, = ro) both p, and p, = — aH are zero. Thus, from

ar
Egs. (6a) and (6¢c), we obtain the following relation between the azimuthal rotation frequency Q, and

. /PVO/Y myc?
o=0= ro In(ryfr) @)

In the nonrelativistic case.!” Egs. (7) and (8), respectively, take the forms

the radius ry

P.z P{f eVo r
Hy— —— — - L o, 7
0 2m0 2m0r2 l”(fz/rl) In r ( a)

¢ eVy/ mg c?
Y=\ TnGiro (8a)

where Hy= H — mg ¢*. In Ref. (7), it is shown that the characteristics of the equilibrium orbits in

and

the nonrelativistic case can be described by a single parameter

T = 1o/ (9)
for given values of the constants H,p. and P,. When o1, the two characteristic frequencies Q, (the
radial oscillation frequency) and (), (azimuthal oscillation frequency) are expressed as integrals for
which there are no closed form solutions. An electromagnetic wave can interchange energy with an
electron near synchronous condition w =/ {1, + n 1, + kv., where w is the wave frequency, k the

wave vector and v.. the axial velocity of the electons.

(b) RF Fields:

The coaxial waveguide can propagate TE. TM or TEM modes. The lowest order mode is TEM
where the electric field 1s radial. Therefore, the TEM mode cannot exchange energy with electrons
maoving in circular orbits TE or TM modes. however. can interact with electrons in circular orbits. The

radration field will be determined by solving the Maxwell's equations for the vector potential 8 A (r.r)

@_.‘

A

Vs A - TR T NN (m

~3Ioo

stubject 1o the ausillary condition ¥V -8 A =0 In kg (10) & J s the source current  Since the space

charge tields are neglected. the boundary conditions at the waveguide wall can be satisfied by expanding
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the vector potential in terms of the orthonormal basis functions of the empty guide. Thus. we write

N the vector potential of the radiation field for TE modes in the form

llf A2V d: ~wil

)
R BAWN =2 T84, (e, (10) e + e an
I.n

AR The transverse basis functions e;, in Eq. (11) are represented by

'.t ' . e,,, (’\0) = Cln kl,, él) Z[,, (k,,,’) - k’_l

{
R in

é, Z,,,(k,,,r) ella. (12)

where

Jin(kyyry)
" Z,r)y=J, (k,r) — LALLM

. Y,y (Kuur), (13)
“". Y,,,(k,,,rl) ! '

and J,, and Y, are, respectively, the /-th order Bessel functions of the first and the second kind. Z,,.
" J,, and Y, denote, respectively, the first derivative of Z,,, J,, and ¥,,. k;,s are the roots of the equa-
'.',;. tion
- 7 Z, (ky ry) =0, (14)
“ " and the normalization constant G, is
172

By A
e
x¢ 1 1

o - (15)
a2 k- ) ZR(x) — (xE — ) ZE(x)

where x. = A, r,. The basis functions satisfy the orthonormal property

f_‘ € e/.n ds = 8II 8nm~ (16)

e where 4. = m{ri — r{) is the cross-seciional area of the waveguide. It is assumed that the mode

‘. amphtude and the wave vector k() are both slowly varying functions of =z such that

:, (-(//:[/niu-ﬂ:ll << k and :;—I;[/nk(:)] << k.

For TM modes, the vector potential is given by

l.k" ] < < u»
5 A (r) = % 5 A, () [e,‘”" -~ T’ e,‘;'] R N (16)

l.n

* where the transverse and the longitudinal basis functions are respectively,

& Zutkor) + 1 2, (ko 8,

in

5% e, = C, k, e (17)

) a1

in

e e =@ Cy h, 2y Ukyrd e’ (18)
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In Egs. (16)-(18), k,, are the roots of the equation

Z,(k;,ry) =0, (19)
where
J((k, r])
Z, = Jitk 1) = ———— Y,(k,r).
In ) (ke r Y, (k) ) (K 1) 20)
The normalization constant C;, for TM modes is given by
1 1 1/2
C. = . . (21)
"2 xF Z2 (xy) - xE Z2(x,)
such that
fA e, el ds =8y 8,m. (22)
R
and

(), al)*
f4 €, €y ds 8//' 8nm .
e

The vector potential of the wave field for TEM modes may be written as

S A(I'.I) = % €TEM & A(Z)?‘lf“:‘d: swt) + c.c. (23)
where
R 1 1
e1pm = €, —V—m—————r - — (24)
TEM N2min(ry/r)
such that
J, erem enpuds = 1. (25)

The vector potential for TE (Eq. 11) and TEM (Eq. 23) modes satisfy the condition ¥V - A = 0 exactly

whereas TM modes (Eq. 16) satisfy this relation if the variation of 84, with z is ignored.

The microscopic source current, 8J, can be writien as the sum over individual particle trajectories

&y

L
8J(re) = —en, — Y v, (zx,01,,)
N/ = ' ' ‘ Iv:/ (:‘xm‘{m)|

8 — 7,z x,,.0,,))

8lx — x, (z.x,,.1,)) (26)

where v, (z.x,,.t,.) is the velocity of the j-th electron at position = which entered the interaction region

at time 7, and the transverse position x, and
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The system is assumed to be quasi-static in the sense tha: :he particles which enter the interaction
region at times t, separated by integral multiples of a wave period will execute identical trajectories. As
a result, v;(z,x,,2;,) = v;(z,x,.1;, + 2w N/w) for integer N. The discrete sum over particles can be

replaced by an integration over initial conditions, and we may write Eq. (26) in the form

(t — 7(z,x0.1p))

T &
5§J (rt) = — Ib f"b dSQ ar (Xo) fO dty oy (10) V(Z,Xo,to) 5(x — X(Z,Xo, lo) ., QN

IV: (Z\xo,to)l
where [, = n, e vq A, is the electronic current, 4, is the cross-sectional area of the beam and

T = L/v.o (L = length of the interaction region), o1 and o, describe the distribution of the initial

conditions subject to the normalization

f4 dS() ar (f0,00) =1, (28)
b

1 T

7 J‘O dto a, (l()) = l, (29)
where dSy = ro dry dy. If the electron beam has initially a non-zero emittance, then the expression

(27) will also involve an average over the initial velocity distribution.

Substitution of the vector potential (Egs. 11, 16, 23) and the source current (Eq. 27) in Eq. (10)
leads to the following equation for the slowly varying amplitude and wave vector k(z) which are
obtained by averaging over a wave period and making use of the ortho-properties of the basis functions.

For TE modes, we obtain

d* a, 2e I L T+ By W
—al— + (‘-‘.’2 - XIIZI - XZ) ay, = —h} Hln < 8 I M >, (30)
dfz €y My ¢ |3:|
i d 2el, B, T — By W'
' = (' n) = ————~ >, 30
X d¢ X € myc’ " 8.1
where
a, = (‘,,, kln e SA/m(,('. (32)

Lhe dimensionless quantities w.x;,.x.3,.8..8. and & in Eqgs. (31) and (32) are defined as w = w ry/c.

X, = kur:x = Ars. B, =v,/c.By=v,/c. and € = z/r,, respectively.

Similary. for TM modes we have

N

Xin

~—T + @ - -+ —Ta,

2el, B, W - By 1,7+ (&, /h) Z, Chyr) sin W,
= - P U - >

3 n

(KXY}




and
X 1/2 d X2 1/2
In in
+ =+ =
2lx X ] dz X X Qn
Zelb + -
= — 3 Hln <B, w +Bg Tl - (k,,,/k) Z/,, (kl,,f) Ccos \lf[>, (34)

€gmgC

In Egs. (30)-(34), H,,,T/)* and W,* are mode dependent quantities defined as

, Xin _ TE mode
W (X/,z. - Z/rz. (xip) — ()’1,2, - P erzl (Vi)

H, = C,z, x,z, =
[ In Xi B TM mode (35)

ﬂ’[xzrz. Z'Izn (xln) - ylrzr 2'12’. (V)] ,

where y, = k;,,r; and x;,, for TE and TM modes are solutions of Eqgs. (14) and (19). respectively.

Also,
1Z,, {k,r)
Tt= """ sinw¥,
Xlnr
B IZ,,,(k,,,r)
T, = ———cos V¥,
XinT
WI+ = Z,,, (kl,'r) Sln \yl. (36)

W," = Zln (k/,,f, Cos ‘l’/‘

where ¥, is the phase slippage between the beam and the radiation field given by

o 1 Q
Vo= fxterde— L+ —2 ¢, 37)
B: B:
— ry de . . . ) . .
Q,=— 7, is the normalized azimuthal rotation frequency of the electron. Finally, the notation
¢
< ... > describes the average of the beam electrons over the axial phase and the cross-section i.e.,

<F> =3~ [ avyo. ¥ [ dby rydry oy (ro b0 F. (38)
where ¥, = wr,. An average over the initial beam velocity distribution is also required to treat the
non-zero emittance case It should be noted that average in Eq. (38) includes the overlap of the elec-
tron beam with the transverse mode structure of the radiation field and the ‘filling-factor’ is introduced

1n the theory in a self-consistent manner.
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In the case of the TEM mode, we obtain

2 el r.f3,
d—‘; + @ -xDa= 2 < 2P cos¥ >, (39)
d¢ 3 [r2 18,1r
mweg moc’in|—
r
and
d elb r Br .
2V — (x"?4) = - < V>, 40
X© g X meg moctin(ry/ry) 1B, 1r sin (40)
where
1 edA
= ’ > 41
N2win(ry/r))  moc ry (41)
v = [ x(&)ae'- e 42)

The time averaged power flow (i.e. The Poynting flux) P, in the waveguide can be expressed in

terms of the normalized amplitude by the following relations

) 5 —
€omg ¢
P, = u_;)___ ) G a,,zl, (TE mode)
2e [{In
™ € mozcS @ Xi3
P, = —>" 2X 1+ a}, (TM mode)
2e Hln
TEQ mg CS -
P,= ———— @ x - In (ry/r}) a® - (TEM mode) (43)
e

Although, the self-fields of the electron beam is neglected in the formulation, the nonlinear dispersion
relations in Egs. (33) and (39) include collective effects through the dielectric response of the plasma
to the waveguide mode. Hence, the system will slowly evolve from a vacuum waveguide mode to a

fully self-consistent dielectrically-loaded waveguide mode.

c. Orbit Equations:

The source terms in the wave equation will be calculated by solving the electron-orbit equations in
the presence of the static and RF fields. Since we are considering an amplifier configuration, it is con-
venient to integrate the equations of motion in z and we write the Lorentz force equations in the form

v. 7‘}: — ¢ (Eg+8E,) —evx5B,, (44)

—
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In

at

Substitution of the appropriate form of the vector potential yields the following normalized equation of

8E/,,= - andBB,,,=V><A,,,.

motions for the TE,, mode

du, r2 VO —_ —
ﬁ: dE = - r Xin BR Zln (klnr) Cos"[,I —(w — XB:) Tl a,
da ryoud
+ 3. T+ in 2 Y4 4
p Tt G+ L @5)
du ryu, u _
B d; R vr : + {w — XB-) Wl+ - X B, Z, (k/nr) cos \l’,ll an
d
+ 8. WS :é (46)
du: _ N + o daln
B:—dg‘=—ﬁ,Tz"Bow/ kay, =18, T + B8, Wi de " (47)
where
R V
P, = 220 L (48)

'n()t‘2 . /n(rz/rl) ’

The dimensionless quantities «, .y, and u. are defined as u, = p,/myc. Uy = p/myc and u. = p-/ myc,

respectively.

For the TM,, mode, we have

du, ra ¥y raug _ ;
. = - + +io - B x|l + =W
B. (/E r yr w /3. X 3 i Qi
day,
+ 8. W, dé (49)
du, ry u Uy _ ,\',,2, )
dE = — ‘yr w — ﬂ: X l + —T T[ a,,,
{a,,
BT (50)
du. X3 . W X
8. _d? =1Ix + X By T, + 8, W) _‘T' 2y Lk r) cos Wt ay,
oy b da/n
-B. (B, W, -5, 1) Tg‘ (sh
for the TEM mode, we obtain
1 b v sinW rv cosw rl
8 a o nDho + (@~ B.x) oy g+ = ¢ . da oLt (52)
dé r r r dE yr

10
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N du rquu
R S (53)
e dé yr

du, i
g. 2 _ 1B, xsin¥ a— cosV da (54)

3

L)

R d¢ r ro del
'y

¥

In addition, we have for all modes

¢ d
N 8. 7? = U/y. (55)

e 8. 2% _ Uyt (56)

o From Egs. (37) and (42) we also have

e"“ —_—
Ak dv, 10,
i‘.'i —_—=xt — -

w
— (TEand T 57
W e : 3 (TE and TM modes) (57)

and
'.:' awv,
4, v d§

i where { = r/r.. Both the linear and the nonlinear evolution of the orbitron amplifier are included in
{

= x — w/B. (TEM mode) (58)

the formulation through Egs. (30)-(42) for the fields and Eqgs. (45)-(58) for the particles. For particle
motion in equilibrium circular orbits, the synchronous condition for the beam-wave interaction is

v,

Ny @ = xB. + {,. Under this condition, = 0 from Eq. (57). Hence, ¥, is a slowly varying func-

tion of - necar synchronism. For eccentric orbits, however, the synchronism occurs,'” when

v,

. _ — d
b\ w=xB + I/, +sQ, and —-

e -

#0. This results in rapid variation of ¥ with z. For TEM mode. the

</ interaction occurs only with eccentric orbits as mentioned before. In the numerical solution of the dif-
o ferential equations, o smaller step-size will be required for the eccentric orbits in comparison to that for

'.‘ ) the arcular orbiis to resolve the rapid variation of W with -,
3 I NUMERICAL SIMULATION

-~

-

\ -"; - The set of coupled diftferential equations derived in Sec. I is solved numerically. In the amphlier
X"\

contwuration. g single wave ot frequency o s injected into the system at = = 0. The Maxwell's Fgs

.‘{. oAl b s A3 and kas (39-40) can be converted to a set of three first order differentinl cyua-
*J . . ~

-f bene g cda dyoand v Hence the svstem of equations 1o be solved consists of 68, + 3 (irst order
¢

ordinamy ditterential cquations, where N, is the total number of electrons. We employ the modilied

Y
SOy

o
Y GNE,
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version (Gill's method) of the fourth-order Runge-Kutta algorithm for numerical solution of the dif-
ferential equations. The average of the form shown in Eq. (38) which occur in the Maxwell’s equations
are performed by means of an N-th order Gaussian quadrature techniques in each of the variables

ro.80.Wy. Hence, Ny = N3 For the examples shown in this section, a choice of N = 10 is found to

provide an accuracy of better than 0.1%.

The initial conditions on the radiation field are chosen such that da/dé =0 at z =0 and

V@? —x2 with x,, = 0 for the TEM mode. The initial amplitude a(z = 0) is calculated

from the input signal power using Egs. (43). The initial state of the electrons is chosen to model the

injection of an axisymmetric, monoenergetic beam of zero emittance. The non-zero emittance effects

can, however, be included in a straight-forward manner but requires the injection of a very large

number of particles to sampie the initial velocity distribution. We assume that the beam has an uni-

torm distribution i.e., o, (V) = 1 in the range 0 < ¥, < 27. We will consider two different forms of

the transverse distribution function o ;(rg,0;) depending on the mode of the injection of the beam.
When the beam is injected into the steady-state circular orbits, we assume a uniform cross-sectional dis-

tribution ie., o (rg.8p) = 1/4, for 0 € 6y < 27 and Ry, & ro € Ry, For injection into eccentric

orbits, we use the distribution assumed in Ref. (7)
trA(rn)a<l—~ !
Ty P?
Hu -

2m,

(59)
L

2m0r(f

eV,

_ Io
in(ry/ry)

r

tor r, € ry £ r,,, and uniform in 4, in the range 0 to 27. In addition. we have to specify the applied
d ¢ voluage b, the beam current /,. H, = ¢V, (beam energy). P., (initial axial momentum) and P,

Giniial angular momentum). Sometimes, it is more convenient to specify o = a=P /P,

,.“lll / rl” >

and r,,, in stead of H,. P, and P,,“. In the nonrelativistic case, the following relations hold between

these two sets of parameters as derived by Burke et al'’

I)pl - r,illl 2'"“ (’l"L I\'I'r
ntry/r)) o =1
P.o=2m, H, = J2mHJ (1 + o), (60)
I + « (Lh ot inea
Hy= =2 oy e T
! o M(r#rﬂ In ry R
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In the limit ¢ — 1 (i.e., circular orbits) the term ——2— — l. Here P, is the magnitude of the

ol -1 2

transverse component of the momentum.

The neglect of ihe space charge effects can be justified if the current /, is less than

Vo
In(ryfry)

so that the maximum electric field of an annular beam of electrons is small comparcd 1o the applicd

[,, < <2TT€0 CB:

electric field. A restriction also applies on the bias voltage V,. To avoid the break-down condition.

I r
Vy < Ep ryIn— =100r; (in cm) Inr—z(kV). where £, (~ 100 kV/cm) is the break-down field. For a
r 1
N " . . . r: .
given r,, the factor ri/n— attains & maximum value of ry when In’ =1 G, rp=ry/2718). The
Ty I

rotational frequency (1, of the electrons in circular orbits should satisfy the condition

/ @, 1 n / - - / *E 2102 (GH2) Hence i is vers
W= 5 - ~ - == T Zr. ence 5 148
' 27 2ar, my ™ : 27 mgry o \/r_l(m cm) cn ©

smalil for high frequency operation. As a result, ¥y (and H, in Eq. 60) will be small unless the ratio

ra/ry is large. For example, r; < 0.00364 c¢m for f, = 35 GHz and ry/r; > 8.5 x 10" 10 get },=10
kV. Such a large value of ry/r,, however, decreases the overlap integrals between the electron arbits
and the transverse mode structure of the radiation field with a consequent reduction in the interaction
strength. Thus. high frequency, high efficiency operation of the orbitron amplifier in the fundamental
mode is not feasible. A larger value for ry can be utilized by operating at higher harmonics of {2, and
higher order radiation modes but a slotted inner conductor i.¢., magnetron-type structure will he
required to increase the interuction efficiency. The slotted wave guide structure wiil be discussed in

subseguent paper.

We now show the results of our calculations for the two lowest order modes. namely TE,, and
TEM. We first consider the TE,, mode propagation with electron injection in steady-state circutar
orbits. The evolution of the waveguide mode i1s shown in Fig. 2. The frequency of the wave s
Wil thg, = 106 (2317 GHz) and the input power is 0.01W. The inner and outer radii of the conductors
are, respectively. 0.2 em and 4 0 em. The cut-oft frequency (7,,,) is 2,186 GHz. The initial radius, 1,
of the electron beam is taken as 0.426 ¢m and the position (4,,W ;) were chosen by a 10-point Gaussian

weighting. The d.c. voliage ¥y between two conductors is S3.7 kV. The beam voltage F, = 32.5 KV s

1]
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P, = 16.25 kW. The growth of the wave mode is approximately exponential after an initial transient

region k,z < 30. During the linear phase of the interaction the growth rate i° = L} a, is 0.16

-
found from Eq. (60) for @ = 1.5 and v =1 Thke beam current /, is 0.5 A and the beam power
a
l‘.%
)
POV a, d:

dB/cm. and an increase is observed prior to saturation at A,z =124.0. The radiation power at satura-

sy o ) A
o tion 1s 1008 W for an efficiency of n = 6.2%. The electron bunching is very weak in the orbitron. This
Y
" .. . . . - - . J
Y is seen trom the simulation of the distribution of the electons in real space as well as in momentum
space at various axial positions. The radution power grows mostly at the expense of the potential )
! energy of the electrons. The particles move to lower values ol r causing an increase in the orbital fre-
n \

queney. As a result, the electrons lall out of resonance quickly und the power saturates at 4 low level

vielding a small efficiency.

The efficiency at saturation (n,.,) versus frequency is shown in Fig. 3 for different values of
by=581.5.53.7,56.0 and 59.0 kV with the other purumeters being the same as in Fig. 2. The beam
voltages corresponding to the above valucs ol the d.c. volage are respectively, 31.19, 32.52, 33.92 and

357 kV. In curve (&) of Fig. 3, the beam line intersects the waveguide dispersion curve at two fre-

quencies resulting in a broad-band response. The bandwidth at half-maximum is about 10%. The other
three curves represent below ‘grazing condition’ (beam line and dispersion curve are tangetial). The
peak efficiency attains the highest value (g, ~ 6.6%) below grazing at V', = S1.5kV. The efficiency
decreases very rapidly to zero as V), goes below 51.5 kV. For V', > S1.5kV also, y decreases but slowly
to S.4% at b, = 59kV. The bandwidth, however, increases as b rises above S1.5 kV.  Although, n
mnereases as the beam hine moves below grazing, the growth rate decreases as can be inferred from Fig
4 where the interaction length corresponding to 7., 15 plotted as a tunction of frequency tor the van-
ous cases considered in Fig. 3. The efficiency was not calculated for 1, > 39.0kV. since the beam line
mtersects the backward wave region of the dispersion curve  These characteristics of the orbitron are in

common with the other tast wave devices such as gyvrotron and FEI

The vanation of the cetficiency with beam energy s shown in Fig 5 where n versus frequency s
platted at ditferent values of 4, The parameters boor-orp and r, are chosen such that the beam hine s
above grazing tn cach case  The effiaency s not a sensitive funcuon of the beam energy . The effi-

ciency increases tfrom 44 to 6 a8 b, imcreases from 1O KV 1o 60 kV
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We now turn to the case of the TEM mode. In this case. the numerical simulation models an
electron beam injected at z=0 into elliptic orbit with eccentricity o = S. The complete spectrum of
efficiency versus frequency is shown in Fig. 6 for two values of }, = 10 kV and 10.64 kV. Other
parameters chosen are 7y, = S0 cem. ry = 005 em. ¥V, = 135kV, [, =054, « = 1.5. The input signal
power is 0.01 W The outer turning points for the two values of V), are found from Eq. (60) to be
r.. =0496 ¢m and 0.577 ¢m, respectively. The peak efficiency n,., =5.04% with a bandwidth of
3.5%. The frequency lw.,) for peak efficiency is a sensitive function of the beam vollage as seen
from Fig 6 where w,., 72/ ¢ shifts from 2.075 1o 1. 775 as F, increases from 10 kV to 10.69 kV. The

growth rate at wryv e = 2075 (1952 GH) is Fry = 0.52 (0.9 dB/em).

The efficiencies of the TE,, and TEM modes are comparabie but the bandwidth is larger for the
TE,;, mode. The growth rate, however, is higher for the TEM mode. The TEM mode has the disad-
vantage of having no cut-oft frequency and resonant interaction occurs with both forward and backward

waves. Special methods' ™' have to be adopted to suppress the backward wave oscillations.

The bunching of the electron beam and the efficiency of the interaction may be improved greatly
by using a slotted inner conductor'?’ (i.e., magnetron-type structure) in the coaxial waveguide. The
large gradient of the E-field in such a structure may focus the axis encircling beam to the decelerating
region ol the radiation fields and maintain bunching over a longer interaction length. The slotted struc-

ture has the further advantage of operation at higher harmonics of the orbital frequency.
IV. SUMMARY AND DISCUSSION

We have developed a self-consistent three-dimensional theory of the orbitron maser in the amplt-
fier configuration with an axially injected beam in a coaxial waveguide with circular cross-section. The
theory has been developed for all modes of polarization (TE, TM, TEM) of the radiation ficld and for
clectron orbits with arbitrary eccentricity. The saturation efficiency of the orbitron in its simplest form
i~ foernd 1o be small. The efficiency (n) for the TE |, mode is about 6% with ¥, = 53.7 kV_ b, = 325
KV ound /. = 0.5SA L while the growth rate in the linear region is 0.16 dB/cm. The efficiency decreases to

35wt iower vaiues of B,= 157 kV oand F, = 9.33 kV for a growth rate of 0.14 dB/cm The cffi-

aeney for TEM mode is comparable to that of the TE mode but the growth rate s higher For the
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TEM mode. n = 4.0% with V; = 13.5 kV, ¥, = 10kV and /, = 0.54. The growth rate is 0.9 dB/cm.
The TEM mode. however, has the disadvantage of having no cut-off frequency and resonant interaction
leads to excitation of both forward and backward waves. In the case of the TE or TM mode. the physi-
cal parameters can be chosen so that only forward wave amplification occurs. Careful design will be

necessary to suppress the backward wave oscillation in TEM mode.

Since the bunching of the beam is very small in the present form of the orbitron amplifier,
methods have to devised to improve the bunching and the efficiency of the interaction. The use of a
slotted inner conductor may enhance the bunching due to focussing action of the large gradient in the
E-ficid in such a configuratioon. Another way of maintaining the beam-wave resonance over longer
imteraction length is to taper the inner conductor ie.. reduce the radius along the axis so that orbital

frequency of the electron remains constant as its radius decreases due to loss of encrgy

The results in this paper have been calculated for frequencies in the range | GHz 10 10 GHz by
considering the interaction with the fundmental orbital frequency. With an axiallv injected beam. the
imteraction in the fundmental orbital frequency s not suitable for the generation of high power, high
frequency radiation because of two contradicitory requirements. The radius of the mner conductor
should be very small tor high frequency but a larger radius 1s required to keep the electnic tield below
the breakdown Iimit when o high d ¢ voltage 1s apphed between the two conductors  High frequency
radiatton may be generated by uthizing resonance with the higher harmonics ot the orbital frequend
This may be achieved either by using cecentric orbyts in “smooth bore” coannal wavegurde o by using
crreular orbits i a coaxial guide with a slotted inner conductor  In the tirst method. the efficiency s
not expected to be higher then in the fundamental  An enhancement of etficienay s expedted in the
second method for reasons stated carlier - The second alternative will be mnvestgated i fature publi-

cation
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