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Wave interaction in relativistic harmonic gyro-traveling-wave devices
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In gyro-traveling-wave devices, several waves can be excited at different cyclotron harmonics simulta-
neously. This paper analyzes the interaction between three waves synchronous with gyrating electrons at
different cyclotron harmonics in two relativistic gyro-amplifier configurations; viz., gyro-traveling-wave tubes
and gyrotwystrons. Two types of nonlinear interactions are considered: (a) excitation of two waves at cyclotron
harmonics by a wave excited at the fundamental resonance, and (b) excitation of a wave at the fundamental

resonance and another wave at the third harmonic by a wave excited at the second cyclotron harmonic. The
effect of the overlapping of electron cyclotron resonances on the performance of relativistic gyrodevices is

investigated as well.
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I. INTRODUCTION

Interaction between three or four waves in nonlinear me-
dia is a topic extensively studied in the physics of plasmas
[1,2], nonlinear optics [3,4], and parametric systems [5].
Such an interaction takes place when the wave frequencies w
and wave vectors k obey the synchronism conditions. For
three-wave interaction these conditions have the form:

]g 1 + ]gz = 123 . (1)

W)+ W) = w3,

In the sources of coherent electromagnetic (EM) radiation
driven by electron beams such a wave interaction occurs due
to the presence of an electron beam which can be treated as
an active nonlinear medium. This active medium may not
necessarily be active enough to excite all three waves in the
small-signal regime. It may happen that some of these waves
can be excited due to nonlinear interaction between the
waves only. In such a case a so-called decay process may
take place when an initially excited wave then gives rise to
others.

Since a beam excites the waves of a microwave circuit
(waveguide) the wave frequencies and axial wave numbers
obey the waveguide dispersion equation. This equation is
especially simple for standard waveguides used in gyro-
traveling-wave tubes (gyro-TWTs) because these tubes usu-
ally operate as fast-wave devices [6]:

W= @l + Pk (2)

In (2) ., is the cutoff frequency of a waveguide, k. is the
axial wave number, and c is the speed of light.

The operation of gyrodevices is based on the cyclotron
resonance between Doppler shifted EM waves and electrons
gyrating in the external magnetic field:

w-ky, =~ s). (3)

Here, () and v, are the cyclotron frequency and axial velocity
of electrons, s is the resonant number of the cyclotron har-
monic. The width of the cyclotron resonance band is in-
versely proportional to the number of electron orbits in the
interaction space, N (see, e.g., [7]), which is typically large
enough, N> 1. Therefore, the three-wave interaction deter-
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mined by the condition (1) may take place only for waves
resonant with different cyclotron harmonics, while the four-
wave interaction determined by similar conditions and ana-
lyzed elsewhere [8] may take place in the case of all waves
synchronous with the same cyclotron harmonic.

In gyro-TWTs with cylindrical waveguides the synchro-
nism condition for the wave vectors (1) can be rewritten as

m1+m2=m3, (4)
and
klz+k22zk3z' (5)

In (4) m, are azimuthal indices of nonsymmetric waves ro-
tating in a circular waveguide.

The condition of synchronism between axial wave num-
bers (5) is absent in gyrotron oscillators, which operate at
frequencies close to cutoff. In gyro-TWTs, as follows from
(2), this condition together with the cyclotron resonance con-
dition (3) can be fulfilled only for some specific waves. To
illustrate this important statement, consider the dispersion
diagram shown in Fig. 1 for symmetric TE,;, TEy,, and
TEg;-waves, which can be in cyclotron resonance with gy-
rating electrons at the fundamental, second, and third cyclo-
tron harmonics, respectively. Assume that the first wave is
excited by a signal at frequency w,. Then, in an amplifier,
two other waves should be excited at 2w, (TEy,-wave) and
3w, (TEj;-wave). These frequencies are shown in Fig. 1 by
dotted horizontal lines. As one can see, the intersection of
these lines with dispersion curves for the waveguide modes
takes place at a certain distance from the straight lines show-
ing the cyclotron resonance at corresponding harmonics.
This departure from the exact cyclotron resonance, of course,
should weaken the excitation of second and third waves. The
analysis of this effect is one of the main topics of our study.

Note that alternatively, in multistage gyro-amplifiers, op-
eration in frequency-multiplying regimes is possible. In such
devices, the beam can be modulated in the input stage (cavity
or waveguide) by an external signal at the frequency w,.
Then, in the drift section separating the input and output
stages of the device, this modulation gives rise to high-
frequency components in electron current density not only at
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FIG. 1. Dispersion diagram when the magnetic field is optimal
for the fundamental harmonic (a) and the second harmonic (b) in-
teraction: diamonds indicate the operating points for all three waves
at corresponding harmonics of the signal frequency.

w,, but also at its harmonics. As a result, the output stage of
such a device can operate at harmonics of w, [9]. In terms of
the dispersion diagrams shown in Fig. 1(a), this means that
one can tune the external magnetic field to provide, for ex-
ample, the most efficient interaction in the output waveguide
with the TEj,-wave at the second cyclotron harmonic. Then,
the departure from exact cyclotron resonance will take place
at the TE;- and TEg;-waves [Fig. 1(b)].

Our study will be focused on the analysis of such interac-
tion between the waves in two configurations of gyro-
amplifiers, viz., the gyro-TWT and the gyrotwystron. The
latter device consists of an input cavity and an output wave-
guide separated by a drift section and, hence, combines the
merits of klystrons (high gain) and traveling-wave tubes
(large bandwidth). We will consider the operation of these
devices driven by relativistic electron beams that is moti-
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vated in part by development of relativistic gyro-amplifiers
for future linear colliders [10]. In high-power relativistic
gyro-amplifiers, the amplitude of the EM field acting on gy-
rating electrons can be so large that cyclotron resonances at
neighboring harmonics can overlap. This effect and corre-
sponding stochasticity of electron orbits was recently ana-
lyzed in [11]. In the present paper we analyze the effect of
this overlapping on the wave interaction.

The paper is organized as follows: Sec. II contains a
qualitative theory explaining the mechanism of nonlinear
wave interaction in gyrodevices. Then, in Sec. III we de-
scribe the formalism used in our study. (Details are given in
the Appendix.) Results of the study of gyro-TWTs and gyro-
twystrons in the absence of resonance overlapping are given
in Sec. IV, and the effects of overlapping on this interaction
are discussed in Sec. V. In Sec. VI we discuss the applica-
tions of the results obtained to possible realistic systems.
Finally, Sec. VII summarizes this work.

II. QUALITATIVE THEORY

To illustrate the physical nature of interaction between the
waves resonant with electrons at different cyclotron harmon-
ics, we can consider a very simple model, a two-wave inter-
action. Indeed, the two-wave interaction can be considered as
a degenerate case of the three-wave interaction determined
by (1) assuming that in (1) the frequency and the wave vec-
tor of the first and second waves are equal; thus (1), (4), and
(5) reduce to

2(1)1 = Wy, 2m1 =my,

2klz:k21' (6)

Here, we replaced the index of the third wave in (1), (4), (5)
by the index ‘“2”. Assume also that the waveguide has strong
end reflections and, therefore, each wave is a standing wave
formed by two traveling waves bouncing back and forth, and
electrons are in resonance with the forward traveling waves
only. Since these strong reflections form a resonator from
this waveguide, the amplitudes of these standing waves, in
the nonstationary regimes, can depend on time.

In such formulation, the problem becomes similar to the
analysis of parametric instabilities in gyrotron oscillators car-
ried out in [12,13]. The only difference between the formal-
ism developed in [12,13] and our model is that in [12,13] it
was considered the interaction of gyrating electrons with the
modes having an arbitrary axial structure, while in our case
electrons interact with forward waves; hence the axial struc-
ture should be given as exp(—ik.z). To describe the wave
interaction at a qualitative level, one can solve these equa-
tions of motion by the method of successive iterations as-
suming that the amplitudes of modes are small enough and,
hence, cause small perturbations in electron motion. (This
method used for gyrotron oscillators in [8,12] is essentially
the same as the one used in the theory of optical masers [14]
and nonlinear optics [4].) Assume also that we consider an
ideal electron beam with no velocity spread. Since in calcu-
lating the source terms responsible for the excitation of EM
fields in a cylindrical waveguide by an electron beam, the

fé: product characterizing the interaction of an electron fila-
ment with the field of the sth mode should be averaged over
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initial gyrophases and over all azimuthal coordinates of elec-
tron guiding centers, only a few perturbation terms will be
left after double averaging. Then, the resulting equations can
be written for two typical cases obeying the first two condi-
tions (6) in the following way:

Case 1. An electron beam excites the first wave at the
fundamental cyclotron resonance, and this wave in the pro-
cess of wave interaction can excite the second wave resonant
with the second cyclotron harmonic. Such a problem has a
certain relevance to the generation of harmonics of the signal
frequency in gyro-TWTs that is the problem extensively
studied in linear-beam TWTs [15]. Corresponding simplified
equations for mode amplitudes can be given as [12] follows:

dA, 2
—=A - BA7),
dt 1(01 B 1)
dA, 2
— =¢qg(- 0,A, — A7 cos a),
dt q(= A, 1 @)
d A?
&« 5— q—1 sin a. (7)
dt A,

Here we ignored the effect of the second wave on the first
wave, but took into account the effect of the first wave on the
second one; o and o, are the increment of the first and the
decrement of the second modes, respectively, B; describes
the self-saturation of the first mode, g is the ratio of the
coupling impedances of these modes to the beam and &
< w,—2w, is the frequency mismatch. As follows from (7),
the stable oscillations of the first mode with the intensity
Af=crl/ B, due to the mode interaction, can be accompanied
with oscillations of the second mode: A,=A7/+\o3+(8/q)?,
tan @=0/qo,. As the frequency mismatch & increases, the
amplitude of these oscillations decreases.

Case 2. An electron beam excites the second mode reso-
nant with the second cyclotron harmonic, and this mode, in
turn, due to the mode interaction process, supports oscilla-
tions of the first mode resonant with the fundamental cyclo-
tron frequency. This problem is relevant to the design of
gyro-TWTs operating at the second cyclotron harmonics
where some parasitic traveling waves can be excited at the
fundamental cyclotron resonance. Corresponding equations
can be given as [12] follows:

M, 2M (1 — A, sin @)
—=- —A,sin ),
dt 1 2
dA
—2 = A,(0— BA2) = 2M, sin a,
dt
da/ Ml
—==5+|24,-— |cos a. (8)
dt A,

Here M 1=A% is the intensity of the first mode excited at the
fundamental cyclotron resonance. In the absence of self-
saturation effects in the dynamics of the second mode (8
—0), Egs. (8) are reduced to those studied in Ref. [16],
where it was shown that such a simple set of equations can
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exhibit an interesting sequence of pitchfork bifurcations re-
sulting in the onset of chaotic oscillations. After these intro-
ductory remarks and examples we can move to the formula-
tion of the problem under study.

III. FORMALISM

We consider here an ideal beam of relativistic electrons
(velocity spread is not taken into account) gyrating in a con-
stant magnetic field and interacting with traveling fast EM
waves in a cylindrical structure. The self-consistent set of
equations describing electron motion and the wave excitation
are very similar to those derived in Refs. [7] and [17]. These
equations hold for both the gyrotwystron and the gyro-TWT
since they both employ a waveguide, although the boundary
conditions at the waveguide entrance are different.

Let us start from equations describing the excitation of
waves, which obey conditions (4) and (5). The electric field
can be represented as a superposition of transverse electric
(TE,,;) modes:

E= Re{z As<z,r)é.y(a)e“wsf-kw@}. 9)

For simplicity the index s instead of m,p is used to label the
modes. In (9), A (z,?) is the complex amplitude of the mode

labeled s, E, describes the transverse structure of this mode
in a waveguide of length L, k,, is its axial wave number, and
w, is the mode frequency. Assume that the axial wave num-
ber obeys the condition

L <kg < wJc, (10)

the left part of which (7/L<k,,) implies that one can neglect
electron interaction with the nonresonant backward wave
(proportional to exp{i(w,+k,.z)}), while the right part (k,,
< w,/c) allows one to ignore the changes in electron axial
momentum in the process of interaction [6,7]. Since the com-
plex amplitude, A(z,1), in (9) is a slowly varying function of
time (|dA,/dt| < w,A;), one can readily derive from Maxwell
equations the following envelope equation for the mode am-
plitudes:

A, 1 JdA;, -47w,

A, = P

0z vy It Nk,
; (11)

where, N is the norm of the wave given by

I o ik .z
f ]wxi : Ese 5 dSL
s

s

N,= ij IE,|?ds . (12)
4 5y

In (11), the double brackets, {{---)), denote averaging over
the wave period and over the electron entrance phases, v, is
the wave group velocity, and fw | 1s the transverse compo-

nent of the high frequency current density
J=Re{j, explio)}. (13)

The components of the transverse electric field I::S can be
expressed via the Hertz potential W, which satisfies the
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membrane equation A | ¥ +k2L\I’=O with the boundary con-
dition that the normal derivative of ¥ at the wall vanishes.
The spatial dependence of the EM field for a cylindrical
waveguide can be written as follows:

(14)

s

: &{W‘I’A EA}
2

s
ki Lrdo Jar

As shown elsewhere [7,18], the membrane function of the
field acting upon electrons gyrating in an external magnetic
field with the electron cyclotron frequency () and Larmor
radius a=v,/€ can be represented as V=3J,(k, a)L,

Xexp(—il6). Here the Bessel function Jy(k,, a) de]scribes the
amplitude of the /th order multipole responsible for interac-
tion at the /th cyclotron harmonic. The operator L; describes
the transverse structure of the rf Lorentz force acting on elec-
trons with transverse polar coordinates of the electron guid-
ing center R, ¢,. For cylindrical waveguides

Ly =J = m)ks i Ro)expli(l = m) go]. (15)

The index [ indicates the number of the resonant cyclotron
harmonic (w=1()), m is the azimuthal index of the wave.
The index /—m is used when the azimuthal rotation of the
wave in the cylindrical waveguide is in the same direction, as
the direction of rotation of the electron in the external mag-
netic field, [+m corresponds to the case of rotation in oppo-
site directions.

In relativistic gyro-amplifiers, when the wave amplitudes
are large the cyclotron resonances at different harmonics can
overlap. Then, as shown in Ref. [19], Eq. (11), with the use
of (13)—(15) can be reduced to

dF, 1 OF,
+— =
ag Bgrs at,

1 o
_Isz_f Pie_L(wst_k”z)[les(as)e“g
m™Jo

+byJj(d,)e?? + byJi(d,)e0d6,.  (16)

In (16), é=wz/ c,B’ZO is the normalized axial coordinate, ¢’
=w,t/ ,BZO is the normalized time variable, and @ is the elec-
tron gyro-phase with an initial value 6, Also, F;
=eA,L;/mycw; is the normalized field amplitude, and b, ;3
=|L, ,3/Ly| is the ratio of the coupling impedances of elec-
trons to the wave at different cyclotron harmonics. Note that
one of the b parameters (the one, which corresponds to the
dominant cyclotron resonance for a given wave) is equal to
unity, b,=1. The Bessel function argument is given by 4,
=k, a=k,, cB,/Q=kp |, where u=0/w, is the ratio
of the initial cyclotron frequency to the signal frequency. The
upper prime means the derivative of Bessel functions. The
electron momentum components are normalized to mcy,
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(yp is the initial electron energy normalized to the rest en-
ergy), B, is the group velocity, v,, , normalized to the speed
of light: B,, =v,, /c=ck/w,. The normalized current pa-
rameter /; is defined as

I, k22 (kR
=4 _fTu bR (17)
m,c hS(Vz—m ), (v)

Here, hy=k c/w,, and k;=k, c/w;= \e"l——hf are the normal-
ized axial and transverse wave numbers, respectively, 1, is
the DC current beam, R, is the guiding center radius of elec-
trons in a thin annular electron beam. The quantity v is the
eigenvalue for the TE,,, wave [it is the pth root of the equa-
tion J; (v)=0].

Below we consider three symmetric waveguide modes:
TEy;, TEy,, and TE;, resonant at the fundamental, second,
and third harmonic of the cyclotron frequency, respectively.
Using the derivation procedure detailed in the Appendix, one
can obtain from (16) the following simplified equations de-
scribing the evolution of the wave amplitudes:

dFy, L 5. ("L . i
1 _le—zz?@J' &e—up 1+ b2&610+ bg&e‘ﬂﬂ dey,
¢~ 2m ) 2 38

(18a)

dF L (™™ . 4 2
_2=_ _ZJ p_J-e—ﬂ(p ble—lt9+pL +bgp_Le“9 d(P()v
¢~ 2m), 2 )

(18b)

2
dr; —_ I_3€—i53§f %e—i30<p|:ble_,‘2,9+ b23lue_,~,9
0

dé¢ 21T

9
+ gpi}dcpo, (18c¢)

where the Bessel functions have been replaced by their poly-
nomial expansions. The parameters 8, and 5 account for the
departure of the TE(; and TE(; waves from exact resonance,
respectively. These parameters are given by (A5). The phase
variable ¢=(w,t—k,,z)/2—6 is the phase of the wave with
respect to the electron gyrophase for the second harmonic
resonance (6=6y+ué). So averaging over ¢, in (18) is
equivalent to the averaging over 6, in (16).

Equations for the normalized electron energy and phase
are similar to those given in Refs. [11] and [19], where the
interaction between an electron beam and a single wave was
considered:
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dé~ 2

+

pi”,

de : 2
d——y 1+A—Re{iF1el<¢+5lf>{<1— Z) 5 b2< =
& Py P

0 | \©

d . i A ‘ . .
_PL Re{F P [1 + bz%e_“9+ b3pg—le"2€} + erlzﬁ{ble’ﬁ+pl + b3%e_“9]+ F3e’<3¢+53§){b,e
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2
+ b, P
2

(19)

, 3'y>p3 . ; ( y ) .
-if L -i20 . i2 i6
g e 3( i 486‘ Lrhe 1 5 i p.e

2
1
3 3 27 \9 9p’
+<1—_)2/)&+b3< _Z>pL _’0}+1F e’(3""+§3§>{b (1—%> Do gi2s bz( Z) i e’ (1— )2/) pL:|}
pl/ 2 2p7) 6 3p1) 2 3p7) 8 pl/ 16

Here, vy is the electron energy normalized to its initial value
Y, and A:l—hz,BZO— w is the cyclotron resonance detuning
or initial synchronism mismatch. In this normalization, elec-
tron energy and momentum are related as 72=752 + pi + pf
Note that in the absence of overlapping of cyclotron reso-
nances, i.e., when b=0, the self-consistent Egs. (18), (19),
and (20) are greatly simplified. Then, each wave interacts
with the electron beam at a single harmonic.

For the gyro-TWT the boundary conditions for all vari-
ables in (18)—(20) are

’Y(O) = 1’ @(O) = wyly— 00 =@ € [0’277)’ pL(O) = BLO'

(21)
In the case of the gyrotwystron with a single-cavity funda-
mental harmonic prebunching, the boundary conditions at
the entrance of the output waveguide are:
N0)=1, @(0)=@y+qsin@y+ 0,
@ € [0,2m), and F(£=0)=0, (22)
Equations (18)—(20) form a self-consistent set where param-
eters g and ®,, are the bunching parameter and electron
transit angle through the drift section, respectively. These
parameters are defined in [20].

Equations (18) and (19) form a self-consistent set of equa-
tions from which follows the energy conservation law:

LYF P =1F10)) + 5 (| Fy* = |F0))
L(|F5* = |F50)) =21 - %Yy, (23)

where F(0) is the initial amplitude of the wave and 7 is the
efficiency of the electron beam-wave interaction,

(=M
(1 - '}’() )

Here the angular brackets mean averaging over initial phases
®o-

(24)

IV. RESULTS

The set of Egs. (18)—(20) with corresponding boundary
conditions was studied for the case of the absence of reso-

(20)

nance overlapping (b=0) in the gyro-TWT and the gyrotw-
ystron. An annular beam of radius 0.8 cm, 500 kV, 400 A,
and pitch factor a=1 was considered. The waveguide radius
was 2.1 cm and the RF driver frequency was 9 GHz (the
motivations for this choice of parameters will be explained
later.) These values of the beam and waveguide parameters
correspond to normalized beam currents 1,=0.045, I,
=0.008, 13=0.004, and frequency mismatch parameters J;
=0.132, and 8;=-0.098. The normalized axial wave num-
bers of the three waves were h;=0.25, h,=0.46, and h;
=0.51, respectively. The parameter u characterizing the ex-
ternal magnetic field, and, correspondingly, the detuning A in
Eq. (20) was varied in simulations.

A. Gyro-TWT Results

We were interested in the effect of a mode excited initially
by a driver on the excitation of two other modes. Two inter-
action cases described in Sec. I were considered. First, we
assumed that an electron beam interacts with the TE,; wave
at the fundamental cyclotron resonance and studied the ef-
fects of this wave on the excitation of the TEy, and TEy
waves. The magnetic field was optimized for achieving the
most efficient interaction between the beam and the TE(;
wave. The results are presented in Figs. 2(a)-2(d) for the
initial normalized field amplitudes F;(0)=0.005, F,(0)=0,
F5(0)=0, and the initial cyclotron resonance detuning A=0
(recall that A=1—h2,820— w). In Fig. 2(a) the normalized
wave intensities are shown as functions of the axial distance.
This figure exhibits a significant growth of the high fre-
quency waves. The excitation of the TE(, and TEy; waves is
a typical case of the generation of signal frequency harmon-
ics known in TWT’s [15]: the resonance interaction between
the TE,; wave and the electron beam gives rise to harmonics
of the signal frequency in the current density term, which in
turn excites the high-order modes. The gain of the TE,; wave
is shown in Fig. 2(b). This curve does not depend on the
other waves because the second and third waves absorb only
a small amount of energy from the beam. Figure 2(c) shows
the electron phases as a function of the normalized axial
waveguide length and Fig. 2(d) shows the position of elec-
trons in the phase space (p,=p, cos ¢ and p,=p sin ¢) at
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FIG. 2. Operation of the fundamental harmonic gyro-TWT for b=A=0: axial dependences of normalized wave intensities (a), gain (b),
and electron phases (c). Figure (d) shows electron locations in the phase space of the gyro-TWT at the waveguide entrance (§=0—circles)
and at £=80 (dots) where the gain and efficiency are maximal (p,=p, cos ¢, p,=p sin ).

the entrance of the waveguide and at the point of maximum
efficiency. From these two figures it is clear that the TE,
wave is the dominant mode because a single electron bunch
is formed.

In the second case, the electron beam interacts primarily
with the TE(, wave at the second cyclotron harmonic. The
axial dependence of the intensities of all three waves is
shown in Fig. 3(a) for initial normalized field amplitudes
F,(0)=0.0001, F,(0)=0.005, F5(0)=0.0001, and initial cy-
clotron resonance detuning A=0.046. The normalized inten-
sities of the two waves TE(; and TEy; can be seen increasing
with the axial length, but they remain significantly smaller
than the primary wave intensity. The excitation of the neigh-
boring harmonics due to the excitation of the second har-
monic wave can be attributed to the nonlinear “four-photon”
process described in [21]. The gain curve presented in Fig.
2(b) (dashed line) shows no significant change due to the
presence of two other waves. However, the maximum gain is
smaller than the value obtained for the fundamental har-
monic operation. The phase plot and the electron trajectories

presented in Fig. 3(b) and 3(c) show two bunches separated
by an angular distance of 7. This confirms that the second
harmonic TEj, mode is the strongest mode in this interac-
tion, because the formation of two electron bunches corre-
sponds to the quadrupole nature of the second harmonic
resonance field (see, e.g., Ref. [7]).

B. Gyrotwystron Results

It was assumed that a modulated electron beam interacts
primarily with the TE,; wave. The magnetic field was opti-
mized so as to achieve the most efficient interaction between
the electron beam and the TE(;, mode. The results are pre-
sented in Figures 4(a)-4(c), which show the axial depen-
dence of normalized intensities (a), the interaction efficiency
(b), and the electron positions in phase space (c) for A=
—0.03 and bunching parameter ¢g=1.5. In Fig. 4(a) the nor-
malized intensity of each wave is shown for two interaction
cases: when the beam interacts with a single wave (solid
lines) and when the beam interacts with a wave in the pres-
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FIG. 3. Operation of the second harmonic gyro-TWT for =0 and A=0.046: axial dependences of normalized wave intensities (a), and
electron phases (b). Figure (c) shows electron locations in the phase space of the gyro-TWT at the waveguide entrance (§=0—circles) and
at é=80 (dots) where the gain is maximum (p,=p, cos @, p,=p, sin @).

ence of other waves (dashed lines). It is apparent from Fig.
4(a) that the radiation intensity of each wave decreases
slightly when the wave interacts with the beam in the pres-
ence of other waves (parametric interaction). This can be
explained by the fact that each wave extracts some energy
from the same beam. The net efficiency of the device is
shown in Fig. 4(b) along with the efficiency curves for the
case of single wave interaction. It is clear that the net effi-
ciency of the device is a little higher than the efficiency
obtained when only the dominant mode (TE,,) interacts with
the beam. Therefore, the nonlinear excitation of the side
modes can slightly improve the net efficiency of the device
in this case. In Fig. 4(c) the electrons are shown at the en-
trance of the waveguide and at £=34 where the efficiency is
maximum. One can see that a single electron bunch at the
entrance is formed due to ballistic bunching in the drift space
and then this bunch is decelerated.

V. OVERLAPPING OF RESONANCES EFFECTS

In this section we assume that electron beam interacts
with each of the waves at the first three cyclotron harmonics

simultaneously, i.e., the parameter b in Egs. (18)—(20) is now
nonzero. We present the results for the gyro-TWT and the
gyrotwystron separately.

A. Gyro-TWT

Two distinct cases, viz., the dominant TE,; and the domi-
nant TEj, waves, were again considered. For the first case
with A=0, the results are shown in Fig. 5(a) as the wave
intensities for nonoverlapping (b=0—solid lines), and over-
lapping (b=0.5—dashed lines) cyclotron resonances. One
can note that while the maximum intensity of each of the
waves remains essentially the same, the overlapping of reso-
nances causes significant rippling in the intensity curves of
the TEy, and TEq; waves. The gain curve is similar to the
one obtained for »=0 and shown in Fig. 2(b) by a solid line.
For the second case, when the magnetic field is tuned so as to
excite the TE, wave, the results are shown in Fig. 5(b) for
A=0.046. It is apparent from the normalized intensity plots
in Fig. 5(b) that the overlapping of resonances increases the
intensity of the TE,, and TEy; waves insignificantly. The
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FIG. 4. Parametric interaction (dashed lines) and single wave interaction (solid lines) in the gyrotwystron when =0 and A=-0.03: axial
dependences of normalized wave intensities (a), and efficiency (b). Figure (c) shows electron position in the phase space of the gyrotwystron
at the waveguide entrance (§=0—circles) and at ¢=34 (dots) where the efficiency is maximum.

maximum gain for the case of resonance overlap is the same
as the value obtained in the absence of resonances overlap.
The curves are similar to those obtained in Fig. 2(b) with the
exception that for »=0.5 a significant amount of rippling
appears.

B. Gyrotwystron

Equations (18)—(20) were studied for the same initial con-
ditions as in Part B of Sec. IV above with 5=0.5. The results
are presented in Figs. 6(a) and 6(b). The normalized wave
intensities are shown for the case of single harmonic inter-
action of the electron beam and waves (solid lines), and for
the overlapping of resonances (dashed lines) in Fig. 6(a). The
efficiency curves are plotted for both cases in Fig. 6(b). From
these figures it is apparent that while the overlapping of reso-
nances does not cause significant changes in the net effi-
ciency of the device, it causes significant rippling in the in-
tensity curves.

VI. DISCUSSION

In the numerical analysis presented above the relativistic
beam characteristics were similar to those of the beam used

in the relativistic gyrotwystron experiments at the University
of Maryland [10]. The relatively high efficiency obtained
here (30% compare to 21% obtained in the experiment) can
be explained by the fact that we considered a cold beam in
our simulations. Maximum efficiency was achieved for a
waveguide length of 26 cm in the gyro-TWT and 11 cm in
the gyrotwystron for 9 GHz signal frequency. These wave-
guide length values may give rise to the excitation of para-
sitic backward waves, which were not taken into account in
our analysis.

From numerical results it appears easier to excite high
frequency waves when operating at low frequency mode. In
the case of operation at the second harmonic, for example,
we noticed that the excitation of the first and third waves
could not start from noise level, i.e., with F(0)=F;(0)=0.
Therefore, we did simulations with a small, but nonzero
value of F; 3(0). The initial normalized field amplitude of the
excited wave, F(0)=0.005, corresponds to an input power of
about 57 kW for the fundamental cyclotron harmonic reso-
nance operation and 81.4 kW for the case of second har-
monic resonance operation. These approximate values were
obtained with the use of the following relation [22]:
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FIG. 5. Effect of the overlapping of cyclotron resonances in the
cases of fundamental and second harmonic gyro-TWT operation:
axial dependence of normalized wave intensities in the fundamental
harmonic gyro-TWT (a) and in the second harmonic gyro-TWT (b)
for b=0 (solid lines) and b=0.5 (dashed lines).

F(0)=0.96 X 107 ,k?\G Py, (kW)/h. (25)

Here, G, is the coupling coefficient [cf. Eq. (17)] for an
annular beam of radius Ry interacting with the TE,, , mode of
a circular waveguide given by

‘I%njrs(kLR())

ST o

The nonlinear excitation of additional waves due to the
parametric interaction appears to affect the gyrotwystron per-
formance more than the gyro-TWT performance, certainly,
because in the former the waves are excited in the output
waveguide by a prebunched electron beam, which already
contains harmonics of a signal frequency in its current den-
sity spectrum. The overlapping of resonances appears not to

PHYSICAL REVIEW E 73, 056401 (2006)
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FIG. 6. Effect of the overlapping of cyclotron resonances on the
gyrotwystron operation: axial dependences of normalized wave in-
tensities (a), and efficiency (b) for b=0 (solid lines) and »=0.5
(dashed lines) when A=-0.03.

have a significant effect on the performance of the devices.

VII. SUMMARY

In this paper the interaction between three waves at dif-
ferent harmonics of the electron cyclotron frequency in gyro-
traveling-wave amplifiers was studied. The paper focused
primarily on synchronous waves. It was shown that when an
electron beam excites one of the waves, two other waves
could be excited through one of two nonlinear interactions
similar to the “three-photon” or “four-photon” processes. It
was observed that this parametric interaction does not have a
significant effect on the net efficiency or gain of the device.
It was also noticed that when the overlapping of cyclotron
resonances was considered together with parametric interac-
tion the maximum efficiency remained essentially un-
changed. This study is relevant to relativistic high power
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gyro-amplifiers that are being considered as possible drivers
for future linear accelerators.
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APPENDIX: DERIVATION OF SIMPLIFIED WAVE
EXCITATION EQUATIONS

Let us assume in (16) that the TE(, wave interacts with
the electron beam at exact cyclotron resonance. Then the
electron gyrophase with respect to this wave can be defined

as
@ =(wyt —ky,2)2 - 6. (A1)

The electron gyrophase with respect to the TEy; and TE;
waves can be expressed in terms of ¢ as follows:

(O] _klZZ_ 0= Qo+ (kzz/z— klZ)Z

2 2
=g+ By \/1—(”—03> —\/1—<@) 3
2R R

(A2)
w3 — k32— 30=30+ (3kp/2 - k3.)z
2
=30+38, 1—(”—"3)
2R
2
- 1—(”—‘?) £, (A3)
3R

where Ié:wlRW/ c is the normalized waveguide wall radius,
Vg, and vy; are the TEy, and TE(; waves eigenvalues, re-
spectively. Substituting (A1) and (A3) into (16) we have

OF, 1 OF, 1" .

L tL =" l_f p.e (¢+51§)[]1(a1)

(95 Bgrl ot 27T 0
+bJy(a))e + byJs(ay)e )d gy,

(Ada)

OF, 1 0F, 1" o

_+__/:_12_f p.e 2<P[le1(a2)e v

(‘75 ﬁgr2 ot 27T 0

+J5(a,) + bzfé(flz)em]d(l—’o, (A4b)
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9Fy; 1 OF 1 (> A ‘
o973 +— 3 13_J pLe—z(3cp+53§)[bIJ;(aA3)e—l20
(9§ BgrS ﬂt 27T 0
+ szé(c%)e_m + Jé(aA?,)]d(,D(), (A4C)
where

(AS)

If we perform the following change of variable

-2 )am)
B, \B, B,

and replace the Bessel functions J;(d), by their polynomial
expansion [Js(x):l,(g)s], Egs. (A4) can be reduced to the
following:

JF, 1 oF I, . [ . 4
-1 —1__ —le"ﬁlgj &e"“’ 1+ blﬁe’g
d€ ﬁg,l at' 27 0 2 2

(A6)

2
+b2p8 120:|d@0, (A7a)
JF, 1 OF L (™" A A
2 2 _ _2f &€_l2¢|:b1€_10+pl
(95 ﬁg,«z (9! 277 0 2
p2
+ b, 76 dey, (A7Db)
21
19F3+ 1 5F3 _I_3€—i(S3§f &e_mp ble_iz(;
o0& ,Bg,3 at’ 2 0 2
3p o 9
+by~ e gm}d% (ATc)

Using the following independent variable for the wave char-
acteristic

u=r7-¢, (A8)
the time dependence of the field amplitude F(&,7)
— Fy(&,u) can be eliminated

JoF, JF; OF,
g€ ar ot

(A9)

Correspondingly, Egs. (A7) reduce to (18).
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