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Mechanisms of efficiency enhancement by a tapered waveguide
in gyrotron backward wave oscillators
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The performance of a gyrotron backward wave oscillégyro-BWO), composed of a uniform waveguide
section and a down-tapered waveguide section, is studied by a large-signal self-consistent model. Results show
that the efficiency can be drastically enhanced to be 2.5 times higher than that of the gyro-BWO without
tapering. Explorations of the physical mechanisms responsible for this enhancement reveal that the effects of
the tapered section are twofold. First, the oscillation frequency becomes higher in the tapered case, leading to
a higher initial resonance mismatch. As a result, electrons can be bunched deeper in the phase space so that
most electrons can be located in the losing energy phase. Second, the reduction of the waveguide radius along
the interaction region results in a growth of the coupling between the electron beam and the wave in the region
where the wave power decays. In addition, the vulnerability of the efficiency to the velocity spread of the
electron beam can be significantly alleviated for the wave of low oscillation frequency by using the tapered
waveguide[S1063-651X98)00606-0

PACS numbd(is): 41.60—m, 84.40.Fe

[. INTRODUCTION performed by a large-signal self-consistent model, which is
similar to that used in Ref5] except for different expres-

The gyrotron backward wave oscillatégyro-BWO) is  sions. As will be shown below, the upshift of the resonance
based on the electron cyclotron resonance between a badkequency and the increased coupling between the electron
ward waveguide mode and a forward electron beam. Th€eam and the wave caused by the down-tapered waveguide
major attractive feature of the gyro-BWO is its frequencycan drastically enhance the efficiency of the gyro-BWO.
tunability, which can be achieved by adjusting the magnetidiowever, the optimization on the performance of a tapered
field or beam voltage. However, the efficiency of the gyro-9Yro-BWO is not included in this study, which has already
BWO is relatively lower than that of other gyrotron devices. °€€n fully addressed in Ref7].
The main reason for this drawback is its spatial distribution
of the wave power that reaches a maximum near the entrance Il. THEORETICAL MODEL

of the electron beam and decays along the propagation direc- . .
tion of electrons. This power profile leads to an earlier over- The self-consistent large-signal model of the gyro-BWO

bunching of electrons and a weak coupling between the wave adopted from that of the gyrotron traveling-wave tube ex-

and the electron beam cept for different operating conditions and boundary condi-
A number of theoretical1-7] and experimental8—14 tions. The theoretical model consists of equations for calcu-

. lating the spatial evolution of the wave and the dynamics of
studies of the gyro-BWO have been reported. In R&f.the o \actrons in the interaction between the wave and the elec-

efficiency of the gyro-BWO has been found to be signifi-.ong |n this study, the spatial variation of the waveguide
cantly improved by tapering the magnetic field. Resultsiaqjys s included. The procedure of the derivation is similar
found in Ref.[6] revealed that the magnetic field tapering g that used in Refd.15,16 and is briefly described in the
with a positive gradient tended to increase the initial fre-f0||owing_

quency mismatch leading to the efficiency enhancement. In we consider an electron beam traveling through a cylin-
Ref. [11], a tapered interaction structure was proposed andrical waveguide. An external dc magnetic field is applied in
used in the experiment, which reported an output power of #he z direction to guide the electron beam. The radiisof
factor of 2 higher than that of the uniform tube. Later, athe waveguide is a slowly varying function of the position in
comprehensive large signal theory has been developed hyie z direction. The electric and magnetic fields of a circu-
Nusinovich and Dumbrajs7], which can be used to analyze |arly polarized TE,, waveguide mode can be expressed as
the gyro-BWO with a tapered magnetic field and waveguide

wall radius. It has been found in that study that the maximum _ YR

orbital efficiency of the gyro-BWO with linearly tapered pa- B=1(2)In(kmetJexd ~i(wt=mO)],

rameters was almost three times higher than that of the gyro-

BWO without tapering. Meanwhile, the optimal tapering pa- _wom TP

rameters were fully investigated to improve the efficiency. E= crk, F(@) (Kot JeXH ~i(wt=m6)],

The purpose of this study is not only to characterize the
performance but also to unravel the physical mechanisms
responsible for the efficiency enhancement of the gyro-BWO E,=
by a down-tapered waveguide. In this study, analyses are Kmn

iw

f(2)(kmar)exd —i(wt—m6)], (1)
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1 df(z) _ In addition to the Lorentz force, it is also useful to include
TR Tdz Jm(Kmar Jexd —i(ot—mé)], the energy change equation for checking the accuracy of nu-
mn merical calculations. It is given by
im df(z) d E(z
— o Ikl VX — i (wt—mB)], y__& PLoF@ / |
0 I‘kﬁm dz mmn dZ eC P, kmn s m(kmnrc)Js(kman)SmA-
4
where Kyn=Xmn/Tw(z) and Xy, is the nth root of J; (x) @
=0. The circuit equations that govern the spatial rate of
The electron dynamics are determined by the Lorentzhange of the wave's amplitude and phase of a waveguide
force, given by mode can also be derived from Maxwell's equation, which is
R given by
P et P (BB )
rr ext | R R 47 . =
dt yme V2B B — V], ®)

where E and B are the electric and magnetic fields of the
wave andBext represents the external magnetic field, which\yhereB is the wave’s magnetic field anﬂj is the current.

must satisfyV - Be,=0 and can be expressed as Taking thez component of Eq(5) and substituting Eq(1)

148 for B,, the circuit equation can be obtained, which yields
g e

Bext (Z)ez 2 (9 re.. (2) wZ
(?——kﬁm)F(z)+F”(z)—F(z)d)’z(z)+i[—2F’(z)(I>’(z)

By substituting Eq(1) for E andB of the wave and Eq.2)

into the equation of motion of the electron and following the
procedure used in Ref§l15,16, a set of slow-time scaled
equations governing the momentum and the phase angle of
each electron can be obtained:

—®"(2)F(2)]

mnf c)Js(Kmaf L) EXR(IA)).  (6)

dp, ep , ,
dz  cpKmn Js-m(Kmnf &) s (kma L)L (2)cOS A In the above equation], is the transverse current corre-

sponding to the rotational motion of the electro@,,,

~F(2)®'(2)sin A]— € r 9Be = 71232 (Xm)[1—m?/x2,], and the term in angular brack-
2cp, 9z’ ets is defined by
dp, ymee , 1 (2=
E_ m Js—m(kmnrc)Js(kman) <f>_ E fo f dAO- (7)
x{ p. dF(2) cosA—( Pz _w) The power flow can be evaluated by the Poynting vector
m.y dz Mgy and is given by
<F dd(z) . AJrlerLaB 3 dd
@)~ snA T O Pu(2)= 5= 3§ ds ExA*= 3" F@P—. ®
8k dz’
%: w7m8+ do(2) The energy exchange between the electron beam and the
dz  p, dz wave at each position is given by
Melde  yMmee / dP, < >
—S[—pz + P, \]s—m(kmnrc)Js(kman) dzex_Re{ f ds ‘]L E*] e[_f*(z)f ds \]l.ej],
—0s  —ps db(2) p ©
ki Cri  ymeckari dz  ymec whereé* is the unit transverse electric field. As pointed out

in Ref.[17], the induced current resulting from the motion of
} charge between two electrodes is equattd- E,, where the
' J is current andE; is the electric field strength when the
potential between the electrodes is held at 1 V. Similarly, we
where A(z)=wt—s¢+(m-s/2)m+(s—m)e+P(2) and  definel, as the induced current on the microwave circuit by
r. andr, are the guiding center radius and the electron Lar-
mor radius. In deriving the above equation it has been as- =,
sumed thatf (z) = F(z)exf —i®(2)]. Furthermore, the oper- Ja= _f ds J -€. (10
ating conditions are adjusted such that #td cyclotron
harmonic interaction becomes dominant. It can be shown thaly is given by

p,s  dR(2)
XF(z)cosA— 5 sin A
yMeCkaf dz




7164 C. S. KOU, C. H. CHEN, AND T. J. WU 57

| |

an I 6.5cm |
Jd=l(r— ( )f ds{JL s—m(Kmnf &) Js(Kmnr L) eXp(iA)). D,

(12) 0.6 cm
Thus Eq.(9) can be rewritten as
(a)
ex
> =11 (@134 cos . 12
- - - ) 77272l T
|J4| and 84 are indications of the coupling between the elec- 0.6 cm 0.48 om
tron beam and wave. They will be used to provide physical _»
insight into the interaction in the following analysis. k— 1.5 em—] s0om
. , A —

In the calculation, the current is expressed as a sum of
individual electron currents and is given by (b)

__|02

i rc zj

FIG. 1. Schematic of a T mode gyro-BWO with(a) a uni-
(re—ro)(A=Ajvj, (13)  form waveguide andb) a tapered waveguide.

a cylindrical waveguide with a radius of 0.3 cm and the
length is 6.5 cm. The tapered case consists of a uniform
Wavegwde section and a negatively tapered waveguide sec-
tion. The length and radius of the uniform section are 1.5 and
0.3 cm; the radius of the tapered section linearly changes
2} from 0.3 to 0.24 cm within a length of 5 cm. The cutoff

where |, is the beam current anw/; is a dimensionless
weighting factor of thgth electron. The effects of the axial
velocity spread of the electrons are evaluated by assuming.a
Gaussian distribution. It is modeled as

_(szi—_pzzo) (14)  frequencies of a T mode corresponding to the largest ra-
(Ap;) dius (r,,= 0.3 cm) and the smallest radius,(=0.24 cm) are

In the above equatioA is a normalized factor andp, is 29'3. and 326'6hGHZ’ Lespectively. f . £ th

approximately the standard derivation pf; from the mean Flgur_e 2 shows the output power as a function of the

valuep,o, assumingp,<p magnetic field in both cases. The magnetic field is expressed
z0» z z"

To obtain a steady state of the gyro-BWO interaction, thén the relative amplitude to the grazing magnetic fie}X

boundary conditions on each end of the interaction regiof©" € waveguide radius equal to 0.3 cm, which is the mag-
y g etic field for the beam modes(—k,v,—sQ o/ y=0) to be

must be satisfied. Those conditions are specified by requirlnga : s P
traveling-wave conditions on both ends of the tube. They ar&ngential to the waveguide mode»3/c?—k;—kg,,=0).
written as For the uniform case, the maximum output power is 16.8

kW, corresponding to an efficiency of 10.5%. Meanwhile,

Wj =A eX[{

df/dz=ikyf at z=0, (15
50

df/dz=—ik,f at z=L, (16)

wherek,= (w?/c?—k2,)? andL is the length of the tube. B

In the numerical solution of the steady state of a gyro-
BWO interaction, the oscillation frequency and output power 40 —
are initially estimated. Equatiofil5) can then be used to
determinedf/dz at z=0. Thus the circuit equation and the 5
dynamics of electrons are self-consistently solved by the &
fourth-order Runge-Kutta algorithm. Finally, the solution of
f at z=L is checked with Eq(16). The correct oscillation 2
frequency and output power can be found by any root- 2
finding algorithm. In this study, Powell’s hybrid algorithm is
employed.

)

r (k

20 —

Ill. RESULTS AND DISCUSSION - e .o o o .

As an illustration we consider an electron beam interact-
ing with a TE4, waveguide mode at the first cyclotron har- 0 | | | . | . |
monic. The beam parameters are the beam voltdge 1.30 135 1.40 1.45
=80 kV, the beam current,=2 A, a(v, /v,)=1.4, and the B./B
guiding center radius 0.105 cm. To demonstrate the effects or e
of using a tapered waveguide on the interaction of the gyro- F|G. 2. Output power versus the magnetic field of a gyro-BWO
BWO, comparisons are made between a gyro-BWO with avith a uniform waveguide(doty and with a tapered waveguide
uniform waveguide and a gyro-BWO with a down-tapered(triangles. The operating parameters arg=80kV, |,=2 A, and
waveguide as shown in Fig. 1. The uniform case is made ofi=1.4. The dimensions of the waveguide are shown in Fig. 1.
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of a gyro-BWO, with a uniform waveguidéloty and with a ta-
pered waveguidériangles. The operating parameters are the same
as in Fig. 2. The frequency of the intersection point between the
beam mode and the waveguide mode is plotted as squares.

FIG. 3. Oscillation frequency as a function of the magnetic field 2n /

the output power decreases as the magnetic field is increased
It is notable that the output power has been drastically in-
creased in the tapered case. The maximum power is 42 kW
with an efficiency of 26%, which is 2.5 times higher than
that of the uniform case. In contrast to that in the uniform
case, the output power increases with the magnetic field. The
oscillation frequency versus the magnetic field is depicted in
Fig. 3. The frequency of the intersection point between the
beam mode and the waveguide mode in the uniform case is
also plotted. Results show that the oscillation frequency in-
creases with the magnetic field and is higher than the fre-

guency of the intersection point. This result is simply due to [ 1 ; i
the requirement thab —k,v,—sQ o/ y=0 for electrons to 0 1 2 3 4 5 6
lose their energy to the wave in the gyrotron interaction. (b) Z (cm)

Figure 3 illustrates that the employment of a tapered section _ ) _ )

causes an oscillation frequency higher than that of the uni- FIG. 4. Spatial evolution of electron phase trajectories of a gyro-

form case. BWO with (a) a uniform waveguide antb) a tapered waveguide.
The physical mechanism of the efficiency enhancement

by the tapered interaction structure mainly originates fromarger resonance mismatch so that electrons move faster in

the upshift of the oscillation frequency. As pointed out inthe phase space and form a compact bunch neafl.7s.

Ref.[18], the electron phase shift is determined by the initialNote that most electrons are confined in the losing energy

resonance mismatch, as defined by phase throughout the interaction region after forming a com-
pact bunch, although they expand in the phase space. On the
A=w+|kjv,—Qcoly, other hand, electrons in the uniform case form a compact

bunch nearA =1.27 so that fewer electrons can remain in
where a positive sign is placed before the absolute value ahe losing energy phase afterward. Consequently, employing
the wave number because a backward wave interaction & tapered section can result in more net energy transfer from
considered. Specifically, this initial resonance mismatch dethe electron beam to the wave.
termines the initial slope of the spatial evolution of the elec- In addition to a better bunching process, the down-tapered
tron phase\. The larger the resonance mismatch, the steepenteraction section can induce further effects. Figure 5 de-
the slope. As a result, the electron can be inertially bunchegicts the spatial evolution of the wave power and the induced
deeper in the phase space. For comparisons, the electronrrent defined by Eq10). In the uniform case as shown in
phase trajectories of both cases By=1.334 are plotted in  Fig. a), the power reaches a maximum near the electron
Fig. 4. The higherw andk, in the tapered case lead to a beam entrance and decays in the propagation direction of the
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FIG. 6. Phase between the induced current and the wave as a
function of position of a gyro-BWO with a uniform waveguide
(solid line) and with a tapered waveguiddashed ling

maximum of the wave power occurs earlier than that in the
uniform case. Meanwhile, the electrons in the tapered case,
as illustrated in Fig. @), also form a compact bunch near
z=2.5 cm, which is the same as that in the uniform case.
Thus it may be deduced that the induced current would start
to decrease even earlier than that in the uniform case. How-
ever, the resonance mismatch in the tapered case becomes
larger in the uniform waveguide section due to the upshift of

the oscillation frequency, but it becomes increasingly smaller
in the tapered section. Therefore, the coupling between the
electron and the wave in the tapered case is made weaker in
the uniform section but becomes stronger along the tapered
section than that in the uniform case. Therefore, the increas-
ing of the induced current can last longer in the tapered case.
It has also been shown by E@.1) that the amplitude of the
induced current is inversely proportional to the square of the
wall radius. Consequently, more energy transfer from the
electrons. As a result, electrons are strongly modulated bglectron beam to the wave in the tapered case can occur in
the wave in the beginning of the interaction region so that thehe region where the field strength of the wave decays.
electrons are quickly bunched in a shallow losing energy The spatial evolution of the relative phase between the
phase as illustrated in Fig(&. Consequently, fewer elec- wave and the induced current is depicted in Fig. 6. This
trons can transfer their energy to the wave. It is interesting t@phase, denoted a&; and defined by Eq(12), can indicate
note that the induced current, representing the coupling behe averaged electron phase and determines the energy ex-
tween the electron beam and the unit transverse electric fieldhange between the wave and the electron beam. For the
continues increasing after the maximum of the power andiniform case(solid ling), the phase starts from the gaining
reaches a peak in a position where the wave strength actualnergy region of the electron and gradually evolves into the
decays. This behavior can be interpreted by the electrotosing energy region. Finally, it reaches a plateau. The ab-
phase trajectories shown in Fig(a which illustrates that sorption of the wave energy by the electrons in the beginning
the electrons are compactly bunchedzat2.5 cm while the  of the interaction region causes the amplitude of the wave
maximum of the wave power occurs a&=1.85cm. Al-  power on the output end to drop by13% of the maximum
though electron phases become divergent aftel.5cm, power, as shown in Fig.(8). On the other hand, the appear-
the averaged electron phase moves upward into a strongence of a plateau region indicates that the averaged electron
interaction phase. Nevertheless, the induced current starts fthase only slightly changes. It results from the fact that the
decrease because the divergence of the electron phases beve strength is decaying and becomes weaker in this re-
comes severe. gion. Therefore, the net energy exchange between the wave
In the tapered case as depicted in Figp)5the power and the electrons is small. For the tapered ¢dashed ling
profile seems more unfavorable to the interaction because thtee slope of the phase variation is steeper so that it quickly

(b) Z (cm)

FIG. 5. Spatial evolution of the wave poweolid line) and the
amplitude of the induced curredt, (dashed ling of a gyro-BWO
with (a) a uniform waveguide antb) a tapered waveguide.
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FIG. 7. Cutoff position(doty and the associated oscillation fre- By/ By
qguency (triangles versus the magnetic field of the gyro-BWO as o
shown in Fig. 1b). FIG. 8. Output power versus the magnetic field of a gyro-BWO

with a uniform waveguide for different velocity spread&)

reaches the losing energy region of the electron. Meanwhiléivz/vz=0.0%, (b) Av,/v,=5%, (c) Av,/v,=6%, and (d)

the initial resonance mismatch is also larger than that of th@vz/v2=7%.

uniform case, leading to a weaker interaction. Thus the re-

duction of the power at the output end is less severe than th&rm case and the tapered case, respectively. Results show

in the uniform case, as shown in Figlbh In addition, the that the output power at the high-frequency side is more

variations of the phase from= 1.5 cm to the end of the tube vulnerable to the velocity spread than that at the low-

are larger than those in the uniform case, indicating a stronfrequency side. For an electron beam with a 7% velocity

ger interaction induced by the down-tapered section. spread, the output power in the uniform case can be reduced
Figure 2 also demonstrates different output power variaby 30% at 33 GHz B,=1.38,), while the reduction in-

tions with the magnetic field in the uniform and the taperedcreased to 45% at 35.6 GHB{=1.43,). This character-

cases. The decrease of the output power in the uniform casstic is caused by the fact that the wave number is larger at

can be attributed to the fact that the gyrotron interaction

originates from the coupling between electrons and the trans- 45

verse electric fields of the waveguide mode, but the ratio

between the transverse electric and magnetic fields of g TE

waveguide mode decreases with the frequency, which is de

fined as the wave impedance and is given by

40 |-
Zre=ouol B,

where 8 is the propagation constant. Thus the coupling be-

tween the beam mode and the waveguide mode in the gyro

tron becomes weaker when these two modes intersect at 3

higher frequency because the transverse electric field be

comes weaker. In the contrast, the wave impedance become i / c
M

Power (kW)

increasingly larger in the tapered waveguide section. This
process occurs at each oscillation frequency and the cutof 30 |-
position increases with the oscillation frequency, as depicted
in Fig. 7. Moreover, most electrons are confined in the losing
energy phase in the tapered waveguide section as illustrate
above. Consequently, the effective interaction length be- »s | . [ . [ . |
comes longer for the wave of a higher frequency. In addition, 1.30 135 1.40 1.45
the initial resonance mismatch also increases with the oscil- B./B
lation frequency, which is also favored for more output 07 E
power as discussed above. Due to those effects, the output FiG. 9. Output power versus the magnetic field of a gyro-BWO
power in the tapered case increases with the magnetic fieldyith a tapered waveguide for different velocity spreada)
The sensitivity of the output power to the velocity spreadAv,/v,=0.0%, (b) Av,/v,=5%, (¢) Av,/v,=6%, and (d)
of the electron beam is shown in Figs. 8 and 9 for the uni-Av,/v,=7%.

d
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the high-frequency side so that the velocity spread can inger interactions with the wave. Moreover, most electrons can
duce more deviations in the Doppler shift term of the reso-be confined in the losing energy phase even after forming a
nance condition. It is noticeable that the deterioration causedompact bunching. Second, the reduction in the waveguide
by the velocity spread at the low-frequency side is signifi-radius along the interaction region causes the coupling be-
cantly reduced in the tapered case. For instance, for an eletween the wave and the electron beam to increase when elec-
tron beam with a 7% velocity spread Bg=1.3B4, the re-  tron phase trajectories start to be divergent after compact
duction of the output power by the velocity spread can bebunching. Therefore, efficient energy transfer can still be
improved from 30% in the uniform case to only 5% in the achieved in the region where the wave strength decays. This
tapered case. This dramatic improvement is possibly becausan alleviate the unfavorable effects caused by the spatial
the effective interaction length of the tapered case at théield profile of the wave in the gyro-BWO.
low-frequency side is much less than that of the uniform The output power in the tapered case increases as the
case. As shown in Fig. 8, the cutoff position 5=1.3B4is ~ magnetic field becomes larger, while it decreases in the uni-
4.75 cm, while the interaction length of the uniform case isform case. This behavior may be caused by that fact that the
6.5 cm. initial resonance mismatch becomes larger at the high oscil-
lation frequency and the effective interaction length in-
IV. CONCLUSION creases with the frequency as well. Meanwhile, the sensitiv-
ity of the output power to the velocity of the electron beam
In summary, the performance of a gyro-BWO composethas also been studied. Results show that the output power at
of a uniform waveguide section and a tapered waveguidgne high-frequency side is more vulnerable to velocity spread
section is studied by a self-consistent large-signal modely the uniform and the tapered cases. On the other hand,
The output power has been found to be significantly in-significant reduction of the detrimental effects caused by the
creased to 2.5 times higher than that of the gyro-BWO with~g|ocity spread has been observed at the low-frequency side
out tapering, consistent with the results of RETf]. The i the tapered case.
physical mechanisms of the efficiency enhancement by using
the down-tapered waveguide are twofold. First, the oscilla- ACKNOWLEDGMENT
tion frequency in the tapered case is increased, resulting in a
larger initial resonance mismatch. Consequently, the slope of This work was sponsored by the National Science Council
the electron phase trajectories becomes steeper so that elé€aiwan, Republic of Chinaunder Contract No. NSC87-
trons can be bunched deeper in the phase space to get str@i-12-M007-017.
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