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Comparative analysis of gyrotron backward-wave oscillators operating
at different cyclotron harmonics
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A comparative analysis between the fundamental and second cyclotron harmonics of gyrotron
backward-wave oscillators(gyro-BWOs) is presented. The simulation results reveal that nonlinear
field contraction is a common feature for both harmonic interactions. Besides, the electron transit
angle, used to characterize the axial modes of the fundamental harmonic TE11 mode at the
start-oscillation conditions, is found to be applicable even for the second harmonic TE21 mode. Each
axial mode of either the fundamental harmonic TE11 or the second harmonic TE21 modes is
maintained at a constant value of the electron transit angle while changing the operating parameters,
such as magnetic field and beam voltage. Extensive numerical calculations are conducted for the
start-oscillation currents and tuning properties. Moreover, single-mode operating regimes are
suggested where the second harmonic TE21 gyro-BWO could generate a considerable output power,
comparing with the fundamental harmonic TE11 gyro-BWO. ©2004 American Institute of Physics.
[DOI: 10.1063/1.1783314]
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I. INTRODUCTION

The high power capability of gyrotrons makes them
tractive sources in the millimeter wave range.1–4 The gyro-
tron backward-wave oscillator(gyro-BWO) is a promising
source of coherent millimeter-wave radiation based on
electron cyclotron maser instability on a backward wa
guide mode. The most appealing characteristic of the g
BWO is that its frequency can be tuned by adjusting e
the magnetic field or the beam voltage, or both. Theore
studies of the gyro-BWO first appeared in the mid-1960
Soviet literature.5 Linear theory has been developed to a
lyze the start-oscillation conditions of the gyro-BWO.6–8

However, the efficiency of the gyro-BWO is lower than t
of other gyrotron devices for uniform waveguide structu9

Tapering the magnetic field has been found to sig
cantly improve the efficiency of the gyro-BWO.10,11Besides
a tapered interaction structure has been proposed an
ployed experimentally. The output power twice as high
that of the uniform tube structure has been reported.12–14 A
nonlinear self-consistent method has been employed t
vestigate the nonlinear behavior of the gyro-BWO wit
tapered magnetic field and waveguide wall radius.5 The
maximum efficiency of the gyro-BWO with tapering w
improved to be almost three times higher than that of
gyro-BWO without tapering. On the other hand, the injec
locking technique has also been demonstrated to su
phase control and spectral purity of a gyro-BWO.15 How-
ever, the need for a high magnetic field limits its applicab
as a millimeter-wave source.

Researches have attempted to alleviate the high
16–19
netic field requirements in harmonic operation. The har-
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monic operation of the gyrotron has been widely use
gyromonotrons, gyroklystron amplifiers, and gyrotron tra
ing wave amplifiers(gyro-TWTs). In gyrodevices, the ele
trons interact resonantly with the electromagnetic wave
der the synchronism condition,

v − kzvz − sVc ù 0, s1d

wherev is the wave frequency,kz is the propagation co
stant,vz is the electron axial velocity,s is the cyclotron har
monic number, andVc is the relativistic electron cyclotro
frequency. The magnetic field is proportional to the rela
istic electron cyclotron frequency, so the magnetic field
gyrotron operating at thesth cyclotron harmonic is near
1/s of that of a gyrotron operating at the fundamental cy
tron harmonic. Because of the weak beam-wave interac
the gyrotron operating at harmonic cyclotron was foun
produce higher power with improved stability.16–19

This study compares the fundamental harmonic TE11 and
second harmonic TE21 gyro-BWOs. The field profiles at va
ous interaction lengths are analyzed to elucidate the satu
behavior of the gyro-BWOs. The spurious oscillations m
compete with the operating mode in the gyro-BWO, and
the start-oscillation conditions of the transverse modes(TEmn

modes) are examined. The high-order axial modess,.1d of
the gyro-BWOs may oscillate where the beam currents
ceed the start-oscillation currents of the modes. The ele
transit angles of the axial modes are also considered. M
over, the ability to tune the output power and oscilla
frequency by adjusting the magnetic field and beam vo
is discussed.
This study employs a nonlinear self-consistent code to

© 2004 American Institute of Physics
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analyze the gyro-BWOs. This single-mode nonlinear cod
based on the commonly used technique of steady-state
ticle tracking in a weakly nonuniform interaction structu
The code works for both gyro-TWTs and gyro-BWOs
setting different boundary conditions.19–24 The correctnes
and validity of the nonlinear code was demonstra
experimentally.21,22 The rest of this paper is organized
follows. Section II presents the numerical method and
simulation model. Section III presents the results obta
for the fundamental and second harmonic gyro-BWOs
cluding saturated behavior, start-oscillation conditions o
transverse modes and the axial modes, output powe
oscillation frequency tuning range. Section IV draws con
sions.

II. NUMERICAL METHOD AND SIMULATION MODEL

A nonlinear self-consistent code, based on a slow
scale formulation, was developed to evaluate the pe
mance of stable gyro-TWT amplifiers19–21 and
gyro-BWOs.22–24The electron beam interacting with a sin
waveguide modesTEmnd is presumed. Thus the structu
nonuniformity must be sufficiently weak to prevent mo
conversion.

The field equation driven by a current source can
expressed as21

S d2

dz2 + kz
2D fszd = i

8uIbu
xmn

2 Kmnv
o
j=1

N

Wj
v jszd ·E * sr j,u j,tj,zd

vzjszdf * szd
,

s2d

wherefszd is the field profile function along the axis,Ib is the
beam current,xmn is thenth root of the derivative of Bess
function J8msxd, E* is the complex conjugate ofE, Wj is a
normalized weighting factor for thej th electron,v j is the

FIG. 1. Schematic drawings of(a) the fundamental harmonic TE11 and (b)
the second harmonic TE21 gyro-BWOs.
velocity for the j th electron,vzj is the axial velocity for the
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j th electron, and the transverse coordinatesr j andu j and the
time coordinatetj are functions ofz for the j th electron. Th
termskz andKmn are given in

kz
2 =

1

c2Hv2 − vcmn
2 F1 − s1 + id

d

rw
S1 +

m2

xmn
2 − m2

v2

vcmn
2 DGJ ,

s3d

and

Kmn= Jmn
2 sxmndS1 −

m2

xmn
2 D , s4d

wherevcmn=xmnc/ rw is the cutoff frequency andd is the skin
depth.

A pure backward wave is present at the left endsz=z1d,
and a pure forward wave is present at the right endsz=z2d in
a gyro-BWO, as shown in Fig. 1. Accordingly, the bound
conditions at the ends are21

f8sz1d = − ikzfsz1d, s5ad

f8sz2d = ikzfsz2d, s5bd

where kz is the propagation constant in the input/ou
waveguide.

A Ka-band fundamental harmonic TE11 gyro-BWO was
conducted at National Tsing Hua University(NTHU).22 The
beam parameters were beam voltageVb=100 kV,
perpendicular-to-parallel velocity ratioa=1.0, and guidin
center radiusrc=0.09 cm. This study modeled the gy
BWO circuit as a uniform waveguide[Fig. 1(a)] to preven

FIG. 2. v–kz diagrams of the transverse waveguide modes and the c
tron harmonic beam-wave resonance lines in(a) the fundamental harmon
TE11 and (b) the second harmonic TE21 gyro-BWOs.
complications associated with the nonuniform
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waveguide.25,26The uniform waveguide is cylindrical with
radiusrw of 0.2654 cm. Figure 2(a) plots thev–kz diagram
of the transverse waveguide modes and the cyclotron
monic beam-wave resonance lines. The operating mo
shown by an intersection in which the fundamental harm
cyclotron beam-wave resonance linesss=1d grazes the TE11

mode [point 1 in Fig. 2(a)]. On the other hand, a seco
harmonic TE21 gyro-BWO with uniform waveguide structu
is shown in Fig. 1(b). The parameters of the gyro-BWO a
Vb=120 kV, a=1.05, rc=0.155 cm, andrw=0.425 cm. Fig
ure 2(b) shows thev–kz diagram of the gyro-BWO. Th
intersection in the backward region[point 1 in Fig. 2(b)] is
the operating mode in which the second harmonic cyclo
beam-wave resonance liness=2d grazes the TE21 mode. The
other intersections[points 2 and 3 in Fig. 2(b)] are potentia
sources of oscillations.

To accurately determine the interaction efficiency of
gyro-BWO, the axial velocity spreadDvz/vz of the electron
gun for the gyro-BWO is included in the calculations. Us
a simulation code,27,28the axial velocity spread of an optim
magnetron injection gun(MIG) for the fundamental ha
monic TE11 gyro-BWO is less than 5% when the beam c
rent is 2.5 A. The weak beam-wave interaction in the se
harmonic TE21 gyro-BWO allows much higher operati
beam current. The axial velocity spread of a MIG for
second harmonic TE21 gyro-BWO is less than 8% when t
beam current is 12 A. Therefore, the axial velocity spre

FIG. 3. Field profiles of(a) the fundamental harmonic TE11 and (b) the
second harmonic TE21 gyro-BWOs at the fundamental axial modes,=1d for
the different interaction lengths. In(a) Vb=100 kV, Ib=2.5 A, B0

=13.7 kG,a=1.0, rc=0.09 cm,Dvz/vz=5%, andrw=0.2654 cm. In(b) Vb

=120 kV, Ib=12 A, B0=7.6 kG, a=1.05, rc=0.155 cm,Dvz/vz=8%, and
rw=0.425 cm.
associated with the fundamental harmonic TE11 and second
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harmonic TE21 gyro-BWOs are here assumed to be 5%
8%, respectively.

III. RESULTS AND DISCUSSION

A. Nonlinear field contraction

Figure 3(a) displays the field profiles of the fundamen
harmonic TE11 gyro-BWO for a fixed beam current of 2.5
The simulated results show that the peak field amplitud
creases with interaction length until the length reaches a
tain value, called the relaxation length. The results are
sistent with the results of Ref. 23. Since the bulk fiel
concentrated at the beam entrance due to backward
interaction, the spent electron beam with greater velo
spread barely contributes to the field. Therefore, the int
tion length of the gyro-BWO need not be more than
relaxation length. Figure 3(b) plots the field profiles of th
second harmonic TE21 gyro-BWO for a fixed beam curre
of 12 A. The simulated results indicate that any length
yond the relaxation length adds slightly to the peak
amplitude in the gyro-BWO. For uniform waveguide str
ture, the relaxation lengths of the fundamental harm
TE11 and second harmonic TE21 gyro-BWOs are around
and 10 cm, respectively.

Previous investigations also showed that the operati
a gyro-BWO might enter a nonstationary state at long in
action lengths or high beam currents.24 Moreover, the com
peting transverse and axial modes occur easily at long

FIG. 4. Start-oscillation currentIst vs magnetic fieldB0 for the differen
transverse modes in(a) the fundamental harmonic TE11 and (b) the secon
harmonic TE21 gyro-BWOs. In (a) Vb=100 kV, L=5.5 cm, a=1.0, rc

=0.09 cm,Dvz/vz=5%, andrw=0.2654 cm. In(b) Vb=120 kV, L=7.2 cm
a=1.05,rc=0.155 cm,Dvz/vz=8%, andrw=0.425 cm.
action lengths or high beam currents. Thus the interaction
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lengths of the gyro-BWOs should be devised as sho
possible to prevent them from entering nonstationary s
and exhibiting spurious oscillations. Hence, the interac
lengths of the fundamental harmonic TE11 and second ha
monic TE21 gyro-BWOs are assumed to be 5.5 and 7.2
respectively, in the following calculations.

B. Start-oscillation conditions of various transverse
modes

The competing transverse modes must be eluded in
to achieve a stable, single-mode operation of a gyro-B
The fundamental harmonic TE11 gyro-BWO is most susce
tible to the TE21

s2d and TE01
s2d modes(the superscript refers

the cyclotron harmonic number) [points 2 and 3 in Fig. 2(a)].
Figure 4(a) plots the start-oscillation current as a function
the magnetic field. The simulated results indicate that
start-oscillation currents of the TE21

s2d mode declined with de
clining magnetic field. Meanwhile, the start-oscillation c
rents of the TE01

s2d mode have minimum at 14.4 kG. This m
occur because the start-oscillation currents of the spu
oscillations (TE21

s2d and TE01
s2d modes) are decreased signi

cantly when the oscillations become absolute instabi
near the cutoff points in the interaction waveguide[Fig.
2(a)].

On the other hand, the TE11
s1d and TE31

s3d modes[points 2
and 3 in Fig. 2(b)] may take place in the second harmo
TE21 gyro-BWO. Figure 4(b) plots the start-oscillation cu

FIG. 5. Start-oscillation currentIst vs beam voltageVb for the differen
transverse modes in(a) the fundamental harmonic TE11 and (b) the secon
harmonic TE21 gyro-BWOs. In (a) B0=13.7 kG, L=5.5 cm, a=1.0, rc

=0.09 cm,Dvz/vz=5%, andrw=0.2654 cm. In(b) B0=7.3 kG,L=7.2 cm,
a=1.05,rc=0.155 cm,Dvz/vz=8%, andrw=0.425 cm.
rent as a function of the magnetic field. The simulated results

ownloaded 20 Sep 2004 to 128.151.32.169. Redistribution subject to AIP
s
s

r
.

s

also reveal that the start-oscillation currents of the spu
oscillations(TE11

s1d and TE31
s3d modes) in the second harmon

TE21 gyro-BWO are decreased significantly when the o
lation frequencies are close to the cutoff frequencies in
waveguide[Fig. 2(b)]. Meanwhile, the magnetic field is b
tween 7.2 and 7.9 kG to tune the frequency of the s
gyro-BWO when the beam current is 12 A[Fig. 4(b)]. Be-
low and beyond this limit, the oscillation could be unsta
due to possible multimode competition.

Figures 5(a) and 5(b) show the start-oscillation curre
of the oscillation in various transverse modes as a functio
the beam voltage in the fundamental harmonic TE11 and sec
ond harmonic TE21 gyro-BWOs, respectively. The simulat
results indicate that the start-oscillation currents of the T21

s2d

mode declined as the beam voltage increased in the f
mental harmonic TE11 gyro-BWO [Fig. 5(a)]. Also, the os
cillation at high beam voltage becomes absolute insta
near the cutoff frequency of the interaction waveguide[Fig.
2(a)]. Because of much high start-oscillation current at
magnetic field of 13.7 kG[Fig. 4(a)], the TE01

s2d mode is no
shown in Fig. 5(a). Similarly, the points of intersection of t
TE31 mode and the third harmonic cyclotron beam-w
resonance liness=3d approached the cutoff point of t
waveguide as the beam voltage increased in the secon
monic TE21 gyro-BWO [Fig. 2(b)]. Thus the start-oscillatio
currents of the TE31

s3d mode declined as the beam volta
increased in the gyro-BWO[Fig. 5(b)]. The TE11

s1d mode is
not shown in Fig. 5(b), due to much high start-oscillatio

FIG. 6. Start-oscillation currentIst vs magnetic fieldB0 for the differen
axial modes in(a) the fundamental harmonic TE11 and (b) the second ha
monic TE21 gyro-BWOs. The parameters are the same as in Fig. 4.
current at the magnetic field of 7.3 kG[Fig. 4(b)].
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C. Electron transit angles of the axial modes

Given a resonator, the superposition of reflected w
at both ends results in the axial field profile of a cold mo
The gyro-BWO, formed by the internal feedback consis
of the forward-moving electron beam and the backw
propagating wave, with a uniform waveguide structure d
not have cold modes, unlike the gyromonotron. The a
mode of the gyro-BWO depends totally on the dynamic
the beam-wave interaction.23 The high-order axial mode
s,.1d may compete with the operating mode when
beam currents exceed the start-oscillation currents o
high-order modes. Figure 6(a) shows that the three lowe
order axial modes of the fundamental harmonic TE11 gyro-
BWO are obtained for different magnetic fields. The sim
lated results indicate that the higher order axial mode
ways require higher start-oscillation currents, independe
of the magnetic field. The results are consistent with the
investigation.24 Meanwhile, the minimum start-oscillatio
current of the high-order axial modes in the gyro-BWO
2.9 A [Fig. 6(a)].

The electron transit angle provides the total phase v
tion of the backward wave as experienced by the electro
the interaction space. The electron transit angle is de
as24

U = sv − kzvz0 − sVcdsL/vz0d, s6d

wherevz0 is the initial axial velocity of the electron. Figu
7(a) plots the electron transit angle and start-oscillation

FIG. 7. Transit angle(unbroken curves) and start-oscillation frequencyf
(dashed curves) vs magnetic fieldB0 for the different axial modes in(a) the
fundamental harmonic TE11 and(b) the second harmonic TE21 gyro-BWOs.
The parameters are the same as in Fig. 4.
quency as functions of the magnetic field in the fundamenta
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-

-
n
d

harmonic TE11 gyro-BWO. The cited study24 has shown tha
the output wave power and deposited beam power ba
each other at a minimum beam current where the axial m
has the same electron transit angle. The start-oscillation
rents, electron transit angles, and start-oscillation freque
of the second harmonic TE21 gyro-BWO are similar to thos
of the fundamental harmonic TE11 gyro-BWO, as shown i
Figs. 6(b) and 7(b). The results indicate that the minimu
start-oscillation current of the high-order axial modes in
second harmonic TE21 gyro-BWO is 13.7 A [Fig. 6(b)].
Meanwhile, each axial mode of the gyro-BWO is charac
ized by the constancy of the electron transit angle whe
mode operates in a high magnetic fieldsB0.7.5 kGd [Fig.
7(b)].

Figure 8 plots the start-oscillation currents of the low
order axial modes as functions of the beam voltages.
simulated results reveal that the start-oscillation curren
creases with the axial mode number, independently o
beam voltage, in the fundamental harmonic TE11 and the
second harmonic TE21 gyro-BWOs. Figure 9 plots the ele
tron transit angle and start-oscillation frequency as func
of the beam voltage in the gyro-BWOs. The simulated re
indicate that the electron transit angles of the fundam
harmonic TE11 and second harmonic TE21 gyro-BWOs are
almost constant when the gyro-BWOs operate at low b
voltages. However, the axial modes have high electron
sit angles when gyro-BWOs are operated at low mag

FIG. 8. Start-oscillation currentIst vs beam voltageVb for the different axia
modes in(a) the fundamental harmonic TE11 and (b) the second harmon
TE21 gyro-BWOs. The parameters are the same as in Fig. 5.
lfields or high beam voltages(Figs. 7 and 9), perhaps because
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the oscillations at low magnetic fields or high beam volta
become absolute instabilities near the cutoff points in
interaction waveguide.

D. Performance of the gyro-BWOs

Figure 10 plots the variation of the output power
oscillation frequency at various beam currents as func
of the magnetic field. The simulated results show that
maximum output power of the stable fundamental harm
TE11 gyro-BWO is only about 30 kW at a beam current
2.5 A [Fig. 10(a)]. If the beam current of the gyro-BWO
increased to 5 A, the maximum output power is adde
59 kW. Similarly, the maximum output power is added
64 kW at a beam voltage of 115 kV where the beam cu
is increased to 5 A[Fig. 11(a)].

Because of much weak beam-wave coupling in the
monic interaction, the operating beam current of the se
harmonic TE21 gyro-BWO requires a high value, 12 A.
this current value, stable operating magnetic field ra
from 7.2 to 7.9 kG, see Fig. 4(b). The maximum outpu
power of the stable gyro-BWO is about 137 kW when
beam current is 12 A[Fig. 10(b)]. If the beam current of th
gyro-BWO is increased to 15 A, the maximum output po
is added to 180 kW. Similarly, the maximum output po
of the gyro-BWO is added to 183 kW at a beam voltag
125 kV where the beam current is increased to 15 A[Fig.

FIG. 9. Transit angle(unbroken curves) and start-oscillation frequencyf
(dashed curves) vs beam voltageVb for the different axial modes in(a) the
fundamental harmonic TE11 and(b) the second harmonic TE21 gyro-BWOs.
The parameters are the same as in Fig. 5.
11(b)].
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IV. CONCLUSIONS

A comparative analysis of the fundamental harm
TE11 and the second harmonic TE21 gyro-BWOs was pe
formed by a nonlinear self-consistent code. In both harm
interactions, any length beyond the relaxation length
slightly to the peak field amplitude. Meanwhile, the elec
transit angle of each axial mode has a unique value, a
independent of the magnetic field and beam voltage, u
the oscillation frequency closes to the waveguide cutoff

Both operating beam currents of the fundamental
monic TE11 and second harmonic TE21 gyro-BWOs were
shown to be restricted by not only the competing transv
modes but also the high-order axial modes. The fundam
harmonic TE11 gyro-BWO is most susceptible to the TE21

s2d

and TE01
s2d modes. The frequency tuning range of the sec

harmonic TE21 gyro-BWO is limited by the TE11
s1d and TE31

s3d

modes. The high-order axial modes of both gyro-BWOs
erally require high start-oscillation currents, independent
the magnetic field or beam voltage. The minimum s
oscillation currents of the competing modes in the fun
mental harmonic TE11 and second harmonic TE21 gyro-
BWOs are 2.9 and 13.7 A, respectively. Compared with
fundamental harmonic TE11 gyro-BWO, the beam curre
and output power of the stable second harmonic TE21 gyro-
BWO are added to 12 A and 137 kW, respectively.

The competing transverse and axial modes are comp
of the major limitation on the beam current for stable op
tions. The distributed wall losses technique21,29 could be ap

FIG. 10. Output powerPout (unbroken curves) and oscillation frequencyf
(dashed curves) vs magnetic fieldB0 for the different beam currents in(a)
the fundamental harmonic TE11 and (b) the second harmonic TE21 gyro-
BWOs. The parameters are the same as in Fig. 4.
plied to suppress the spurious oscillations. The present re-

 license or copyright, see http://pop.aip.org/pop/copyright.jsp



tion
ffi-
ed.
ile
ul-

r
f the
ing

ao,
any
tefu
ting
al

oun-

ead,

ns.

rans.

d P.

nat-

EEE

J. I.
ans.

hys.

C.

. C.

Lett.

Int.

. H.

. H.

Lett.

. Rev.

Lett.

red

Phys. Plasmas, Vol. 11, No. 10, October 2004 Comparative analysis of gyrotron backward-wave… 4553

D

sults clarify some characteristics of the harmonic interac
of a gyro-BWO. To the practical interest, however, the e
ciency and tuning bandwidth should be further optimiz
The gyro-BWO may exhibit self-modulation behavior wh
displaying no evidence of mode competition, and thus m
timode time-dependent codes24–26 should be carried out fo
an in-depth stability study. The nonstationary behavior o
gyro-BWO may not only change the efficiency and tun
bandwidth, but also may affect the stability operation.
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