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A comparative analysis between the fundamental and second cyclotron harmonics of gyrotron
backward-wave oscillatorgyro-BWO9 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 harmopjcmidéle at the
start-oscillation conditions, is found to be applicable even for the second harmosnioi®He. Each

axial mode of either the fundamental harmonic;JBr the second harmonic LEmodes 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 harmonig;Tfyro-BWO could generate a considerable output power,
comparing with the fundamental harmonic ;fg§yro-BWO. ©2004 American Institute of Physics

[DOI: 10.1063/1.1783314

I. INTRODUCTION monic operation of the gyrotron has been widely used in
gyromonotrons, gyroklystron amplifiers, and gyrotron travel-
The high power capability of gyrotrons makes them at-ing wave amplifierggyro-TWTS. In gyrodevices, the elec-
tractive sources in the millimeter wave rarigéThe gyro-  trons interact resonantly with the electromagnetic wave un-
tron backward-wave oscillataigyro-BWO) is a promising  der the synchronism condition,
source of coherent millimeter-wave radiation based on the
electron cyclotron maser instability on a backward wave-  w-kup,—sQ.=0, (1)
guide mode. The most appealing characteristic of the gyro-
BWO is that its frequency can be tuned by adjusting eithemwhere w is the wave frequency, is the propagation con-
the magnetic field or the beam voltage, or both. Theoreticastant,v, is the electron axial velocitys is the cyclotron har-
studies of the gyro-BWO first appeared in the mid-1960s irmonic number, and),. is the relativistic electron cyclotron
Soviet literaturé. Linear theory has been developed to ana-frequency. The magnetic field is proportional to the relativ-
lyze the start-oscillation conditions of the gyro-BV\?(j‘. istic electron cyclotron frequency, so the magnetic field of a
However, the efficiency of the gyro-BWO is lower than that gyrotron operating at theth cyclotron harmonic is nearly
of other gyrotron devices for uniform waveguide structlre. 1/s of that of a gyrotron operating at the fundamental cyclo-
Tapering the magnetic field has been found to signifi-tron harmonic. Because of the weak beam-wave interaction,
cantly improve the efficiency of the gyro—BWJCS'.ll Besides, the gyrotron operating at harmonic cyclotron was found to
a tapered interaction structure has been proposed and emroduce higher power with improved stabil?ﬁzlg
ployed experimentally. The output power twice as high as  This study compares the fundamental harmonie¢, Bad
that of the uniform tube structure has been repotfetf A  second harmonic T gyro-BWOs. The field profiles at vari-
nonlinear self-consistent method has been employed to imus interaction lengths are analyzed to elucidate the saturated
vestigate the nonlinear behavior of the gyro-BWO with abehavior of the gyro-BWOs. The spurious oscillations may
tapered magnetic field and waveguide wall radiuBhe  compete with the operating mode in the gyro-BWO, and thus
maximum efficiency of the gyro-BWO with tapering was the start-oscillation conditions of the transverse mqdés,,
improved to be almost three times higher than that of thenode$ are examined. The high-order axial modés 1) of
gyro-BWO without tapering. On the other hand, the injectionthe gyro-BWOs may oscillate where the beam currents ex-
locking technique has also been demonstrated to suppockeed the start-oscillation currents of the modes. The electron
phase control and spectral purity of a gyro-BWOHow-  transit angles of the axial modes are also considered. More-
ever, the need for a high magnetic field limits its applicability over, the ability to tune the output power and oscillation
as a millimeter-wave source. frequency by adjusting the magnetic field and beam voltage
Researches have attempted to alleviate the high magds discussed.
netic field requirements in harmonic operatil(?ﬁl.gThe har- This study employs a nonlinear self-consistent code to
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analyze the gyro-BWOs. This single-mode nonlinear code is

based on the commonly used technique of steady-state pEﬁ’I-G' 2. w—kz_ diagrams of the transverge waveguide modes and the c_yclo-
. . . . . . tron harmonic beam-wave resonance linesanthe fundamental harmonic
ticle tracking in a weakly nonuniform interaction Structure. tg 3,4 (b) the second harmonic BEgyro-BWOs.

The code works for both gyro-TWTs and gyro-BWOs by

setting different boundary conditiod$:** The correctness

and validity of the nonlinear code was demonstratedjth electron, and the transverse coordinatesnd ¢; and the
experimentally*** The rest of this paper is organized as time coordinate; are functions ot for the jth electron. The
follows. Section Il presents the numerical method and theermsk, andK,,, are given in

simulation model. Section Il presents the results obtained 1 s 2 2

for the fundamental and second harmonic gyro-BWOs, in42 = _2{‘”2 - wczzmn|:1 —(1+ i)—(l + Z—wTﬂ }
cluding saturated behavior, start-oscillation conditions of the € M Xenn = M @gmn

transverse modes and the axial modes, output power and (3)
oscillation frequency tuning range. Section IV draws conclu-
sions. and
2
m
K= J2,(X (1——), 4
II. NUMERICAL METHOD AND SIMULATION MODEL mn = Jnnr X X2 “@

mn

A nonlinear self-consistent code, based on a slow timevherew¢,,=XnC/r is the cutoff frequency andis the skin
scale formulation, was developed to evaluate the perfordepth.
mance of stable gyro-TWT amplifiets?® and A pure backward wave is present at the left éndz,),
gyro-BWOs?***The electron beam interacting with a single and a pure forward wave is present at the right @) in
waveguide mod€TE,,,) is presumed. Thus the structural a gyro-BWO, as shown in Fig. 1. Accordingly, the boundary
nonuniformity must be sufficiently weak to prevent mode conditions at the ends &re

conversion. .
t'(zy) =~ ik,f
The field equation driven by a current source can be (22) =~k (z), (53
expressed &5 t(2)) =ik f(2y), (5b)
N *
& __ 8y Vi -E* (r}, 6,.t,2) where k, is the propagation constant in the input/output
+K2|f(2) =i W , :
dZ XennKmn® j=1 v,i(2f* (2) waveguide.

) A Ka-band fundamental harmonic ]’J_Egyro-ng was
conducted at National Tsing Hua Univers{®yyTHU).““ The
wheref(z) is the field profile function along the axig,isthe  beam parameters were beam voltag€,=100 kV,
beam currentx,,, is thenth root of the derivative of Bessel perpendicular-to-parallel velocity ratia=1.0, and guiding
function J',(x), E* is the complex conjugate dE, W, is a  center radiusr,=0.09 cm. This study modeled the gyro-
normalized weighting factor for th¢th electron,v; is the ~ BWO circuit as a uniform waveguidgrig. 1(a)] to prevent
velocity for thejth electron,v,; is the axial velocity for the complications  associated  with  the nonuniform
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FIG. 3. Field profiles of(a) the fundamental harmonic TEand (b) the FIG. 4. Start-oscillation currenit;, vs magnetic fieldB, for the different
second harmonic T& gyro-BWOs at the fundamental axial moge=1) for transverse modes if@) the fundamental harmonic TEand (b) the second
the different interaction lengths. Ina@ V,=100kV, 1,=2.5A, B, harmonic TE; gyro-BWOs. In (a) V,=100 kV, L=5.5cm, a=1.0, r
=13.7 kG,«=1.0,r.=0.09 cm,Av,/v,=5%, andr,,=0.2654 cm. In(b) V, =0.09 cm,Av,/v,=5%, andr,=0.2654 cm. In(b) V,=120 kV,L=7.2 cm,
=120 kV, 1,=12 A, By=7.6 kG, a=1.05, r.=0.155 cm,Av,/v,=8%, and a=1.05,r.=0.155 cm,Av,/v,=8%, andr,,=0.425 cm.

r,=0.425 cm.

harmonic Tk, gyro-BWOs are here assumed to be 5% and

Waveguidez.s'ZGThe uniform waveguide is cylindrical with a 8%, respectively.
radiusr,, of 0.2654 cm. Figure &) plots thew—k, diagram
of the transverse waveguide modes and the cyclotron hart, RESULTS AND DISCUSSION
monic beam-wave resonance lines. The operating mode E Nonli field tracti
shown by an intersection in which the fundamental harmonic ™ onlinear field contraction
cyclotron beam-wave resonance liness 1) grazes the Tg Figure 3a) displays the field profiles of the fundamental
mode [point 1 in Fig. Za)]. On the other hand, a second harmonic Tk, gyro-BWO for a fixed beam current of 2.5 A.
harmonic Tk, gyro-BWO with uniform waveguide structure The simulated results show that the peak field amplitude in-
is shown in Fig. 1b). The parameters of the gyro-BWO are creases with interaction length until the length reaches a cer-
V,=120 kV, @=1.05,r.=0.155 cm, and,=0.425 cm. Fig- tain value, called the relaxation length. The results are con-
ure 3b) shows thew—k, diagram of the gyro-BWO. The sistent with the results of Ref. 23. Since the bulk field is
intersection in the backward regigpoint 1 in Fig. Zb)] is  concentrated at the beam entrance due to backward-wave
the operating mode in which the second harmonic cyclotrorinteraction, the spent electron beam with greater velocity
beam-wave resonance lifigs=2) grazes the T mode. The spread barely contributes to the field. Therefore, the interac-
other intersectionfpoints 2 and 3 in Fig. @)] are potential tion length of the gyro-BWO need not be more than the
sources of oscillations. relaxation length. Figure(B) plots the field profiles of the

To accurately determine the interaction efficiency of thesecond harmonic Tk gyro-BWO for a fixed beam current
gyro-BWO, the axial velocity spreaflv,/v, of the electron of 12 A. The simulated results indicate that any length be-
gun for the gyro-BWO is included in the calculations. Usingyond the relaxation length adds slightly to the peak field
a simulation codé’*®the axial velocity spread of an optimal amplitude in the gyro-BWO. For uniform waveguide struc-
magnetron injection gufMIG) for the fundamental har- ture, the relaxation lengths of the fundamental harmonic
monic TE;; gyro-BWO is less than 5% when the beam cur-TE;; and second harmonic LEgyro-BWOs are around 7
rentis 2.5 A. The weak beam-wave interaction in the secon@nd 10 cm, respectively.
harmonic Tk; gyro-BWO allows much higher operating Previous investigations also showed that the operation of
beam current. The axial velocity spread of a MIG for thea gyro-BWO might enter a nonstationary state at long inter-
second harmonic T& gyro-BWO is less than 8% when the action lengths or high beam currefiftsMoreover, the com-
beam current is 12 A. Therefore, the axial velocity spreadpeting transverse and axial modes occur easily at long inter-
associated with the fundamental harmonic,;T&nd second action lengths or high beam currents. Thus the interaction
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FIG. 5. Start-oscillation currenit; vs beam voltageV, for the different FIG. 6. Start-oscillation currenit; vs magnetic fieldB, for the different
transverse modes if@) the fundamental harmonic TEand(b) the second  axial modes in@) the fundamental harmonic TEand(b) the second har-
harmonic TE; gyro-BWOs. In (a) By=13.7 kG, L=5.5 cm, «=1.0, r, monic TE; gyro-BWOs. The parameters are the same as in Fig. 4.
=0.09 cm,Av,/v,=5%, andr,,=0.2654 cm. In(b) B;=7.3 kG,L=7.2 cm,

a=1.05,r,=0.155 cm,Av,/v,=8%, andr,=0.425 cm.

lengths of the gyro-BWOs should be devised as short aglso reveal that the start-oscillation currents of the spurious
possible to prevent them from entering nonstationary stategscillations(TE{} and TE modes in the second harmonic
and exhibiting spurious oscillations. Hence, the interactionl E; gyro-BWO are decreased significantly when the oscil-
lengths of the fundamental harmonic iEand second har- lation frequencies are close to the cutoff frequencies in the
monic TEy gyro-BWOs are assumed to be 5.5 and 7.2 cmwaveguide[Fig. 2b)]. Meanwhile, the magnetic field is be-
respectively, in the following calculations. tween 7.2 and 7.9 kG to tune the frequency of the stable
gyro-BWO when the beam current is 12[Kig. 4b)]. Be-
low and beyond this limit, the oscillation could be unstable
due to possible multimode competition.

Figures %a) and %b) show the start-oscillation current

The competing transverse modes must be eluded in ordef the oscillation in various transverse modes as a function of
to achieve a stable, single-mode operation of a gyro-BWOthe beam voltage in the fundamental harmonig T&hd sec-
The fundamental harmonic TEgyro-BWO is most suscep- ond harmonic Tk, gyro-BWOs, respectively. The simulated
tible to the Tlgzl) and T%Zl) modes(the superscript refers to results indicate that the start-oscillation currents of thézfl'E
the cyclotron harmonic numbgfpoints 2 and 3 in Fig. @)]. mode declined as the beam voltage increased in the funda-
Figure 4a) plots the start-oscillation current as a function of mental harmonic Tg gyro-BWO [Fig. 5a)]. Also, the os-
the magnetic field. The simulated results indicate that theillation at high beam voltage becomes absolute instability
start-oscillation currents of the f{émode declined with de- near the cutoff frequency of the interaction waveguiBi.
clining magnetic field. Meanwhile, the start-oscillation cur- 2(a)]. Because of much high start-oscillation current at the
rents of the T%:fl) mode have minimum at 14.4 kG. This may magnetic field of 13.7 kGFig. 4(a)], the Tl%zl) mode is not
occur because the start-oscillation currents of the spurioushown in Fig. %a). Similarly, the points of intersection of the
oscillations(TE(zzl) and Tl%zl) mode$ are decreased signifi- TEz; mode and the third harmonic cyclotron beam-wave
cantly when the oscillations become absolute instabilitiesesonance lings=3) approached the cutoff point of the
near the cutoff points in the interaction waveguiffeig. = waveguide as the beam voltage increased in the second har-
2(a)]. monic TE4 gyro-BWO [Fig. 2b)]. Thus the start-oscillation

On the other hand, the ‘ff% and T%i) modes[points 2  currents of the T ) mode declined as the beam voltage
and 3 in Fig. 2b)] may take place in the second harmonicincreased in the gyro-BWQFig. 5b)]. The Tlélll) mode is
TE,; gyro-BWO. Figure ¢b) plots the start-oscillation cur- not shown in Fig. &), due to much high start-oscillation
rent as a function of the magnetic field. The simulated resultsurrent at the magnetic field of 7.3 kiGig. 4(b)].

B. Start-oscillation conditions of various transverse
modes
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FIG. 7. Transit anglgunbroken curvesand start-oscillation frequenc G, 8. Start-oscillation currert, vs beam voltag®, for the different axial

(dashed curvesss ma_gnetic fieldB, for the different axilal modes ife) the modes in(a) the fundamental harmonic TEand (b) the second harmonic
fundamental harmonic T and(b) the second harmonic TEgyro-BWOs. g, gyro-BWOs. The parameters are the same as in Fig. 5.
The parameters are the same as in Fig. 4.

C. Electron transit angles of the axial modes ) )
harmonic TE; gyro-BWO. The cited study has shown that

Given a resonator, the superposition of reflected wavege output wave power and deposited beam power balance

at both ends results in the axial field profile of a cold mode.g5ch other at a minimum beam current where the axial mode
The gyro-BWO, formed by the internal feedback consistingy, 55 the same electron transit angle. The start-oscillation cur-

of the forward-moving electron beam and the backwardyeniq electron transit angles, and start-oscillation frequencies

propagating wave, with a uniform waveguide structure doesof the second harmonic FEgyro-BWO are similar to those
not have cold modes, unlike the gyromonotron. The axial

mode of the gyro-BWO depends totally on the dynamics ofof the fundamental harmonic [Egyro BWO, as shqwn n
. . : . Figs. @b) and {b). The results indicate that the minimum
the beam-wave interactiori. The high-order axial modes S . . .
. : start-oscillation current of the high-order axial modes in the
(¢>1) may compete with the operating mode when the econd harmonic T [0-BWO is 13.7 A [Fi b
beam currents exceed the start-oscillation currents of th & oy -7 A[Fig. &b)].

high-order modes. Figure(® shows that the three lowest . eanwhile, each axial mode of the gyro-BWO Is character-
order axial modes of the fundamental harmonic, T§yro- ized by the cons.tancy.of the elect_ror? transit angle when the
BWO are obtained for different magnetic fields. The simu-mOde operates in a high magnetic fiél&,>7.5 kG [Fig.
lated results indicate that the higher order axial modes al-7(b)]', o

ways require higher start-oscillation currents, independently Figure 8 plots the start-oscillation currents of the lowest

of the magnetic field. The results are consistent with the cite@"der axial modes as functions of the beam voltages. The
investigatiorﬁ“ Meanwhile. the minimum start-oscillation Simulated results reveal that the start-oscillation current in-

current of the high-order axial modes in the gyro-BWO iscreases with the axial mode number, independently of the

2.9 A [Fig. &a)]. beam voltage, in the fundamental harmonic,TEnd the
The electron transit angle provides the total phase variasecond harmonic Tg gyro-BWOs. Figure 9 plots the elec-

tion of the backward wave as experienced by the electrons ifon transit angle and start-oscillation frequency as functions

the interaction space. The electron transit angle is define@lf the beam voltage in the gyro-BWOs. The simulated results
a<? indicate that the electron transit angles of the fundamental

O = (- ko - 0 (L/vg) ©) harmonic Tk, and second harmonic TEgyro-BWOs are
g ¢ 207 almost constant when the gyro-BWOs operate at low beam
wherev is the initial axial velocity of the electron. Figure voltages. However, the axial modes have high electron tran-
7(a) plots the electron transit angle and start-oscillation fre-sit angles when gyro-BWOs are operated at low magnetic
guency as functions of the magnetic field in the fundamentafields or high beam voltagé&igs. 7 and § perhaps because
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FIG. 9. Transit anglgunbroken curvesand start-oscillation frequencly FIG. 10. Output poweP,, (unbroken curvesand oscillation frequency
(dashed curvgsss beam voltag&/, for the different axial modes ifa) the (dashed curvesvs magnetic fieldB, for the different beam currents @)
fundamental harmonic Tgand(b) the second harmonic TEgyro-BWOs. the fundamental harmonic TEand (b) the second harmonic BEgyro-
The parameters are the same as in Fig. 5. BWOs. The parameters are the same as in Fig. 4.

I L . IV. CONCLUSIONS
the oscillations at low magnetic fields or high beam voltages

become absolute instabilities near the cutoff points in the A comparative analysis of the fundamental harmonic
interaction waveguide. TE;; and the second harmonic JEgyro-BWOs was per-
formed by a nonlinear self-consistent code. In both harmonic
interactions, any length beyond the relaxation length adds
slightly to the peak field amplitude. Meanwhile, the electron
transit angle of each axial mode has a unique value, almost
Figure 10 plots the variation of the output power andindependent of the magnetic field and beam voltage, unless
oscillation frequency at various beam currents as functionghe oscillation frequency closes to the waveguide cutoff.
of the magnetic field. The simulated results show that the ~Both operating beam currents of the fundamental har-
maximum output power of the stable fundamental harmonignonic TE; and second harmonic TEgyro-BWOs were
TE,; gyro-BWO is only about 30 kW at a beam current of shown to be restricted by not only the competing transverse
2.5 A [Fig. 1qa)]. If the beam current of the gyro-BWO is modes but also the high-order axial modes. The fundamental
increased to 5 A, the maximum output power is added tdarmonic TE; gyro-BWO is most susceptible to the glzlE
59 kW. Similarly, the maximum output power is added toand TI.%zl) modes. The frequency tuning range of the second
64 kW at a beam voltage of 115 kV where the beam currenharmonic Tk, gyro-BWO is limited by the T%) and TE‘Q
is increased to 5 AFig. 11(a)]. modes. The high-order axial modes of both gyro-BWOs gen-
Because of much weak beam-wave coupling in the harerally require high start-oscillation currents, independently of
monic interaction, the operating beam current of the seconthe magnetic field or beam voltage. The minimum start-
harmonic Tk, gyro-BWO requires a high value, 12 A. At oscillation currents of the competing modes in the funda-
this current value, stable operating magnetic field rangemental harmonic T and second harmonic TE gyro-
from 7.2 to 7.9 kG, see Fig.(B). The maximum output BWOSs are 2.9 and 13.7 A, respectively. Compared with the
power of the stable gyro-BWO is about 137 kW when thefundamental harmonic T gyro-BWO, the beam current
beam current is 12 AFig. 1Qb)]. If the beam current of the and output power of the stable second harmonig, Ifyro-
gyro-BWO is increased to 15 A, the maximum output powerBWO are added to 12 A and 137 kW, respectively.
is added to 180 kW. Similarly, the maximum output power  The competing transverse and axial modes are composed
of the gyro-BWO is added to 183 kW at a beam voltage ofof the major limitation on the beam current for stable opera-
125 kV where the beam current is increased to 15gy. tions. The distributed wall losses techni(?fufe9 could be ap-
11(b)]. plied to suppress the spurious oscillations. The present re-

D. Performance of the gyro-BWOs
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