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Numerical analysis of an injection-locked gyrotron backward-wave oscillator with tapered sections
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Injection-locked operation of a gyrotron backward-wave oscillagro-BWO) is investigated by means of
our time-dependent self-consistent code. Numerical results for a 100 kW, Ka-bapdmd&e gyro-BWO
developed at NTHU, Hsinchu, Taiwan, are compared to the experimental ones. The results are in good
agreement showing, in both cases, the asymmetric form of the locking bandwidth curve. Comparison of these
results obtained for the case of injection of the external signal into the upstream port, as has been done in the
experiments, to the results for injection into the downstream port is made. The results of the comparison
demonstrate that the asymmetry of the locking bandwidth curves must be attributed to the influence of the
injection signal on the electron bunching that takes place in the input tapered section. Moreover, in some cases,
this influence results also in a significant increase of the locking bandwgtho a factor of 5 An increase
of the output power of the locked gyro-BWO over the output power of the free running one is also investigated
and compared with the experimental data.
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[. INTRODUCTION the spectral purity, the phase and frequency controllability,
and the stability of tuning.

Since the mid-1960s, when the first studies on the theory Controlling the phase and frequency in oscillators by
of a gyrotron backward-wave oscillatégyro-BWO) have = means of locking, as described in REZ6], has been known
appeared in the Soviet literatutsee Ref[1] reviewing the for decadegsee also Refi27] Chap. 1, for a historical sur-
studies, both theoreticalsee Refs[1-15)) and experimental Vey). This approach has also been applied to both gy-
(see Refs[16—25) investigations of gyro-BWOs have been fomonotrons and gyro-BWOs, however, with a different de-
motivated by their potential applications as tunable9€e of activity. Although |nje_ct|0n-locked opera_tlon of
millimeter-wave sources including position selective heatingdYromonotrons has been investigated both theoreticaéy
of fusion plasma, deep space communications, high resolR€fS:[28—33) and experimentallysee Refs[34-36) by

tion radars, spectroscopy, materials processing, and drivelssever‘."1I teams, or_1|y one team from Taiwan has done sevgral
experiments on injection-locked gyro-BWOs presented in

of ultrahigh power amplifiers. These applications exploit theRefs.[18,24]. In Ref. [18], the spectral purity and phase of

main advantag_e of gyro-BWOs over gyromonotrons, namelythe gyro-BWO output signal have been controlled by means
that the operating frequency can be continuously tuned ove

i _ . > of injection-locking techniques. Moreover, in a recent work
a wide range by changing the applied magnetic field or thedescribed in Ref[24], injection-locking of a Ka-band gyro-

beam voltage. This is possible because a feedback 100R\y o has resulted in an output power of 154 kW, a signifi-
which is formed by the interaction between the forward mov-cant enhancement over the free running power of 100 kW.
ing beam of electrons gyrating in the applied magnetic fieldrnese very interesting and promising experimental results
and the oppositely propagating electromagnetic wave, allowstj|| call for a theoretical explanation. To the best of our
a nonresonant structure to be employed. Both magnetic anghowledge, up to now, no work on the theory of injection-
voltage tunability have been successfully demonstrated in thycked gyro-BWOs has been published.
experiments, as is reported in Refl6] and in Refs. In this work, we try to gain insight into the operation of
[16,18,2Q, respectively. The disadvantage of gyro-BWOs isinjection-locked gyro-BWOs with tapered input and output
the lower efficiency compared to gyromonotrons. One reasosections, which have been investigated in the experiments
for this is an unfavorable axial structure of the electromag+eported in Refs[18,24]. Our self-consistent time-dependent
netic field. Another one is the impossibility to set an optimalanalysis, which has already been used to study nonstationary
mismatch between the wave frequency and the Doppleehavior of such gyro-BWOs, as presented in R&dl], is
down-shifted cyclotron frequency in order to yield maximal utilized. In Sec. II, this analysis and its modifications for
efficiency (see Ref[9]). Both uptapering the applied mag- introducing an injection signal are presented. In Sec. lll, the
netic field (see Refs[1,5,8,16,2]) and downtapering the oObtained numerical results are shown, discussed, and com-
waveguide radiugsee Refs[1,11,19,2]) have been shown pared with experimental results.
to be effective means for efficiency enhancement. On the
other hand, there are issues of physical interest as well as Il. THEORY
practical importance that remains to be addressed, such as _ )
A. Modeling free-running gyro-BWO
In this work, we utilize our self-consistent time-dependent

*Present address: CERN, AB-RF, CH-1211 Geneva 23, Switzercode for gyro-device simulation, which was recently devel-

land. oped. Without going into details of the derivation given in

1063-651X/2003/6@)/01650110)/$20.00 68 016501-1 ©2003 The American Physical Society



A. GRUDIEV AND K. SCHUNEMANN PHYSICAL REVIEW E 68, 016501 (2003

Refs.[37,38, let us point out the distinctive features of our Zo d
approach. An accurate representation of the electromagnetic s aCn+ Khan=0, (5b)
field is obtained by expanding the field components in terms

of the eigenfunctions of the equivalent completely closeq,\,herez0 denotes wave impedance of vacuumis the ve-
cavity. The eigenfunctions satisfy the short-circuit boundaryiocity of light in vacuum, andK,.] is the matrix of the
.. . . . 1 nm.
cond|t|0n_(_)n the metallic walls and the open-circuit bound-.nstant coupling coefficientsee Ref[37] for details. V,,
ary condition at the aperture surfaces, which allows us tQ\q; mean amplitudes of the electric and magnetic fiekd
satisfy zero electric field on the metallic walls if we neglect equivalent voltages and currentsf the working eigenmode
the ohm!c Io_sses, anq .to improve the convergence of thﬁt the apertures, respectivein=1,2 counts the apertures.
electric field in the vicinity of the apertures with respect to . matricegU7, [S], and[Y] are square matrices of di-

the chosen number of eigenfunctions. The use of the eiger?ﬁension 22, whose time-dependent elements result from

function expansion method reduces_the bom_mdary valug Proti, element-to-element inverse Laplace transform of the unity
lem for the field components associated with the solution o

) . ; . atrix, the scattering matrix of the structure, and the matrix
Maxwell's equations to that of solving a linear system of

ordinary differential equationéODE) for the expansion co- of the wave admittances of the working eigenmode at the
efficients. Replacing the nonvanishing tangential magneti apertures, respectivelgee Ref|38] for detally. In Eqs.(3)

field at th ; b alent surf lectri %nd(4) * means a convolution between a matrix and a vector
Iéld at the apertures by an equivalent surtace electric currenbis, time-dependent elements. The volume current expan-
allows to model the power propagation through the aperture,

surface according to the equivalence principle described ifiO" coefficientyA,} are expressed as

Ref. [39]. Moreover, by taking a characteristic admittance

relation between the electric and magnetic fields of a wave- "An:f f f J-E,dV (6)

guide mode and by applying this relation to the electric and v

magnetic fields at the aperture, we can satisfy the outgoin ) S

wave boundary condition at any frequency higher than thdor @ given volume current density distributidn The pre-

cutoff frequency of the aperture Cross section. Furthermore, aented formulation is Va.“d for deSCI‘ibing a field of arbitrary

convolution technique along with analytic expressions fortime dependence showing a broad frequency spectrum.

the characteristic admittances of the waveguide modes in The electron beam is represented by an ensemble of par-

time domain are applied to accurately formulate the timedicles defining the volume current densityaccording to

dependent outgoing wave boundary condition at the aper-

ures. 3=2 vjq;8(r=1)) )
Although our approach is not restricted to only one mode, T I

in this work, we assume that only the fundamental {T&r-

cular waveguide mode is present in the device. Moreovenvhere the charge distribution of a single particle is a Dirac

space-charge effects are neglected. Hence, the equations d¥¥) function andg; denotes its charge. For each particle, the

rived in Refs.[37,38 can be written as relativistic equation of motion
E=> A,E,, (1a) d
w oo apj:qJ'[E+UjX(Bo+,U«oH)], (8
H=>, C,H,, (1b)
" oy with o= (8b)
dt | vJ vJ ‘}/J mJ

where the orthonormal electri&,} and magnetidH,} so-

lenoidal eigenfunctions are used to describe the spatial strugnyst be solved, wherB, means magnetic induction in the
ture of the vector fields, and the expansion coefficientgavity, andm; and y; are mass and relativistic factor of the
{An;Cn} are time-dependent and must be found from thejth particle, respectively. The resulting system of time-

following system of equations: dependent equationd)—(8) has been successfully used to
1 d - study the nonstationary behavior of gyro-BWQ=e Ref.
ZoC giPn kaCn=—An=[Knmllm, (28 [14]). This system must be completeded here by encompass-
ing an injection signal.
Zy d
< giCntknAn=0, (2b) B. Introducing an injection signal into the system
Consider now injection signals in the connecting
Im=[Y]*Vpn, (3  waveguides. Then in- and outgoing traveling waves super-
. pose toV,, andl, according to
Vm:E([U]_[S])*([Knm]Tan)a 4 . B
V=V, +V,,, (9a)
1 d ~
maan_kncn:_An, (5a =171, (9b)
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2

—dv+k2 V=0 (123
Z =
dz 2l '

with boundary conditions

dv Y dv
FIG. 1. Geometry of the interaction structure. All dimensions dz |70V dz

are in mm.

—jk.V, (12b)

z=L¢

_ . B has been formulated. In Eq$12), k,(z)=[k?—kZ(z)]"?
where the superscript means an outgoing and means an  means the axial wave number of the waveguide mdgle,
ingoing wave. The latter represents an injection signal, s@ienotes the complex eigennumbers of the cavity modes,

thatV,, can be assumed to be given as k.(z) means thez dependent cutoff wave number, ahg
denotes the cavity length. The complex eigennunihemd
V= Vinjsin(wjnjt), (10 the corresponding complex eigenvectdr determine the

eigenfrequency f,=Relk}/27w, the quality factor Q,

wherem is equal to 1 or 2 depending on whether the up-=Re{ki}/2im{k}, and the field profileF=|[V||| of the Ith
stream or the downstream port is used for injectionigeénmode. Solving Eq$l2) for the TE, waveguide mode
winj=27ty,; denotes injection  frequency, Vi, N the interaction structure shown in Fig. 1 results in the
=[2Pi; /Y m(@inj) 12 means amplitude of equivalent volt- eigenfrequencyf,;=33.169 GHz and the quality factd®,

age of injection signalP;,; denotes injection power, and,y ~~121 of the first Tk, cavity mode. The field profilé, of
means the characteristic admittance at the aperture ofithe the TEw1; cavity mode is presented in Figi@ by the dashed

port. line.
Reformulating Eqgs(2)—(5) by invoking Egs.(9) leads to
a similar system, where only E) is replaced by B. Influence of changing the magnetic field on free-running
gyro-BWO operation
Vo=V, +3([U]-[SD*([KnmlT@an—2V;). (12 As well as in the experiments reported in R&4], in our

simulations, an electron beam with the parameters presented
Then Egs.(1)—(3), (5)=(9a), (10), and (11) form the com- in Table | propagates in downstream direction through the
plete system of equations describing a gyro-BWO operatingtructure shown in Fig. 1, which is immersed in a uniform
in the presence of an injection signal. This system is solvednagnetic field3,. No electron velocity spread is assumed. In

self-consistently using a semi-implicit multistep integration this subsection, the results of the simulation of a free-running
scheme described in RdB8]. gyro-BWO operating at different values of the applied mag-

netic field 1.3 =By<1.55T is presented. In Fig. 3, the
calculated upstrearR; and downstrean®, output power as
IIl. NUMERICAL RESULTS AND DISCUSSIONS well as the operating frequendy are shown. First, changing
A. Gyro-BWO interaction structure the applied magnetic field results in tuning the operating fre-

) _ ) i quency over about 1 GHz frequency range and in varying the
The interaction structure which has been used in the ®Xgutput power. Second, two distinct jumps both in the up-

periments on an injection-locked gyro-BWO reported in Ref.gyream output power and in the operating frequency are
[24] is used in the simulation. Its geometry is presented iyound, which are related to the changes in the device operat-
Fig. 1 showing a uniform mteract!on section connected aﬁng regime. The regions of different operating regimes are
both ends by weakly tapered sections to short uniform seGnarked by the vertical dashed and dash-dotted lines in Fig.

tions of larger radius. gyro-BWOs with similar interaction 3(p) respectively. These changes are also illustrated in Fig.
structure have been investigated both numerioalée Refs. 5 \yhere field profiler and efficiency versus coordinate
[12—-14) and experimentallysee Refs[18,24,25). The in-

fluence of the downtapered input section on the gyro-BWO 7(2)=[vo—{(v(2))1/(yo—1) (13
behavior has been emphasized in R&8]. Moreover, in the

simulations described in Reffl3,14 as well as in the ex- are presented for several values of the magnetic field by solid
periments presented in RR5], two regimes of operation lines and dots, respectively. In E(L3), the subscript O de-
have been observed: the gyro-BWO regime, where an elegotes values taken at=0 and() means averaging over par-
tron beam interacts with a counterpropagating electromagicles that have entered the interaction structure at the same
netic wave, and the gyromonotron regime, where an electrotime. The functionzn(z) demonstrates the process of energy
beam interacts with a standing wave formed by the reflecexchange along the axis. 1(z) increases, then the electrons
tions from the tapered sections. In the latter case, the gyragive up their energy and vice versa.

BWO interaction structure can be considered as a cavity. At lower magnetic fields 1.32 ¥By<1.38 T, the device
This type of cavity that presents itself as a weakly inhomo-demonstrates stable operation in the gyromonotron regime,
geneous waveguide has been analyzed in Rél, and the radiating in both directions, so th&; and P, are almost
corresponding complex eigenvalue problem equal to each other. In Fig.(&, efficiency 5(z) and field
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electron beam: slight asymmetry and lower amplitude of the
field in the tapered sections. Furthermore, functig(e)
shows how the electrons interact with the electromagnetic
field as they pass along the interaction structure. First, this
quantity increases and decreases several times in the down-
tapered input section where the process of electron bunching
in the field of an oppositely propagating traveling wave takes
place. Then, the electrons give their energy to the field of a
standing wave formed by the reflections from the ends of the
central uniform section, which are marked by two vertical
. dash-dotted lines in Fig. 2. It is worth mentioning that this is

40

60 80
z[mm)

100 120 140

different from the case of a conventional gyromonotron cav-
ity, which shows an uptapered input section where no field is
present and, therefore, both the electron bunching and the
extraction of the energy from the electron beam take place in

FIG. 2. Efficiency n(z) () and field profile(solid line) for
different values of the applied magnetic field. Vertical dash-dottecthe field of a standing wave formed in the central uniform
lines mark the uniform section ends. (@), the dashed line repre- Section.
sents the field profile of the T cold cavity mode. After the applied magnetic field becomes higher than 1.38

T, the gyro-BWO interaction comes into play, resulting in a
profile are presented for a magnetic field B§=1.335 T, ~ competition between two regimes of operation: a gy-
which corresponds to the maximal efficiency in the gy-fomonotron one and a gyro-BWO one. The transient process
romonotron regime. For comparison, the field profile of theillustrating this competition for a magnetic field d,
cold cavity mode calculated in the preceding subsection is=1.3825 T is presented in Fig. 4, where up- and downstream
also presented, showing, on the one hand, a similar form an@utput power and instantaneous operating frequency are
on the other hand, the influence of the interaction with arShown in(a) and(b), respectively. At the beginning, the de-
vice operates in the gyromonotron regime at higher fre-
quency and with approximately equivalent levels of the up-
and downstream output power. After a certain time interval,

TABLE |. Electron beam parameters.

Beam voltage U,=100 kV however, an operation in the gyro-BWO regime starts, which
Beam current l,=4 A leads to competition of two regimes accompanied by fre-
Beam radius R,=0.9 mm quency and output power modulations. Finally, after about
Pitch factor a=1 70 ns, the gyro-BWO operating regime wins the competition

and the device starts to operate at a single frequency. The
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FIG. 4. Transients of upstreaf,; and downstrean, output f [GHZ]
power(a) and instantaneous operating frequeigyb) are depicted
for magnetic fieldB,=1.3825 T. FIG. 5. Output power vs tim¢a) and spectrum of the corre-

sponding output signgb) for magnetic fieldB;=1.485 T.

range of magnetic field values corresponding to the compe-

tition range is marked by two vertical dashed lines in Fig.the other mode extracts the energy both in the downtapered
3(a). Over this range, the duration of the transient, which isinput section and in the uniform section. In the opposite, the
about 200 ns foB,=1.38 T, decreases with increasing mag-region of electron bunching becomes shorter than that for the
netic field, so that the transient disappearB@t 1.405 T. A main mode. Moreover, the maximum of the field of the latter
further increase in the magnetic field results in tuning themode is located in the downtapered input section. Hence, this
operating frequency and in a reduction of the efficiency. Figimode will be called taper mode. Although the efficiency of
ures. 2b)-2(d) demonstrate how efficiency(z) and field operation in the taper mode is higher than that in the main
profile of the gyro-BWO evolve with increasing magnetic mode, the frequency tuning curve, which is presented in Fig.
field. The field profile keeps its form showing a profile of a 3(b) shows a second jump to lower frequencies demonstrat-
certain axial mode, which will be called the main mode latering the limitation, which is imposed on the frequency tuning
on. The maximum of the field of the main mode is located inbandwidth by the excitation of the parasitic taper mode.

the central uniform section in the vicinity of its upstream
end.

Up to By=1.465 T, the gyro-BWO demonstrates station-
ary operation, afterwards, however, it behaves nonstationary In the gyromonotron regime, the noticeable difference be-
in the following range of magnetic field: 1.465<B, tween the cold cavity field profile and that one calculated
<1.49 T, which is marked by two vertical dash-dotted linesself-consistently taking into account the electron béhoth
in Fig. 3(a@). The nonstationary regime, which is caused by arpresented in Fig. &) by the dashed and by the solid lines,
excitation of another axial mode, is illustrated in Fig. 5, respectively results in a substantial difference in the corre-
where output powefa) and spectrum of the corresponding spondingQ factors: theQ factor of the cold cavity and th@
output signalb) are presented fdB,=1.485 T. The nonsta- factor of the cavity in the presence of the electron beam.
tionary operation not only leads to an appearance of unUsing the results of the self-consistent simulations, the latter
wanted additional frequency terms in the spectrum but alsone can be calculated from the general definitidp:
to a noticeable reduction of the output power. The situation=27fW/P,, wherePy=P,+ P, means output power and
changes when the magnetic field becoBgs 1.49 T. Then W denotes average stored electromagnetic energy. This cal-
the gyro-BWO again shows stationary operation, however, atulation can be performed not only for the gyromonotron
that axial mode whose excitation at the lower magnetic fieldbperating regime, where we can speak about interaction with
value causes the nonstationary operation. Field profile and cavity mode, but also for the gyro-BWO regime, where the
efficiency 7(z) of this mode are presented in Figie2 A  electrons interact with a traveling wave. In Tablefl}, Py,
comparison of Figs. @) and Ze) demonstrates the differ- and the self-consistently calculat€dare presented for those
ence between the main mode and its competitor both in thealues of the applied magnetic field that have been used in
electromagnetic field structure and in the beam-field interackig. 2. ForB,=1.335 T, the self-consiste@i= 366 is about
tion. Although, for the main mode, extraction of the energythree times higher than that of the cold cavi@y=121 cal-
from the electrons takes place mainly in the uniform sectionculated in Sec. lll A. Such a large relative increase is not

C. Self-consistentQ-factor and Adler’s relation
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TABLE II. Operating frequency,, output powerP,, and self-
consistent quality facto® of free-running gyro-BWO for different
values of magnetic fiel@8, corresponding to Fig. 2.

Bo(T) fo (GH2) Po (kW) Q

1.335 33.246 83 366

1.405 33.202 121 226

1.4325 33.446 102 210

1.455 33.651 89 206 0

1.53 33.699 136 159 _ _1o}
3
o20¢

typical for gyromonotron cavities. For example, in the ;5—30-

injection-locked gyromonotron experiments reported in Ref. 40

[34], a much smaller increase from 450 up to 510 has been
observed. A possible explanation is the smaller valu® of -2
compared to the typicaD factor of gyromonotron cavities,

0
which results in a lower stability of the cold cavity field
profile against an influence of the electron beam. The data gz 10f
from Table 1l will be used in the following two subsections 30-20 g
to estimate a locking bandwidthf, both in gyromonotron n\-f—so I
and in gyro-BWO operating regimes according to the well- o
known Adler’s relation derived in Ref26], which is given —40}
by -2
fo[Pinj| " 0
AfL—Q Po) (149 10

2 o0t
and proves to be valid for a very broad class of oscillators &i—
including gyromonotrons locked by an external signal, which =30
is injected directly into the cavitysee Refs[34-36). 40}

-2
D. Injection-locked operation of gyro-BWO 0
In this section, the results of the numerical study of injec-

tion locking of the gyro-BWO, which was investigated in the g0
preceding subsections, are presented. In order to distinguish =20}
locked and unlocked states of operation, a fast Fourier trans- % a0l
form (FFT) of the output signal calculated up tQ,ay o
=200 ns is analyzed. In this case, the frequency resolution is —401 . . . . .
df=1/(2ta0 =2.5 MHz. Moreover, visual examination of 2 15 -1 95 0 05 1 15
the output power versus time dependence allows the fre- 10°(f i~ fo o
qguency resolution in differentiating locked and unlocked
states to be improved by a factor of 2. FIG. 6. Locked (*) and unlockedX) operation states are de-

In Fig. 6, the results of simulations of the gyro-BWO picted in the plan®;y; vs f;,; for different values of magnetic field
operating in the presence of an external signal, which is inBo corresponding to Fig. 2. The solid lines show the locking band-
jected through the upstream port, as in the experiments ravidth Af, cglculated using the parameters from Table Il. The up-
ported in Ref.[24], are shown for different values of the Stréam portis used for injection.
applied magnetic fiel@,, which correspond to Fig. 2. In the
plane of parameterB;,; (power of injected signaland f;; using the parameters of the free-running gyro-BWO pre-
(frequency of injection signal the dots (¢) correspond to sented in Table Il are also shown for comparison by the solid
locked operation of the gyro-BWO, whereas the crosseslines. Moreover, in Fig. @), the dashed line shows the lock-
(X) denote unlocked states. The borders of the locked oping bandwidth curve for theQ, value of the cold cavity
eration region, where the dots are located, represent the lockaode calculated in Sec. Il A.
ing bandwidth curve. For a very small injection signal The locking bandwidth curves from Figs(t$ and Gd),
(Pinj/Po<—30 dB), the frequency resolution seems to bewhich correspond to magnetic field valuBg=1.405 T and
not sufficient to accurately determine the locking bandwidth1.455 T, respectively, are very close to the experimental re-
curve. Nevertheless, these data are also presented. The lockits reported in Ref[24], which have been obtained for
ing bandwidth curves calculated from Adler’s relatiGiv) slightly higher values of the magnetic field, demonstrating a
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good quantitative agreement. Both the locking bandwidth
and the asymmetry of the locking bandwidth curves with
respect to the free-running frequenty well agree. How-

ever, for an intermediate value of magnetic fieR}

=1.4325 T, the numerical results presented in Fig) @re

quite different from both the results of the simulation shown
in Figs. @b) and &d) and the experimental results. The lock-
ing bandwidth is about 2.5 times smaller. This significant
difference demonstrates the influence of changing the ap- 0
plied magnetic field on the locking bandwidth of the gyro-

BWO. Moreover, an interesting phenomenon is observed, ﬂ,?_m

namely, that the right branch of the locking bandwidth curve 1207

is not unique but double valued. Consequently, for some in-  ~& g4l

jection frequencies, the gyro-BWO is only locked in a lim- -

ited range ofP;,; (for example, forf;,;=33.45 GHz, which 0o

is marked in Fig. €&) by the vertical dashed line, this range -15 1 1.5
is 0.3 KW<Pj,;<<10 kW). Furthermore, injecting the signal 0

at the free-running frequency with power, which is above

some threshold levefor the case presented in Figch this 7107

level is in between 10 and 20 kWeads to unlocked opera- 2 o0t

tion of the gyro-BWO. In all the three cases presented in °\-_E

Figs. @b)—6(d), the gyro-BWO operates in the main mode o =0T

and the corresponding field profile and efficieneyz), 40} (c)

which are shown in Figs.(B)—2(d) look very similar to each _15 _1' 1 15

other. Hence, such a strong variation of locking bandwidth
with varying magnetic field is unexpected. Another question
is why the locking bandwidth curves are asymmetric.

To proceed further, the locking bandwidth curve of the
gyro-BWO has been calculated in the gyromonotron operat-
ing regime atBy,=1.335 T and for operation in the taper
mode atB,=1.53 T. The results are presented in Fige) 6
and Ge), respectively. Both are of great help at least in an-
swering the question about asymmetry. Indeed, according to
the experimental data presented in Réf4,35, conven-
tional gyromonotrons with uptapered input section where the
external signal is injected into the downstream port demon-
strate symmetrical locking bandwidth curves. In opposite,
the locking bandwidth curve of the gyro-BWO operating in
the gyromonotron regime, which is presented in Fi@)6s
even more asymmetric than the locking bandwidth curves of , ,
the gyro-BWO operating in the main mode. The reason for -15 -1 05 . 0
that obviously is the injection of the external signal into the 107~
upstream port. In this case, the injection signal propagates in
downstream direction through the downtapered input section FIG. 7. The same as Fig. 6 but the downstream port is used for
where electron bunching occurs over a relatively long dis/nection.
tance both in the gyromonotron and in the main mode gyro- . . .

BWO regime[see Figs. &) and Zb)—2(d), respectively. On the.gyromonotron regime and in the main mode gyro-BWO
the other side, the locking bandwidth curve of the gyro-"€9ime and thus confirming our supposition.

BWO operating in the taper mode, which is shown in Fig. 10 SPeak also m(&erm;s of numbers, in addition to the
6(e), demonstrates only slight asymmetry compared to Figs0cKing bandwidthAf 7= f;,; —f;,; , wheref;,; andf;,; de-
6(2)—2(d) what is consistent with the above supposition pe-note two _frgqu_enmes limiting the locking bapd at a certain
cause the gyro-BWO operating in the taper mode show¥alue of injection powerP;,; from left and right, respec-
shorter bunching length compared to the gyro-BWO operatI'Ve|}” the mismatch between t_he central freque_ncy of the
ing in the main modgcompare Fig. @)—2(d) and Ze)] and locking band and the free-running frequenigy defined as

is less affected by the injection signal. To check our suppoA 8= (fin;+fin))/2—f, is introduced in order to quantify
sition, the injection-locking of the gyro-BWO from the the asymmetry of locking bandwidth curves. The corre-
downstream port has numerically been investigated. The responding numerical values of the locking bandwidtfi{”
sults are presented in Fig. 7 demonstrating no asymmetry iand the mismatchAf{) are presented in Table Il for
the locking bandwidth curves of the gyro-BWO operating inP;,;/Po=—10 dB. First, in terms of numbers, it is even

-15 -1 -05 0 0.5 1 1.5

0.5 1 1.5
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TABLE IIl. Locking bandwidth Af() and mismatchAf{ for 1.3
injection into the upstreami€1) and into the downstreami (
=2) ports, along with the locking bandwidthf, calculated using 1.2r
the parameters from Table Il for an injection power Bfy; 1l
=0.1P,. ’

” 4

Bo AFY AfY Af® AP Af, a
(T) (MHz) (MHz) (MHz) (MHz) (MHz) 0.9}
1.335 63 -23 38 -1 29 0.8t
1.405 103 -13 20 0 47
1.4325 34 —16 30 -1 50 A Y 45 0 05 1 15
1.455 81 —15 51 -2 52 10 (finj_fo)/fo
1.53 56 -4 31 -4 67

FIG. 8. Output power of locked gyro-BWO normalized to the
corresponding power of free-running gyro-BWO vs injection fre-
more pronounced that the strong asymmetry of the lockingjuency for different values of magnetic fieBl,:1.405 T (),
bandwidth curves in the first four cases is due to the influ-1.4325 T ©), 1.455 T(+), and 1.53 T (X). Injection power
ence of the injection signal on the process of electron bunchPinj=10 kW. The upstream port is used for injection.
ing in the downtapered input section, but that it is not a
feature of the gyro-BWO type of interaction. Moreover, theVated us to investigate the locked output power versus
factor of about \2 betweenAf{Y=-23 MHz for B, Injection frequency dependence for fixed value of injection

—1.335 T, which corresponds to the gyromonotron regimePOWer Pinj=10 kW. In Fig. 8, the results of this investiga-
and Afgl): —(13+16+15)/3~—15 MHz  for B tion are presented for injection into the upstream port and for

—{1.405,1.4325,1.455T, which corresponds to the main different values of the magnetic field corresponding to an

mode gyro-BWO regime, is because, in the gyromonotrorPPeration in the gyro-BWO regime. Only one curve iy

regime, the output power propagates through both apertures 1.455 T, which is shown by dots and which corresponds to

and, therefore, the amplitude of the electric field in the ta-the lowest free-running output power demonstrates a relative

pered sections is/2 times lower compared to that in the increase in the locked output power of about 2% at an injec-

gyro-BWO regime for the same output power level. Second!'o" freque_ncy §I|ghtly higher t.han the freg-runnmg fre-
for By=1.53 T corresponding to the operation in the taper&mency. This is in agreement with the experimental results

mode gyro-BWO regime, the slight asymmetry is not influ_for an operating point far from the maximum value of the

- i 04 | 1
enced by the presence of the injection signal in the downta;c-ree running output power where about 10% increase in the

pered input section that indicates its different nature. Third,OCked output power has been found. However, the signifi-

: o i
the increase of the locking bandwidth in four from five cases(:"’mt Increase of about 50% in the .Iocked output power over
he free-running output power, which has been observed in

must also be attributed to the influence of the external signat,n wperiment for an catin int cl to the maximum
injected into the upstream port, on the electron bunching.aefuee gfe theefreeo-ruini?]peoalljt gtpoowecroissengt foeun dain trlie
This also agrees with the experimental results on the locked 9 put p '

gyromonotron where an electron beam has been modulatesdeIat'ons' In fact, a decrease in the locked output power

by an external signal in a prebunching cavity and by balIisticc.ompare(j to the free-running output power is found in the

bunching in the drift region between the prebunching and th _|mulat1t![(r)]n forBo_: 1'405f Ih th'Ch corr_esponotls t? the opera-
main cavities. In this experiment, a factor of 10 increase inc;f)n a de_mle;xlmum of the free-running output powsee
the locking bandwidth, compared to the direct injection lock- lamondas in F1g. 8. .

ing, has been reported in RéB5]. In our case, the largest The curves in Fig. 8 are rather different from each other,

increase in the locking bandwidth is about five times forWhiCh is caused by the presence of the injection signal in the

Bo=1.405 T, which corresponds to the operation in the maindowntapered input section. To see the effect of this influence

gyro-BWO mode at the maximum of the free-running effi- on the power enhancemerjt by th? injec_tion-locking, injection
ciency. Fourth, Adler's relation gives correct value of themto the downstream port is also investigated. The results are

locking bandwidth only in the case of operation in the gy_presented in Fig. 9. All parameters are the same as in Fig. 8

romonotron regime and injection into the downstream portbm the signal is injected into the downstream port. All curves

that agrees with the previous experimental and numerica?hOW similar shape which is also similar to the shape of the

results. In the other cases, it gives only an approximate valugHirves presented in Ref29] where a gyromonotron syn-

that can differ by several times from the correct IockingChrom.Zatlon h.as been_lnvesngated _numencally. The same
bandwidth. scale is used in both Figs. 8 and 9, in order to demonstrate

the difference between the curves in these two figures result-
ing from the influence of the injection signal on electron
bunching, which takes place in the downtapered input sec-
In the experiments reported in R¢R4], a significant in-  tion. All four curves in Fig. 9 demonstrate a locked power
crease in the locked output power compared to the freeincrease but by different amounts. Whereas fBy
running output poweP, has been observed. This has moti- =1.405 T corresponding to the maximum value of the free-

E. Influence of injection-locking on gyro-BWO output power
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1.3 - - - - - bandwidth curve have been observed if the magnetic field is
tuned for the case of injection into the upstream port. In two
.21 P ] cases, the locking bandwidth curves that have been found in

the simulations as well as their asymmetry agree with the

11r . . .
experiments. In one case, the locking bandwidth curve shows

N %Sg ______ a complicated form, which is probably difficult to determine
o . .
f/f experimentally. Comparison of these results to the results for
0.91 an operation in the gyromonotron regime and further to the
o8l results for injection into the downstream port leads to the
' following conclusions. The asymmetry of the locking band-
0.7 width curves, which has been found in the case of injecting

=2 -15 - 1-0%-? . ?f 05 1 15 into the upstream port both in the gyro-BWO and in gy-
T~ romonotron regimes, is caused by the influence of the injec-
tion signal on the electron bunching, which takes place in the
0Elowntapered input section. This is also the reason for an
increase of the locking bandwidth, which could be observed

. . . in four out of five cases that have been investigated. The
running output power, the increase is only about 1%, resultiyrgest increase, which is a factor of 5, has been found at a

ing in a locked output power of about 123 kW, the increasenagnetic field value corresponding to an operation in the
for Bo=1.455 T corresponding to the lowest value of the nain gyro-BWO mode at the maximum value of the output
free-running output power is 20%. This is the maximum in-poyer”Adler’s relation has been found to be accurate only in
crease observed in the S|mulat|(_)ns, resultlng ina Iocked_ou he gyromonotron regime for injection into the downstream
put power of about 107 kW, which has again been obtainegy, “\yhich agrees well with previous results. In the other
at an injection frequency, which is slightly higher than the cases it can give only approximate estimates that are, how-
free-running frequency. Hence the experimentally observed,er aiso very useful. The increase in the locked output
increase in the locked power of about 50% over the freepoyer over the free-running output power has been found to
running power, which has been reported in R@#], is not o i agreement with the experimental results for operation
found in the simulations. This disagreement can be attributegh, trom the operation that leads to a maximum of the free-
to the influence of the electromagnetic fields in the region Ofrunning output powefi.e., far from the cutoff frequency of
the upstream input coupler on the electron bunching, whichihe central uniform section The increase is higher for the

FIG. 9. The same as Fig. 8 but the downstream port is used f
injection.

is not taken into account in the simulations. case of injection into the downstream port compared to the
case of injection into the upstream port. The highest increase
IV. CONCLUSIONS that has been found in the simulations is 20%. The signifi-

ant increase of about 50% of the locked output power over
the free-running output power, which has been observed ex-
Bgrimentally in Ref[24] when operating close to the maxi-

um of the efficiencyi.e., close to the cutoff frequency of
he central uniform sectigonhas not been found in the simu-
gtions.

The presented numerical results reveal important detail
of the injection-locked operation of a gyro-BWO with ta-
pered sections and its dependence on the applied magne
field. In the free-running operating regime, increasing th
magnetic field leads to an operating frequency jump due t
the excitation of an undesired taper mode, which reduces th
magnetic tuning bandwidth to 1 GHz for the cases consid-
ered. Moreover, nonstationary behavior caused by the coex-
istence of the main and the taper mode has been observed in The authors thank Professor K. R. Chu and his gyrotron
a certain range of the magnetic field values. In the injectionteam(National Tsing Hua University, Hsinchu, Taiwafor
locked gyro-BWO, significant modifications of the locking stimulating discussions and valuable comments.
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