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Effective coupling of cyclotron autoresonance maser and “gyrotron” modes
on a phase-synchronized electron beam
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For a cyclotron resonance mag€&RM) with a helical axis-encircling electron beam, the possibility of a
strong interaction between cutdffyrotron) and traveling Doppler-up-shifte@yclotron autoresonance maser
modes, which are in resonance with the electrons at the same frequency, is demonstrated. This effect can be
used in a CRM oscillator of a new type, where the feedback and the mode selectivity for the operating traveling
mode are provided due to the excitation of the cutoff mode. According to both the theory and the experiment,
such a scheme can provide an effective excitation of the traveling mode with negligibly low losses associated
with the cutoff mode.

PACS numbsd(s): 41.60.Cr

[. INTRODUCTION prediction for the ideal electron beam. This had been
achieved, in particular, by improving the electron-beam for-
The cyclotron autoresonance mas@ARM) [1,2] is a  mation, as well as by decreasing the sensitivity to the veloc-
well-known variety of cyclotron resonance mag@RM). ity spread due to shortening the region of electron-wave in-
Unlike the gyrotron[3], which is the most common variety teraction. However, some features of the experinie8} did
of CRM, the main feature of the CARM is the coupling of NOt have a clear interpretation in REL3]. The most impor-

electrons, which move along helical trajectories in a uniformt@nt one was a significant difference between the radiation

magnetic field, with a rf wave propagating not perpendicu_frequency and the eigenfrequency of the cavity. It was clear

larly but almost parallel to the magnetic field. Similar to the (Nt the radiation frequency was close to the cutoff frequency

free-electron lasefFEL) [4], this fact along with a relatively gf the TEZé modlz. In P{'”;‘}P'el thg ax[[s;ﬁncwcllngdelectlrotn
large value of the longitudinal electron velocity provide a €am used could excite this mode at the second cyclotron

large Doppler upconversion of the electron oscillat¢cy- harmonic large orbit gyrotron regime[14]. The observed

clotron) frequency. At a fixed magnetic field, it allows the transverse structure of the output radiation, however, coin-
. d 4 g X cided with that for the operating TE mode. That is why in

her i ¢ th ) fird "Ref. [13] the difference in frequency was attempted to be
Another important feature of the CARM is caused by W0 o, hjained by an electron shift of the cavity eigenfrequefacy

ma_in types of electron bunching.in this device. ACt“a”}"frequency pulling, although this explanation was not con-
unlike a near-cutoff wave as used in the gyrotron, a travelingirmed by later detailed simulations.

wave induces in the electron beam not only azimuthal but | this paper, a less obvious and more interesting expla-

also axial bunching5]. One should emphasize that these twonation of the results of the experimdn] is proposed. It is
mechanisms of the electron bunching result in opposite dybased on the fact that a thin helical electron beam provides
namic deviations of the electron energy from its value cor-an effective interaction between the CARM TEand “gy-
responding to the exact cyclotron resonance and, thereforeptron” TE,; modes, which are excited at the same fre-
they can be mutually compensated. If the phase velocity ofjuency but at various cyclotron harmonics, namely, at the
the wave is exactly equal to the speed of light, then the entirfundamental and second harmonic. According to an analysis,
compensation takes place and cyclotron resonance is autin the experimen13] the cavity used was occasionally
matically maintained during the electron-wave interactionclosed for the gyrotron mode. Presumably, due to this fact
(autoresonangd 6]. According to the theory1], for a high  this mode was also excited and then effectively scattered into
enough quality of the electron beam this effect can provide @ahe “CARM” mode on the electron beam. This effect can be
high electron efficiency due to a prolonged resonantonsidered, at least, as a way for spurious excitation in
electron-wave interaction. CARM'’s, as well as in large orbit gyrotrons. On the other
In spite of its advantages, the CARM is studied less ofterhand, it seems attractive to use this effect for realization of a

than the FEL and the gyrotron. The main reason is the relacRM oscillator of a new type. In such an oscillator, both
tively low efficiency obtained in most experimerjfg—12|. modes are excited simultaneously. The ‘“gyrotron” mode
Only in Ref.[13] was the achieved electron efficien@6%) provides an effective feedback and selectivity whereas the
not lower than in the best FEL's and close to the theoreticabperating CARM mode provides a high efficiency and output

of radiation. According to the theory developed in this paper,

the electron efficiency of this device can reach 40—-60 %. The
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FIG. 1. Schematic of the CARM experimeri3].

In principle, the proposed scheme of a CRM oscillator is
analogous to the sectioned, multivave CRM based on th
Doppler multiplication of the frequendyL6]. In this device,

a near-cutoff mode with some frequenay,, is excited in

the first section and then, in the second section, it is scattere

in a traveling wave with the frequenay,=nw;. However,
even for an ideal electron beam, the predicted efficiency o
this device does not exceed 10%, while the length require
for the interaction region is rather long. Another analogy is
related to a quite novel idea of the gyro-TWI7]. It is also
based on coupling of the near-cutoff and traveling mode
however, the coupling is provided not by an electron bea
but by a proper helical corrugation of the waveguide walls
One should mention also the wofk8] in which a double
resonance at the same frequency but at different harmonics
studied for the CRM with a conventional electron beam.

In Sec. Il of this paper, results of the experiment in Ref.
[13] are briefly discussed from the new point of view. Sec-
tion Ill is devoted to an explanation of a possible mechanis

Ifg:iency was achieved, the frequency of the output radiation

nt
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FIG. 2. Dispersion diagram for the fundamental CARM and
second-harmonic gyrotron resonances at the same frequency.

gelocity, Q=eB/mcy is the cyclotron frequency, ang

=1/J1— (v/c)? is the electron Lorentz factor.
d In this experiment, some unexpected results were ob-
tained. Namely, one could distinguish two different regimes

Ejthe CARM oscillations taking place at different values of

e operating magnetic field. In the first regime, a radiation at
a planned frequency close to 36 GHz, which was inside the
feedback frequency band provided by the Bragg reflector,
was observed. In the second regime, where the highest effi-

was higher(of about 38 GH, and it was out of the band of
the Bragg reflector. Thus, at this frequency the feedback for
Ege traveling TE; mode was not provided, whereas the
power of the output radiation was 30—50 % higher than in
the first regime. It was important that in the second regime
the radiation frequency was close to the cutoff frequency of
he TE ; mode, and this mode also could be in synchronism
with electrons at the second cyclotron harmoffia. 2):

for effective coupling of the near-cutoff and traveling modes
on a phase-synchronized electron beam. In Sec. IV, a theory
of the CRM oscillator, based on simultaneous excitation of
the two modes at the same frequency, is developed. In Sec.
V, results of a preliminary experiment, where such an oscil-

w~2Q. (2

lator has been specially realized, are given.

IIl. CARM EXPERIMENT

In the experiment in Ref[13], a possibility of high-
efficiency CARM operation was demonstratéeig. 1). A
500 keV/100 A operating electron beam with a pulse dura
tion of 20 ns produced an output power of 13 MW at a
frequency of about 38 GHihe corresponding electron effi-
ciency amounted to 26Y0A thin rectilinear electron beam

entered the operating cavity, being a piece of the circular .

waveguide terminated by two reflectors for the operatin

TE; ; wave, namely, a cutoff input narrowing and an output

Bragg reflector. Inside the cavitfat its inpu), a magneto-
static kicker imparted transvergeotary) momentum to the
electrons. After having been kicked, the electrons were i
cyclotron resonance with the forward traveling component o
the operating TE; mode,
(,()*hvz‘i‘ﬂ.

@

Here w is the frequencyh is the longitudinal(axial) wave
number of the TE; mode, v, is the longitudinal electron

It is necessary to note that such a situation is not too “ex-
otic.” In CARM experiments, the grazing regime of the dis-
persion characteristid§ig. 2) is often used for the operating
transverse mode in order to avoid the “gyrotron” excitation
of this mode at a lower frequency. Due to grazing, the cy-
clotron resonance for this mode has a rather wide frequency
band. This fact facilitates the possibility for simultaneous
achievement of the two synchronism conditions, Egjsand

(2), at the same frequency.

In addition, in the experiment in Refl13] there was a
gnificant difference in values of the output power, which
ere obtained in experiments with different types of Bragg
reflectors. The rf power was significantly higher when the
minimum radius of the reflector was smaller than the radius

f the operating waveguid@nalogous effects have been ob-

erved in CARM-oscillator experiments carried out at MIT

19)). In this case, the reflector provided almost 100% reflec-
tion and, therefore, a very higQ factor for the near-cutoff
TE, ; mode. Certainly, it would be natural to suppose that the
second-harmonic gyrotron operation of the,Enode was
obtained instead of the CARM operation of the Enode.
However, measurements showed that the transverse structure
of the output radiation corresponded to the CARM mode.
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FIG. 3. Various types of electron beams(a) hollow beam with S B BN SN == B
homogeneous distribution of electrons over their gyrophades,
phase-synchronized helical beam, @odan artificial electron beam
formed by two counterphased helices.

FIG. 4. Spatial structure of electron bunches formed by second-
harmonic “gyrotron” and CARM modes for holloa), helical (b),
and two-helix(c) electron beams.

Ill. MECHANISM FOR COUPLING OF TRAVELING AND
NEAR-CUTOFF MODES

A possible interpretation of the results obtained in Ref. o o .
[13] can be based on the effect of coupling of the travelinggnd, therefore, their interaction is very weak, though it is
and near-cutoff mode€CARM and “gyrotron” modeg on  Possible due to principally nonlinear effe¢ts]. _
the electron beam. Such coupling can be effective, if the However, in the experiment in Reff13] after the kicker
modes form electron bunches with spatial structures of théhe electron beam had a helical forffig. 3(b)]. Such a
currents being not mutually orthogonal. This means that #hase-synchronized beam, which consists of particles having
mode should induce such perturbations in the electron beafi® same initial gyrophases, can be considered as a fraction
that can excite the other mode. Let us consider an axiSOf the hollow beam. Therefore, the electron bunches in the

encircling electron beam and introduce phases of an electrdielical beam represent some fractions of corresponding

with respect to the CARM and gyrotron modes, and 6., bunches in the hollow beam. Let us consider a very thin
helical beam: 6= yy<Ayy and A yy<w. Unlike the hol-
0,=owt—hz—¢, O,=wt—24¢. (3 low electron beam, the spatial structures of the electron

bunches in the helical beam are periodical and discrete. Ac-
Here z is the longitudinal coordinate and is the angular tually, the initial angular coordinate of the central electrons
coordinate of the particléFig. 3). The spatial structure of the of the bunches changes in time:};@: ot. For such a beam,
electron-density pert_urbathr(electro_n bunches which are the central electron enters the interaction region periodically
formed by a mode, is the interception of the electron beamy i, the time intervalAt=2/w. This corresponds to the
with the surface of the constant phase corresponding to th&stance between bunchdd =27, /. According to the
mode. In the case of a hollow electron beam in the form of 8esonance conditions Eqél) and (22)’ w~2hv,. Thus, in
cylinder of Larmor radiuFig. 3(@], when 0S\P0<?7T’ the the helical beam both modes form electron bunches, which
traveling TE ; mode forms a rotating helix’ =¥,+wt  are periodical parts of the corresponding bunches in the hol-
—hz, with the periodL,,=2x/h [Fig. 4@)]. In the case of |ow beam with the period
the near-cutoff TE; mode interacting with the electrons at
the second cyclotron harmonic, it forms electron bunches AL=m/h=Ly/2. (4)
being two oscillating “rods” parallel to the longitudinal

axis, V=",+ wt/2 andV =V + 7+ ot/2. HereW, is the  As demonstrated in Fig.(4), for the helical beam the spatial
initial angular coordinate of the central electron of thestructures of electron-density perturbations are just the same
bunches. Thus, in a hollow beam the modes form electronfor both the “gyrotron” and the CARM modes. It means that
density perturbations with completely different structuresthese modes can be effectively coupled on the beam. The
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' of this scheme of the feedback for the traveling wave, which
Solenoi propagates almost parallel to the cavity axis. Along with

B4 simplicity of the microwave system, this scheme solves the
/ problem of the mode control, which is very important for

\ TE1’1+ TE2 1

CARM'’s. The stable generation of the “gyrotron” mode can
kicker

—2
fix the frequency of the operating CARM mode.

A. Equations of the mode coupling
on the helical electron beam

Let us study simultaneous excitation of the CARM and
“gyrotron” modes at the same frequency in a cavity shown
in Fig. 5. The following expressions describe the structures
“of azimuthally rotating modes:

o [adq(gr) )
same result can be obtained also for the excitation of the E+:|ke"”( 3(gn) Im(Ae' 1) +

“gyrotron” mode at any higher cyclotron harmonic.
One should emphasize again that the possibility of the h .

effective interaction between the CARM and the “gyrotron” B, =i EE+ . B,=gJ;(gr)ReAe' 1)

modes is a result of the helical form of the electron beam

(phase-synchronized gyrorotation of all the electjohsthe ¢4 the traveling TE, mode, and

hollow beam with uniform initial distribution of particles ’

FIG. 5. Schematic of CRM oscillator based on simultaneou
excitation of “gyrotron” and CARM modes.

iJ1(gr)
gr

Re(Ae'f)},

over gyrophases, the interaction is very weak. In order to o [ aJ,(kr) ,
demonstrate the transition from the helical beam to the hol- E,=iksin(wz/L)¢€' ‘/’{ (k") Im(Aze'’2)
low one, let us consider some artificial beam in the form of

two counterphased helicéfig. 3(c)]. As compared to the iJo(kr) ”

helical beam, the second helix leads to the appearance of R Re(A€2) [,

“new’” bunches. For both modes one should supplement the

periodical bunch systems shown in Figbywith the corre- B.=0, B,=ksin(mz/L)J,(kr)Re(A,e'%)

sponding counterphased systeffay. 4(c)]. It is important
that the “new” bunches, which correspond to one of thefor the near-cutoff TkE; mode. HereE, =E,+iE,, B,
modes, are in the opposite phases with respect to the “new*=B,+iB,, r and¢ are polar coordinate&= w/c, J, is the
bunches corresponding to the other mode. Therefore, thBessel function of theath order,g, is the transverse wave
mode coupling on this beam is weak. number of the TE; mode(for the TE, ; mode,g,~k), L is
the cavity length, and the electron phases with respect to the
modes,#, and 0,, are defined by Eqg.3). Here we have
assumed that the cavity provides a high quality for the “gy-
rotron” TE, ; mode and fixes its longitudinal structure and
The effect of coupling of the “gyrotron” and CARM the frequency. For simplicity, we have assumed the sinu-
modes on a helical electron beam can be considered, at leasgidal distribution so that the amplitude, does not depend
as a possible factor for excitation of spurious modes in varion the coordinatez. As for the CARM TE ; mode, itsQ
ous types of CRM. At the same time, this effect can be usedactor is low, and its longitudinal structuréy;=A;(z), is
for realization of an attractive scheme of a CRM oscillatordefined basically by its interaction with the helical electron
with a simple gyrotron-type cavity. For instance, it can be abeam having been bunched by the “gyrotron” mode.
piece of cylindrical waveguide with cutoff narrowings at the  In order to describe the interaction of electrons with the
input and output(Fig. 5. Such a cavity is closed for the two modes, we shall use a modification of the well-known
near-cutoff “gyrotron” mode. Correspondingly, the quality averagedover fast cyclotron rotationequationd1]. Let us
of this mode is very high and defined basically by Ohmicrepresent the electron Lorentz factor as=yg(1+w;
losses in the cavity walls. At the same time, the slight outputt w,), wherew; andw, describe the energy exchange be-
narrowing practically does not reflect the traveling CARM tween the electron and the two mod&ARM and “gyro-
mode. Therefore, this cavity provides an effective feedbaclktron” modes, respective)yand satisfy the following equa-
for the “gyrotron” mode only. However, if a helical electron tions:
beam is used and the synchronism conditions Etjsand

IV. CRM BASED ON SIMULTANEOUS EXCITATION
OF GYROTRON AND CARM MODES

(2) are simultaneously satisfied, then the effective excitation % =~ 1 Im(a.ei’)

of the CARM mode can be caused by the excitation of the d¢z X1 =n

“gyrotron” mode and coupling of the modes on the beam. In (5
this oscillator, the operating channel of the rf power output is dw,

M2 ) i0
provided by the CARM mode. The “gyrotron” mode is dz — Xz sin(m{/L)Im(aze'").

needed in order to provide feedback and the proper electron
bunching for the CARM mode only; its own power is dissi- Here {=Kkz is the normalized longitudinal coordinata; ,
pated in the cavity walls. One should note some advantages eA1’2/mC2'y0, X1=Pp./2p, and y,= pf/ZpZ are the cou-
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pling coefficientsp, ,=yv, ,/yqC are the normalized com- TABLE I. Parameters of calculations.
ponents of the electron momentum, ane kL is the nor- i _
malized cavity length. Then, we take into account that the Cyclotron harmonics first and second
change in longitudinal momentum of a particle is caused by Transverse modes 1Eand T,
its interaction with the CARM mode only and approximately Frequency(GH2) 37.8
described by the well-known integrs, 1] Beam voltagekV) 500
Beam currentA) 50
Pz~ Bz, =W1/Bpn- (6) Cavity radius(cm) 0.39
Length of the cavity(cm) 8
Here B n=k/h and ,Bzozvzolc are the phase velocity of the Q factor of the cavity ~3000

CARM mode and the initial longitudinal electron velocity
normalized by the speed of light. This allows the represen-
tation of the equations for the electron phases with respect to a;(£=0)=0. (11)

the modes in the following form:
I wing In Egs.(9) and(10) the factors of excitation are defined by

doy _ — 61~ (1= Bot)Wi—W, . the expressions

N ) | @ o 2B 1=Bp) 8
%:M_ZF_ ' IaN1yo I aNL Yo
% bz wherel is the electron current,=mc?/e, andN, , are the

wave norms.

nge 51:1_520/[39“_ Qo/w and 6;=1-20,/w are the Thus, quasistationary equatiof®—(11) describe simul-

mismatches of the cyclotron resonance for both the modesaneous excitation of the “gyrotron” and CARM modes at a

(o is the initial electron cyclotron frequency, arié de-  frequency which is fixed by the “gyrotron” mode. Efficien-

scribes the so-called “forced” electron bunching: cies of the interaction of the electron beam with each of the

_ . _ modes are described by the expressions

F=X1Re(a,e'’)+ x, sin(m{/L)Re(aze' )

—(wy o .t

+eB,/mcyywp;, e
~— %Yo

771,2( T)=

where 1= (1/8,—1/Bpn)/2p,, X2=1/23,, and B, is the _
sum of the longitudinal components of the magnetic fields ofwhich represent the averagéaler all electrongparts of the
the modes. The initial conditions for E¢§) have the form initial kinetic electron energy passed to each of the modes.

01(0)=owty— by, 0,(0)=wty— 2y, (8) B. Results of simulations

where the entering timet,, and the initial angular phases of I simulations we study a CRM with a configuration
particles, 5, are homogeneously distributed within the in- Which is similar to the experiment in R¢fL3] (Table ), but
tervals O<wty<2m and O<yo<A,, respectively. Here with a sll_ghtly modlfleq cavity of“a gyrotr(?’n typé€Fig. 5)_.
Ay, is the phase thickness of the electron beam. For thd € quality of the cavity for the “gyrotron” Tk, mode is
ideal helical beam y,=0 and for the hollow bear i defined by its Ohm!c losses in the copper walls. Calcqlaﬂons
=27 (Fig. 3. show that in a wide range of the parametéoperating
electron-beam current, electron pitch factor, quality of the
cavity) it is possible to provide regimes with a very effective
excitation of the CARM modégFigs. §a) and 7. In these
regimes, a very small part of the electron energy is lost for

da a G, (: _ excitation of the “gyrotron” mode. The electron efficiency,

L %2 22 IL sin(m¢/L)(xe 102, 4.d¢. (9)  which corresponds to the interaction with this mode, is

dr  2Q, [ Jo 0o at least lower than 1%Figs. b) and 7. At the same time,

at a sufficiently high oscillatory component of the initial

Here 7=wt, Q; is the quality of this mode, and); ,,  electron velocity 8, =v, /c=0.60-0.65, the electron effi-

indicates averaging over initial parametégsand i, of all ciency, corresponding to the excitation of the operating
electrons. As for the CARM mode, the cavity is assumed tacCARM mode, can be as high as 40—60 %.
provide no feedback for this mode. In this situation, the ex- According to quasistationaryfixed-frequency calcula-
citation of this mode is described by the spatial equation fotions, this type of CRM operation is stable in time. Figure
a waveguide mode, 8(a) illustrates the temporal dynamics of the oscillator as
compared with the case of a hollow electron beam, when the
dal_.G g, 10 CARM-mode excitation is not effectiviFig. 8b)]. In the
d_g_l x.e >t0x’/’0’ (10 last case, simulations predict, after quite a long time,
~Q, a low-efficiency operation of the “gyrotron” mode
with the zero amplitude at the cavity input, with temporal modulations of its power. The modulations are

A slow temporal evolution of the “gyrotron” mode am-
plitude during its interaction with the electron beam is de-
scribed by the equation



4212 SAVILOV, BRATMAN, PHELPS, AND SAMSONOV PRE 62

n,
(a) 0.6

0.5

T

0.4

fe==]
W
|

TTTT [T [T [T7Tr]

TSI AN I

12.0 125 B (kOe) 0.0 1
0.0 0.1 02 03 140

1 (b)

I
<
=
=]

e
i

11

0.000 ————————
12.0 12.5 B (koe) 0.0 T T 1T 17 17 7 T 1 T T T T T T ! T T T 71

0 1 2 T
FIG. 6. CRM based on simultaneous excitation of “gyrotron”

and CARM modes. Efficiency of the energy exchange with the FIG. 8. Temporal dynamics of excitation of the CARM and
operating CARM mode;; () and the part of electron energy ‘“gyrotron” modes at the optimal magnetic fiel@d and excitation
passed to the “gyrotron” modey, (b) vs the magnetic fieldB at of the “gyrotron” mode by the hollow electron beam, when the
various initial oscillatory electron velocitﬁio. mode coupling is abserib).

caused by_overloadlng t.he.r.node, as its quality is so h'gh th"’\1}ery effective channel for the power output. This looks like a
the operating current significantly exceeds the starting cur-,

) ! decrease of the quality with the duration of the transient pro-
rent for this mode. However, for the helical electron beam, S . .
the CARM-mode excitation results in the appearance of 5o significantly decreasing, and the output power being
quite stable in timgFig. 8@a)]. However, one should take
into account that if the quality of the cavity is high enough,
-1, then the single-frequency generation of the ‘“gyrotron”
mode can be unstablés frequency is not fixed 20]. Thus,
in principle, the problem of the temporal stability needs an
i additional analysis on the basis of the multifrequency theory.
" 0.04 The above simulations have been done for an ideal helical
beam with “zero” thickness 4A#,=0). As has been pre-
N liminarily demonstrated in Sec. lll, the increase of the phase
0.4 —| <:|_ _________________________ —0.03 thickness Ay, weakens the coupling of the modes. Figure
B 9 illustrates the transition from the ideal helical beafn/x,
C 0.02 =0) to the hollow one 4 #y=2). While the beam is not
o too thick (A ¢p<w/2), the sensitivity to spread in the initial
- angular phase is quite weak. The further increase of the
C0.01 thickness leads to the decrease of the power generated by the
C CARM mode and, simultaneously, to the increase of the part

i T T The— C of the electron energy which is lost due to the excitation of
0.2 1171 0.00 the “gyrotron” mode.

0 1000 2000 3000 Q

B,=0.63

n, |

- . ) C. Discussion
FIG. 7. Efficiency of the energy exchange with the operating

CARM mode, 7;, and the part of electron energy passed to the The proposed method of the CARM-mode excitation is
“gyrotron” mode, 7,, vs the cavity quality for the near-cutoff very effective, because the predicted efficiency of the energy
mode,Q, at the optimal magnetic field and various initial oscillatory €xchange between the electron beam and the CARM mode is
electron velocity 3, . at least twice as high as theoretical limits for the simplest
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FIG. 9. Efficiencies of energy exchange between electron bean{? \ \'\ r E
and the CARM and “gyrotron” modesy; and 7,, vs the phase '8-300—:—‘._‘ \ A A-“\ f 60 &
thickness of the electron beam at the optimal magnetic field. > ] \ \/ o °
400 80
schemes of the CARM oscillatdil]. One could point out 1 \_‘/__,__.j H
three main factors, which cause such high efficiency. The s+t Lt |-100
first one discussed in Sec. lll is caused by the strong inter- 0 5 10 15 20 25 30
action between CARM and “gyrotron” modes in a thin he- time (ns)

Il_cal b_eam because these modes Induc_e the same perturba-FlG' 11. Oscilloscope traces of voltage, current, and output mi-
tions in the b_eam. The second factor |§_that, in fact, thet:rowave power for CRM based on simultaneous excitation of near-
proposed oscillator operates as an amplifier for the CARMoff and traveling modes.

mode. It amplifies perturbations in the electron beam, which

are induced by the “gyrotron” mode. It is knowsee, e.g.,
Ref.[1]) that, as compared to oscillators, amplifiers provide
higher efficiencies due to a “better” longitudinal structure of

the amplified wave. region the beam passes the energy mainly to the “gyrotron”

The third factor, which provides the high efficiency, could mode. At the second half, the CARM mode takes almost the

be understood from Fig. 10, which illustrates the energy X hole energy of the “gyrotron” mode. Thus, the suppres-

sion of the “gyrotron” mode increases the efficiency;,

change between the modes at the stable stage of the optimal
regime (the regime of the highest CARM efficiency;). It
is seen from Fig. 1@) that in the first half of the interaction

R because it leads to the decrease of the energy losses,
0.6 which are spent for the excitation of this mode. At the same
0.5 time, as follows from the analysis of E/) for the electron
0_4j phase with respect to the CARM mode, the energy exchange
1 between the modes is very effective. Within the framework
0.3 of the approximation of the so-called inertial bunchirig
02 this equation can be reduced to the following simplified
E form:
0.0 R ,“v‘ T d 01 - 51_ VW1 — VoW5
0 L 1 z/L az o . (12
IR IR (b) Herev,;=1-p,7 andv,=1 are the coefficients of the in-
1 ‘:*\\ ertial electron bunching, which are induced by CARM and
0.0 1 ‘\_‘ . “gyrotron” modes, respectively. This equation shows that a
] v particle can effectively reradiate the rf power of the “gyro-
] L tron” mode into the CARM mode and, simultaneously,
0.1+ i keeps the synchronism with the CARM mode. Really, if a
. particle takes back some energwy,, from the “gyrotron”
02 | v g const mode and, simultaneously, gives to the CARM mode the
V. " T T T 71T 71

energyAw,;=—Aw,v, /v, then the particle does not lose
its synchronism with the CARM mode. If the phase velocity

FIG. 10. The stationary stage of the CRM operation at the opf the CARM mode is close to the speed of ligfst,,~1,
timal magnetic field. Efficiencies of energy exchange between elechen| Awy|>[Aw,|. This means that high-power radiation of
tron beam and the CARM and “gyrotron” modes, and ,, vs  the CARM mode can be compensated for by a low-power
the longitudinal coordinatés). Distribution of changes in electron absorption of the energy of the “gyrotron” mode. This ef-
energy, corresponding to the CARM and “gyrotron” modes, fect is illustrated by Fig. 1(®), which shows the distribution
andw,, at the output of the interaction regigh). of electrons over their changes in the enengy,andw,, at

06 -04 -02 00 02 W
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the output of the interaction region. It is seen that most parsumably, the slightly lower efficiency than in the experiment

ticles are placed close to a lingw; +v,w,=const. in Ref.[13] can be explained by the lower value of the elec-
tron curreny.
V. EXPERIMENTAL REALIZATION OF THE CRM In addition, an experiment with the same cavity but ter-
OSCILLATOR BASED ON SIMULTANEOUS EXCITATION minated by the Bragg reflector was repeated. The reflector
OF TRAVELING AND NEAR-CUTOFEF MODES has grooves with a minimum and maximum diameter of 7.1

) ) ) and 8.5 mm, respectively, and effectively reflected the TE

In order to clearly confirm the mechanism discussedygde within a frequency band of 35—-36 GHz. In this case
above of the interaction between a second-harmonic gyrotropoth regimes of oscillations were observed again. At lower
and a CARM mode, an experiment similar to that describeqnagnetic field(10.3—10.5 kG the “pure” CARM opera-
in Sec. Il was performed. A thin helical electron beam encir-jgn at 35.5-GHz frequency with an output power of nearly 4
cling the axis was produced using almost the same electrofg\y was detected. At higher magnetic field the second re-
optical system and was injected into the same 60-mm-longime with parameters close to those described above domi-
section of circular waveguide 7.7 mm in diameter having anated. When the Bragg reflector had been substituted with a
37.8-GHz cutoff frequency for the Tk mode. Unlike the  section of a smooth waveguide having the same diameter as
experiment in Ref[13], the cavity was termln_ated atits out- the cavity, the output microwave had about five times
put not by a Bragg reflector but by a section of a smoothsmaller power, shorter pulse duration, and was unstable from
circular waveguide with smaller diameter 7.1 mm havingsnhot to shot.
41-GHz cutoff frequency for the T mode(Fig. 5). Thus, Thus, both the theory developed and the experiment de-
the “cold” microwave feedback for the TH mode was  scribed demonstrate the possibility of highly efficient opera-
eliminated while a higtQ cavity for a second-harmonic gy- tion of a cyclotron resonance oscillator at a Doppler-up-

rotron was provided. _ _ o shifted frequency without providing a special microwave
As a result of the experiment, microwave radiation at afeedback.

frequency of 46 1 GHz having a mode pattern correspond-

ing to the TE ; mode was observed. The maximum output

power was measured for an axial magnetic field of 11.0-11.3 ACKNOWLEDGMENTS
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