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Cyclotron-Resonance-Maser Arrays

Eli Jerby, Amit Kesar, Michael Korol, Li Lei, and Vladimir Dikhtyar

Abstract—The cyclotron-resonance-maser (CRM) array is a
radiation source which consists of CRM elements coupled to-
gether under a common magnetic field. Each CRM-element array radiating array
employs a low-energy electron-beam which performs a cyclotron electron : N/ /
interaction with the local electromagnetic wave. These waves beams
can be coupled together among the CRM elements, hence the <
interaction is coherently synchronized in the entire array. The
implementation of the CRM-array approach may alleviate several
technological difficulties which impede the development of single-
beam gyro-devices. Furthermore, it proposes new features, such
as the phased-array antenna incorporated in the CRM-array
itself. The CRM-array studies may lead to the development of
compact, high-power radiation sources operating at low voltages.
This paper introduces new conceptual schemes of CRM-arrays,

Collector

and presents the progress in related theoretical and experimental /
studies in our laboratory. These include a multimode analysis cathode / ,
of a CRM-array, and a first operation of this device with five array magnetic

carbon-fiber cathodes. field

Index Terms—Active antennas, active arrays, cyclotron radia- Fig. 1. A conceptual scheme of a CRM-array, including an inherent antenna.
tion, cyclotron resonance, masers, microwave generation.
studied by other workers. These include the multiple-beam
I. INTRODUCTION klystron [6], the cluster klystron for linear colliders [7],_the
i ) i double-stream cyclotron maser [8], and recently the multibeam
I I IGH-POWER microwaves (HPM), their generation, angtagger—tuned gyro-klystrons [9]

. applications, are subjects of great importance in modernThe multibeamCRM-array concept [10] proposes to in-
science and technology [1]. In particular, gyrotrons [2], [3] anEirease the CRM output-power by increasing thenber of
other cyclotron-resonance masers (CRM's) are expected 04 o ction channels and electron-beams in the device (rather
W_'dely used as Major Sources O_f HPM in fL_Jture applications Han the energy of a single beam). This approach incorporates
different areas, including material processing, nuclear reacmt‘i?gether many single-beam CRM's [i.e., one-dimensional (1-
radars, accelerators, and other's. A comprehensive reVieW[S’)”devices] into large arrays of two- and three dimensions.
gyrotron and CRM state-of-art is presented in [4]. Preliminary results of two-dimensional (2-D) CRM-array ex-

Gyrotrons, and CRM's in general, have been developed $9siments and some brief conceptual discussions are presented

far mostly assingle electron-beam devices. The trend towarg, 11] and [12]. A linear model of a 2-D CRM-array scheme
higher output-powers leads to increase the energy and currenf.ivad in [1'3]_

of the soleelectrqn—beam in gyro—device. Hence, a ma_jor part tha possible use of many low-current, low-energy electron-
of the overheadin such systems is devoted to peripher eams in an array (instead of a single high-current high-

accessories needed to maintain th'e powerful electron—begﬁérgy beam) reduces space-charge and perveance effects, and
itself _(the e-gun and collector sections, high-voltage powB% synergism, it may increase the total output power and
supplies, insulators, safety shields, etc.)-. In fact, most _8 iciency. The basic components of each CRM-element in the
the total length of a typical gyro-device is devoted t0 thi§ oy are relatively simple (smaller e guns, collectors, output
overhead. In addition, a severe difficulty in these h'gh'pOWWindows, etc.), but the entire CRM-array might be regarded
levels is caused by the output window [5], which is limited,g 5 more complicated system than the single-beam CRM in
by its power d|35|pat|on capabilities. . terms of the electronic circuitry complexity.

Several types of microwave tubes with more than one an agyanced scheme of the CRM-array integrates a phased-
electron-beam (i.e., multibeam tubes) have been proposed ﬁﬂcclty antenna into the device itself [14]. The radiation power
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Fig. 2. Nonperiodic CRM's as elements for 2-D CRM-arrays. (a) A rectangular-waveguide CRM [15] and (b) its uncoupled array version. (c) A neadispersi
double-stripline CRM [16] and (d) its strongly coupled array. (e) A dielectric-loaded stripline CRM [17] and (f) its array version. In all scBemes,
denotes the axial magnetic field in the entire volume.

This paper presents the CRM-array concept comprehdeams are emitted by a cathode array with small kickers
sively. It proposes several new CRM-array schemes, aatlached to each element. Several new conceptual CRM-array
reports on progress in related theoretical and experimentahemes are presented.
studies toward the development of practical CRM-arrays.

The paper is organized as follows; Section Il presents new
schemes of 2-D and three dimensional (3-D) CRM arraya, Nonperiodic CRM Arrays

in periodic and nonperiodic structures (these are presenteq.h - : .
. . . e simplest CRM-element for an array integration is prob-
as extensions of previously studied 1-D CRM modules& b y 9 b

. . . —ably the one implemented in a uniform rectangular waveguide,
Section Il introduces the CRM-array antenna concept with y P g 9

numerical example of a 33-GHz device. Section IV presentsa% shown in Fig. 2(a). This elementary CRM device was
multimode analysis of a 2-D CRM-array, and Section V sho studied first by Petelist al. [15] in the early 60’s. A 2-D-array,

first . tal its of this device fed b f i oposed on the basis of this element, is shown schematically
ISt experimental results of this device ted by an array of iy Fig. 2(b). In an amplifier scheme, the input signal is divided

garbon-fiber cathodes. Sectﬁon VI concludes the paper Wiﬂhﬁwong the input ports of the CRM elements. The output
list of proposed future studies. power can be radiated then directly from the exit plane as
an antenna, and combined in the far-field. Alternatively, it can
Il. CRM-ARRAY SCHEMES be combined into another waveguide. In an oscillator scheme,
The CRM-array consists of many 1-D CRM channels, eadoupling holes in the side walls of the adjacent rectangular
operates with a low-voltage, low-perveance electron beamaveguides may ensure the synchronism and coherence among
The different channels may be strongly coupled togeth#re CRM-array elements. Similar to the gyrotron, this CRM-
through the waveguide lattice. This coupling may enhanegray is a narrow-band device.
synergistic effects, increase the output power further, and/orA widely tunable CRM-array can be constructed on the basis
improve its coherence. (It should be noted, however, that thig the double-stripline CRM device shown in Fig. 2(c). This
coupling among the CRM-array elements is not essential éement was studied experimentally in an oscillator scheme
principle. These elements could be independent single-beand demonstrated a tunability range of more than an octave
CRM amplifiers to which the input signal is divided.) Thg16]. A second cyclotron harmonic interaction was observed
CRMe-array is subjected to a common magnetic field, generatedthis experiment, as well. A CRM-array is proposed on the
for instance by coils surrounding it. The separate electrtmasis of these elements in a shamggkén-spaceas shown in
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Fig. 3. Periodic CRM’s and the corresponding CRM-array schemes. (a) A CRM in a rectangular waveguide loaded by metallic posts. (b) A CRM-array in
a 2-D structure of metallic posts. (¢) A CRM in a quadrapole waveguide periodically loaded by disks. (d) A 3-D CRM array in a quadrapole lattice.

Fig. 2(d). This CRM-array scheme is characterized by a stronf the fundamental frequency, and the transverse distance
coupling among its elements. between the two columns determines the frequency bandwidth.
The anomalous Doppler effect was observed in thglinear model of CRM interactions with slow and fast waves

dielectric-loaded stripline CRM shown in Fig. 2(e) [17], [18]in this waveguide is presented in [19]. Amplifier [20] and
This effect can be implemented also in a new dielectrigrscillator [21] experiments of this 1-D scheme were conducted
loaded CRM-array, as proposed in Fig. 2(f). As the devicg x-pand frequencies (8-12 GHz) with electron-beams of
shown in Fig. 2(d), this CRM-array is characterized by 210 kev. The latter experiment yielded a coherent output
strong coupling among its elements, and by a wide tunablhgf a 0.4-kW power at>25% efficiency. A CRM-array in
range. In additiqn, it may exhibi';a}llarge.DoppIer up-shift, ang 2-D periodic waveguide is presented in Fig. 3(b). In this
an anomalous interaction with initially linear electron beamERM—array, separate electron beams perform, simultaneously,
(i.e., with a zero initial transverse velocity). ’ . . . ; s

a cyclotron interaction with a single Bloch wave in the artificial

lattice. A theoretical analysis of the CRM-array [13] predicts a
B. Periodic CRM-Arrays considerable gain in a single mode. The mode selectivity and

The first CRM-arrays presented in [11]-[13] have beesPectral purity in this device stem from the spatial filtering due
developed as 2-D extensions of the periodic-waveguide cRmMthe 2-D periodicity. First experimental results are presented
scheme shown in Fig. 3(a). In the 1-D device, the waveguidie [11] and [12].
includes metal posts in two columns, where the electron-beanfAnother periodic CRM device which can be extended
flows in between them. This waveguide acts as a bandpg#ectly to a 3-D-array is the quadrapole CRM, shown in
filter (BPF) where the longitudinal distance between adjaceiig. 3(c). This periodic structure consists of a quadrapole
posts (i.e., the waveguide period) is roughly a half-wavelengttansmission-line with an array of disks along it, hence, it com-
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by a quarter-wavelength between them to produce circularly
polarized waves. (In future schemes, the metallic posts in
this artificial lattice can be used also as DC current leads
to induce magnetic fields in the entire volume, instead of
an external solenoid.) The other 3-D CRM-array shown in
Fig. 4(b) is proposed here as a version of the dielectric-
loaded stripline CRM-array [Fig. 2(e) and (f)]. Miniature
versions of this device can be implemented by methods of
microwave-integrated-circuits (MIC). The various elements
can be constructed on the same substrate with their peripheral
components, such as an input power divider, couplers, and
output antenna elements (note that even the cathode array can
be “printed” on the same substrate, where the device operates
as an array of trochotrons [23]).

metallic
posts
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I1l. CRM-ARRAY ANTENNA

J U U U

By The CRM-array presented in Section Il might have a useful

feature as an active phased-array antenna incorporated in
(@ the device itself. The output radiation could be emitted then
directly from the exit aperture of the CRM-array, as shown
in Fig. 1. The wide cross section of the output aperture
may alleviate output-window problems which limit gyrotrons’
output power [5].

In the basic CRM-array antenna scheme, the radiation is
emitted from the exit plane to the far-field in a fixed radiation
pattern. In more sophisticated schemes, the CRM-array may
-diclectric have features of an active phased-array antenna, in which
slabs focusing, steering, and splitting of the radiation lobe are

manipulated by varying the voltage profile across the cathode
array (as proposed before for free-electron lasers (FEL's) [24]).
A simplified model for angular steering in a CRM-array
antenna is derived in [14]. The concept is demonstrated by the
/ By

metallic
strips

CRM scheme shown in Fig. 2(b). In this example, we assume
that the waveguide elements are not coupled together. The
device operates here as an arrayndfamplifiers, where the
input signal is equally divided among the CRM elements. The
Ymplitude and phase at the output port oftilie CRM element
depend on its physical operating parameters. The Pierce-type
gain-dispersion relation which describes the CRM interaction
bines both azimuthal and axial periodicities. This waveguidg the linear regime, is written in the form
supports transverse electro-magnetic (TEM) modes and there- , .
Iﬁre respoan as a_BPE with uniformly spaced passbands (i.e., An(8) = {S . (S . 9n) Qn(§)} Aq 1)

e waveguide period is roughly a multiple half-wavelength
at the passband center frequency). This CRM is tuned to . .
operate when the cyclotron harmonic frequencies coinci#é1ere Ao and A,(3) are thenth element input and output
with the waveguide passbands. In a recent experiment witRldS, respectivelys denotes the normalized Laplace trans-
a tenuous low-energy electron-beam (10 keV, 0.2 A) [22P™M variable, and,, is the normalized tuning parameter
this device oscillated at the fundamental and high harmonics 6 —

. = (W —wen — k. Vo n)Tn (2

of the cyclotron frequency. Here, we propose to incorporate ’ ’
single-beam quadrapole CRM elementsuag-cellsin a 3-D  of the nth element. In (2)w andk. are the angular frequency
lattice, to form the CRM-array shown in Fig. 3(d). The strongnd axial wavenumber of the em-wave in the waveguide,
coupling among the elements in this 3-D lattice may excitergspectivew,vw and w,. , are the axial velocity and the
CRM interaction with a single Bloch wave. cyclotron frequency of theth electron beam, respectively, and

Other proposals for 3-D CRM arrays are shown in Fig. 4(a), = L/V. ,, is the electron time of flight along the interaction
and (b). The first one is a 3-D extension of the periodigegion, L. The normalized gain parametér, depends on the
waveguide schemes shown in Fig. 3(a) and (b). It combingth electron beam current and energy, and on other parameters
two 2-D-arrays in perpendicular directions. These are shifted in [19], for instance.

(b)

Fig. 4. 3-D CRM-arrays in (a) a lattice of posts and (b) in a stack of dielectr
slabs coated by metallic striplines.
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TABLE | 1.8
NuUMERICAL EXAMPLE OF A CRM-ARRAY ANTENNA
Axial magnetic field By 10.5 kG 16
<
Frequency f 32.8 GHz —
ony
Qa4
Electron beam current Ten 0.8-1.8 A 5 ’
(&]
Electron beam voltage Ve 14-18 kV &
© 42
q) . |
Pitch ratio V./V, 1 '?
[¢]
Waveguide width (distance d 3.6 mm 1
between adjacent elements)
Interaction length L 0.6 m 08
14 15 16 17 18
Number of elements N 20 -

e-beam voltage [kV]

Phase difference between

. A 0,30,60  Deg. Fig. 5. Gain and phase contours of a single CRM-element for the parameters
adjacent CRM elements

listed in Table I. The solid and dashed lines are gain and phase contours,

respectively, versus the electron-gun voltage and current.

Maximum steering angle 0,12,24  Deg.

For the entire CRM-array antenna, the far-field radiatiom= 7o
pattern is approximated by [25]

c—ikoR N , ,
R ZAnGJ("kId_%)/Em,ne]’““”da:
Y[3
n=1 z
3)

where # is the spatial azimuth angle4,, and ¢, are the
amplitude and phase of theh CRM-element output, respec-
tively, computed by an inverse Laplace transform of (1). Th
elements are separated by a distancen the z direction,
E, ,, is the electric-field at thexth element aperture (along
which the integration is performed}, = kosind is the
transverse wavenumber componeht,is the radial distance
from the antenna, and, andk, are the free-space impedance
and wavenumber, respectively. The far-field powelr density is 80
computed by the Poynting vecttf| = |E x H| = Z; ' |Es|?.

The numerical analysis dictfti's h|ow to |contrgl |the|accel- 0 [Degreesl
erating VOItage and the current of theh electron beam, Fig. 6. An angular steering of the 20-element CRM-array (Table I) shown
V., and I,,, respectively, in order to synthesize the desirety radiation patterns for phase differences 8f 80°, and 60 between the
amplitude and phase difference between the CRM elemefqfiM-elements.
in the array. A numerical example for a 33-GHz device

employs the parameters listed in Table I. Fig. 5 shows thg 3 radiation source integrated in a particle accelerator. The

CRM output in a contour plot of amplitude and phase versgsrM-array may act then as an end-fire near-field antenna, as
the electron-beam current and voltage. This graph is used{f pe described elsewhere.

synthesize the CRM-element operating conditions, according

to the desired amplitude and phase. Fig. 6 shows examples of

radiation lobes in different steering conditions for an array of IV.  COUPLED-MODE CRM-ARRAY ANALYSIS

20 CRM elements. Steering angles of Hhd 24 are obtained  Unlike the example in Section Ill, most of the CRM-array

for phase shifts of 30and 60, respectively, between each twoschemes presented in Section Il involve a strong coupling

adjacent CRM elements in the array. among their interaction channels. The wide aperture of the
CRM-array antennas could be used in various applicatiorssray dictates then a multimode CRM interaction. A matrix

including radars, power beaming, plasma heating, and mateRarce-type equation [an extension of the scalar equation (1)]

processing. Another application of the CRM-array could kie derived for the analysis of the multimode CRM-array in the

Ey(8) = jkoZo

50|

Powet density [dBm/S
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TABLE 1l 10
PARAMETERS OF A 2-D CRM-ARRAY EXPERIMENT
Electron beams 9L
Number of beams <5
Accelerating voltage ~10 kv sl IR
Current per beam ~0.25 A g : 3rd mode
Radius ~2 mm e
3 7k
Pitch ratio (estimate) <2 S
Pulsc width -1 ms g T
i T nd mode
6 [
Waveguide parameters MM o
Total width 69 mm ./././.4
5 M
Height 22 mm - .o 1st mode
Length 62 cm
4 \ I \ I !
0 20 40 60 80 100
Number of posts in a row 6 .
Axial wavenumber [1/m]
Post diameter 2 mm
T rse periodicit 14 mm Fig. 7. A Brillouin dispersion diagram of the 2-D periodic waveguide shown
ransverse peniodicity in Fig. 3(b) for the parameters listed in Table Il. The curves shows theoretical
Axial periodicity 30 mm results. The dots are the measurements described in Section V-A.
Number of full periods 20
Number of half-periods 25
at cach end reflector 2
20 -
Axial magnetic field
3rd mode
Kicker coil ~0.4 kA-turns 15 -
Solenoid field 1.8-2.8 kG o
c
®
=)}
linear regime. In this analysis, the em wave is expressed as % 51
composition of (periodic) waveguide modes, where each modé&-
is composed of spatial harmonics, as follows: ol AL~ N
o o (
—JBmiz | o 1eb
E(r) = Z Am(2) Z emi(ry)e™" + 2B (r) 5L 1st mode
m=1 k=—0c0
(4) 2nd mode
where m denotes the order of waveguide mode atgl(z) 0L I | I !
is its slowly varying amplitude. Each mode of the periodic 5 6 7 8
waveguide is expanded to spatial harmonics, wherg is Frequency [GHz]

the axial wavenumber of theth spatial harmonic of thexith ) : ,
. . . Fig. 8. Gain curves in the first three modes calculated for the CRM-array

mode, ang,, is its transversely dependent vector coefflmenﬁarameters in Table II.
The term E<® denotes the axial electrostatic wave in the
electron beams, expanded by the membrane functions of the ) ) ) _ )
waveguide modes. gain-dispersion equation which describes the evolution of the

A self-consistent set of equations, including the Maxwel@mplitude and phase of the coupled waveguide modes in the
Lorentz, and Vlasov equations, describes the CRM interacti6RMPlex Laplace space, as follows:
between the Bloch waves and the electron beams. A standard N -1

. P . .. . 1 i N -2

per_turba_tlon analysis is appl_led along the characteristic "”ﬁﬁg) = |su - _£(§)71 Z (§Q o ) Q ()| 4, 6
to linearize the system. In this analysis, each electron beam is 2 v/ =r
assumed to be a monoenergetic (cold) beam, but the energy of R
different beams is not necessarily equal. An integral Laplaeénere the output vector(s) consists of the output signals
transform in thez dimension yields a generalized set obf the modes4,,(s). Similarly, the input vectord,, contains

coupled algebraic equations. The derivation results in a matthe mode expansion of the input signél, denotes the unit

r=1
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Fig. 9. Reflection and transmission SNA measurements (traces 1 and 2, respectively) of the 2-D periodic waveguide described in Table II.

matrix, P(8) is a matrix which contains the mode powers, ansingle-mode region covers the first passhands of the first three
@T is a diagonal matrix for the mode tuning with respect tperiodic-waveguide modes and partially the second passband
the rth resonance condition [its elements are similar to (2)pf the fundamental mode. The multimode region begins at
The gain matrixQ (§) represents the CRM Cross_coup"n&.? GHZ, where the fourth mode intersects with the second

among modes and electron beams, and it depends on the bB&gsPand of the first mode. (The dots on the first passband
currents, energies, and initial transverse velocities. curve are wavegwdg measure_ments described in Section V).
Equation (5) describes a multiresonance operation of tﬁ@' 8 shows the gain calculation results for the CRM-array

CRM-array. The sum oveN, different resonances enablesmteraction with five eIec_tron_beams_. Axial_magnetic fields of
y N v I 1.8, 2.25, and 2.85 kG yield interactions with the fundamental

for instance, to let each electron beam a slightly different ) . . )
. . : ; monics of the first, second, and third modes, respectively.
resonance conditions to widen the gain bandwidth (as studie .
he theoretical model presented by (5) can be used to

recently in [9]) or it may describe simultaneous interactionsnalyze CRM-array antennas in which the CRM channels are
with different modes, etc. The matnx galn-dlsper5|on ( oupled together, as done in Section IIl for the uncoupled
preserves the form of.the scalar Plerce—-type equation (1). M-array. The limitation on the radiation steering range due
poles describe the shifts of the harmonic wa\_/enumbgr;s to the coupling among the array elements is a subject of a
in the complex Laplace plane due to the CRM interaction, a’&ﬁrrent study.

the corresponding residues represent their amplitudes.

The solution of (5) is illustrated by a numerical example V. CRM-ARRAY EXPERIMENTS

of a single resonance interaction in the device shown inggyeral 2-D and 3-D CRM-array schemes are under in-
Fig. 3(b) for the experimental parameters listed in Table {logtigation in our laboratory. The first is the 2-D periodic-
(the experiment is described in Section V). The five electrqpayeguide scheme shown in Fig. 3(b). This waveguide was
beams have a circular, transversely uniform cross-section, afigdied before in an array of 424 posts, with one and
they possess the same energy and current. Fig. 7 is a sectiofgf electron beams emitted by thermionic cathodes. Detailed
the calculated Brillouin diagram which shows the dispersiaskperimental results obtained by this setup are presented in
curves of the first four modes of the 2-D periodic-waveguidgi 2]. More recently, another 2-D CRM-array with-620 posts

as results from the model derived in [13]. The analysis showgs constructed, with five carbon-fiber emitters. These cold
that in a frequency range of one octave, from the fundamengaithodes, operating at low voltages, are simple to use [26],
cutoff frequency 4.8 GHz, up to 9.7 GHz, only one mode magnd therefore they are attractive for large-scale CRM arrays.
propagate in the waveguide at any given frequency. Hence, Dther type of cathodes studied for the same application are
waveguide acts as a mode selector at this frequency range. bheed on ferroelectric materials [27].
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Fig. 10. Experimental setup of the 2-D CRM-array, with the parameters listed in Table II.

TABLE Il
PARAMETERS OF A 3-D CRM-ARRAY EXPERIMENT 68
Cavity lattice 5 _
- o6 z
Volume 88x88x275  mm’ g °
& g
5 c)
Number of posts 4x4x21 ~§ 04 ;
8 g
Post diameter 4 mm
Transverse periodicity 18 mm 02
Axial periodicity 25 mm
o .
200 250 300 350 400
Electron beam array Time - [us]
(@
Number of beams 3x3
Accelerating voltage <20 kv .
Current per beam ~0.2 A L ll” j
075 + [N ToC R, ¥ ~IVTEW I | Y] ,
S i 4
o r It I a Z e .
2. T - >
Axial magnetic field ~ m ’ ] .\""““‘"—“—A—\ﬁ.c =
a g 3 g
= 05 + i =
Helmbholtz coils ~2.5 kG @] i =
] >
8 2 5
8 =
A. Cold Waveguide Measurements 025
) ) ) ) ) ) ) 41
The waveguide dispersion diagram shown in Fig. 7 is a key
element in the analysis of the CRM-array. An experimental
o . . ) 0 . . o
method, similar to [28], is used here to construct the dispersion 200 250 300 250 400 250 500

curve of the 2-D periodic-waveguide shown in Fig. 3(b). Time [us]
This method is based on a set of scalar network-analyzer ()
(SNA) measurements. The waveguide is terminated in thq_se

. . i0. 11. Radiation bursts observed in the 2-D CRM-array experiment, oper-
measurements by matched loads, instead of shorts as in [2fhg with (a) three and (b) five carbon-fiber cathodes.
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Fig. 12. The 3-D CRM-array experimental device described in Table Ill.

Fig. 9 shows the SNA reflection and transmission trac@sstance, yields an approximated dispersion relation with the
of the 2-D waveguide listed in Table Il. The reflection andoefficientsag = 5.181, a; = —0.3443, and a; = 0.0315.
transmission scattering parameters of a finite, lossless periodibe agreement between this measurement outcome and the
waveguide withV,, axial periods can be written in the form theoretical dispersion curve in Fig. 7 is better than 1%.

g _ S11sin SoNypp (6a) .

7 sin BoN,p — Sa1 sin o (N, — Lp B. CRM-Array Experimental Setups

The 2-D CRM-array experimental setup is shown in Fig. 10,
and its parameters are listed in Table Il. The five carbon
fiber emitters are driven by negative pulses generated by
where 51; and S»; are the reflection and transmission scajngependent pulsers. Thignition of each cathode causes an
tering parameters, respectively, of a single period elem®nt, aprupt fall in its voltage, down to 1 kV during emission. The
is the fundamental harmonic wavenumber, and the period glectrons are emitted toward the grid in a ground potential.
length. The phase shift along one periodfgp, and along The accelerating voltage in the second stage (from the grid
the entire waveguide i8/,3op. The dispersion relatioff(5) 1o the anode) is provided by a Marx generator. The electron
shown in Fig. 7 corresponds to an infinitely long waveguidgeams are spun up by a kicker, and rotate along the axial
According to (6a) and (6b), the resonance frequencies of th§enoid field compensated by Helmholtz coils. The five

S(Np) _ Sa1 sin Fop
2 sin Bo Npp — Say sin Bo(N, — 1)p

(6b)

finite length periodic waveguide satisfy electron beams, in energies of less than 10 keV, are injected
r into the corresponding channels in the 2-D periodic waveguide,
Polfr) = N—pp (M) and interact with the em wave. The periodic waveguide is

terminated by half-period reflecting sections in both ends. The
where f. is the rth resonance frequency of the finite waveoutput signal is radiated from the exit plane of the waveguide
guide, andr = 1,2,...,N, — 1. Note that in resonance,to free-space, and is detected in the near-field by a horn
(6a) and (6b) yieIdSl(JfrP) = 0 and nglvp) = 1, respec- antenna. The output signal is filtered, attenuated, detected, and
tively. Hence, the 19 resonances in the SNA reflection awiisplayed by the diagnostic setup shown in Fig. 10. Radiation
transmission traces in Fig. 9 correspond to the 20 periodsrsts emitted in preliminary experiments by the 2-D CRM-
of this waveguide. The resonance valuesf f,.) which array are shown in Fig. 11(a) and (b), for operations with three
result accordingly from Fig. 9 and (7) are marked by 18nd five carbon-fiber cathodes, respectively. A bandpass filter
dots in Fig. 7. The entire dispersion curve can be interpolaté®PF, 4.7-5.3 GHz) reveals frequency differences between the
by a cosine series [28]f(80) = SM_, am cos™ Bop. For radiation bursts in Fig. 11(a).
matched terminators the approximation order can be chose®\ 3-D CRM-array experiment under construction in our
in the range2 < M < N, — 1. An order of M = 2 for laboratory is based on the scheme shown in Fig. 4(a). The
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parameters of this experiment are listed in Table Ill. ThR2] L. Lei and E. Jerby, “Two-dimensional cyclotron-resonance maser array
output plane of the 3-D lattice is exposed by a 6-in vacuug?3 spectral measurements?hys. Rev. Evol. 59, pp. 23222329, 1999.
|

. . . M. Korol and E. Jerby, “Linear analysis of a multibeam cyclotron
window as an antenna aperture shown in Fig. 12. The magn resonance maser arrayPhys. Rev. Evol. 55, pp. 5934-5947, 1997;

field is provided by Helmholtz coils (not shown in Fig. 12).  and references therein.

e _ ; et [14] A. Kesar and E. Jerby, “Radiation beam steering by a CRM array,” in
This 3-D CRM-array experiment is intended to demonstrate o Proc. Int. Res. Workshop CRM'’s Gyrotroida’ale Hachamisha, Israel,

CRM-array-antenna with a fixed radiation pattern. May 18-21, 1998, p. 48.
[15] M. Petelin, private communication.
[16] E. Jerby, A. Shahadi, R. Drori, M. Korol, M. Einat, I. Ruvinsky, M.
VI. DISCUSSION Sheinin, V. Dikhtyar, V. Grinberg, M. Bensal, T. Harhel, Y. Baron,
A. Fruchtman, V. L. Granatstein, and G. Bekefi, “Cyclotron resonance
The research and development of the CRM-array concept maser experiment in a nondispersive waveguidEEE Trans. Plasma

is proceeding in several directions including 1) a conceptu, Ir Sci, vol. 24, pp. 816-824, 1996.
a

.~ [1/] M. Einat and E. Jerby, “Anomalous and normal Doppler effects in a
development of new CRM-array schemes, 2) a theoretical” gielectric-loaded stripline cyclotron resonance maseP§ys. Rev. E

modeling of strongly coupled CRM-arrays, 3) development of  vol. 56, pp. 5996-6001, 1997.

: . : G. Nusinovich, M. Korol, and E. Jerby, “Theory of anomalous-Doppler
waveguides and artificial lattices, and methods to measure tHef CRM amplifier with tapered parametersPhys. Rev. Evol. 59, pp.

dispersion characteristics, 4) studies of cold cathodes made 23112321, Feb. 1999.
of carbon fibers and ferroelectric plates, and 5) experimenfé\ﬁi’] E. Jerby, “Linear analysis of periodic-waveguide cyclotron maser inter-

. . action,” Phys. Rev. Evol. 49, pp. 4487-4496, 1994.
demonstrations of 2-D and 3-D CRM-arrays. The prel'm'nar[}éO] E. Jerby and G. Bekefi, “Cyclotron maser experiments in a periodic

work presented in this paper should be followed by intensive waveguide,’Phys. Rev. Evol. 48, pp. 4637-4641, 1993.

i in all th in order vel racti ] E. Jerby_, A. Shahadi, V. Grinberg, V. ch_htlar, E. Agmon, H. Golor_nbek,
studies all these aspects, order to develop a p actical V. Trebich, M. Bensal, and G. Bekefi, “Cyclotron maser oscillator
full-scale _CRM'arraY- _ experiments in a periodically loaded waveguidéEEE J. Quantum

The ultimate CRM-array may consist of tens and even Electron, vol. 31, pp. 970-979, 1995.

hundreds electron-beams, in coupled interaction channels.[fd Y. Leibovich and E. Jerby, "Cyclotron-resonance maser in a
periodically-loaded quadrapole transmission-liné®hys. Rev. E to

advantages could be 1) a compact size and small system pe published.
overhead due to the low-voltage and relatively large effectiye3] W. Lawson, M. Garven, and G. Nusinovich, “On the design of electron

_ : _ guns for CRM's utilizing trochoidal electron beamsiEEE Trans.
volume, 2) reduced space_ charge effects in se_parated low Plasma Scj.vol. 24, pp. 999-1004, 1996; and references therein.
current electron beams, 3) improved spectral purity and mog] E. Jerby, “Angular steering of the free-electron-laser far-field-radiation
selectivity by the lattice dispersion, and 4) features of active_  beam,”Phys. Rev. Avol. 41, pp. 3804-3811, 1990.

. O[F%]n R. E. Collin, Antennas and Radiowave PropagatiorNew York: Mc-
phased-array antenna steered by an electronic phase-contr Graw Hill. 1985,
the electron-beam accelerating voltages. [26] A. Shahadi, E. Jerby, Li Lei, and R. Drori, “Carbon-fiber emitter in
a cyclotron-resonance maser experimemyicl. Instrum. Meth. vol.
A375, pp. 140-142, 1996.
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