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A 8 mm band relativistic magnetron is investigated experimentally and by means of numerical simulation. The
physical effects are analyzed which influence negatively the r.f. generation. The processes capable of reducing ef-
fectiveness of the generation and duration of the generated pulse include forward and backward axial flows of elec-
trons, and intense electric fields — the generated microwaves and the fields owing to the space charge.

PACS: 52.80.Pi

INTRODUCTION

The paper presents results in the sequel of our stud-
ies [1, 2] of the millimeter wave relativistic magnetron
(RM). A number of physical phenomena are considered
which can negatively affect the operation of a RM, spe-
cifically the “spurious’ electron flows in the electrody-
namic structure (EDS), not contributing directly to the
r.f. generation, and the electric fields of high intensity in
the anode-cathode gap (both the generated r.f. field and
that of the space charge) which apparently randomize
the ExB drift motion of electrons, thus violating the
wave-particle velocity synchronism necessary for the
generation.

1. MAGNETRON STRUCTURE

The diode system of a millimeter wave RM is ex-
pected to meet some mutually contradicting conditions.
On the one hand, it seems desirable to increase the gap
size d¢4, such that appearance and extension of the
near-electrode plasma should not affect excitation of the
EDS eigenmodes [3]. On the other hand, the drifting
electron flow should move closer to the EDS resonators
in order to maximize the particle-field interaction in the
generated microwaves (hence, d¢y <A/2). With this in
mind, we have created a few versions of the millimeter
wave relativistic magnetron with coaxial extraction. The
latest version of the coaxial structure is shown schemat-
ically in Fig. 1. It allows quick replacement of the cath-
ode and basic units of the EDS, as well as of the micro-
wave extraction unit.

The high voltage input pulse (Uy=100...350 kV,
tp=35...40ns) is fed from a dual pulse-forming line
with the output impedance 16 Ohm which is connected
to the coaxial vacuum diode 1 (see Fig. 1). The multi-
cavity resonant EDS of the magnetron, incorporated in
the anode block 8 ends with an axial extraction unit for
the microwave energy, coupled to a conic horn 9. The
EDS is placed inside an oversized circular vacuum
waveguide 10 (made of a stainless steel pipe, diameter
80 mm and L=600 mm), provided with a radio-
transparent window at the end face. At the same time,
the waveguide 10 serves as a current collector and an
electrode for return currents from the anode block and
the collector electrode. The removable cylindrical cath-
ode 7 (made of stainless steel, dc=12...16 mm) is fixed
to a long holder 6 (stainless steel, dy=12 mm). The
cathode-anode gap (dca=3 to 8 mm) is specified by the
diameter of the replaceable cathode.
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To measure axial currents and further estimate the
anode and the collector current magnitudes, two net
current monitors 3 and 4 (Rogowski coils) are placed to
the left and to the right of the EDS unit.

5 6 7 8 9 10
Fig. 1. Schematic view of the RM: 1 — vacuum diode;
2 — impulse solenoid; 3, 4 and 5 — current monitors;
6 — cathode holder; 7 — cathode; 8 — anode block (ESD);
9 — horn; 10 — oversized waveguide

The outer surface of the waveguide 10 accommo-
dates the impulse solenoid 2 that serves to create a fo-
cusing magnetic field of induction up to 0.8 T. The edge
fields of the solenoid have been calculated so as to min-
imize the damage of surfaces of the vacuum diode’s
dielectric insulator and the extracting window impacted
by the electron flows emitted by different parts of the
cathode holder 6.

2. PERFORMANCE OF RM48

The results of experiments (and of theoretical anal-
yses) showed no qualitative distinctions between EDSs
with different numbers N of resonators (i.e., N=32, 40 or
48), therefore we will quote below only the data for
N=48.

The geometries of the EDS and the conical micro-
wave extracting horn had been pre-optimized within a
numerical 3D model that employed a particle-in-cell
(PIC) simulation technique. The same simulator was
used to study the particle and field dynamics in the
magnetron, under the conditions of either fixed or elec-
tric field dependent (explosive) emission from the cath-
ode.

2.1. EIGENMODES OF THE EDS

The eigenfrequencies of a ‘cold’” EDS are given by a
dispersion relation which has been derived here for a
coaxial structure of a finite length along the z-axis. With
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the assumption that the dependence upon Z is absent
(ﬁ =0, the 2D case) the general relation splits into two
1o/4

independent equations for TE and TM modes, respec-
tively, each of the form that was first derived back in
1940s [4]. A mathematically rigorous derivation and
analysis of the 2D equation for TE modes were later
suggested in paper [5]. Shown in Fig. 2,a are dispersion
curves of free microwave oscillations in a ‘cold” EDS of
the RM48, computed within the 2D approximation for
two spatial harmonics (m=0 and m=1). The points where
these curves intersect with the straight lines 2zf = kvp,
representing the dispersion law of an electron beam that
moves at the drift velocity vp through crossed E and B
fields, determine possible operating frequencies of the
device. As can be seen in the Figure, beam velocities vp
about (0.1...0.3)c suggest a possibility of driving oscil-
lations similar to the z-mode, at four frequencies from
the range (37.5 to 43 GHz) of the fundamental spatial
harmonic, and close to the z/2-mode at three higher fre-
quencies within the first spatial harmonic.
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Fig. 2. The dispersion diagram (a) and operational
regimes (Hartrey-Buneman diagram) (b) for the RM48,
dca=5 mm

The results are in agreement with the computed oper-
ation regimes of the RM48 shown in Fig. 2,b. The opera-
tion diagram is based on Hull’s cut-off condition for the
anode current, and resonant excitation of the EDS by a
Brillouin drift flow in crossed E, and B, fields, as ob-
tained with account of relativistic corrections, following

paper [6].
2.2. RESULTS OF EXPERIMENTS AND
3-D SIMULATIONS

The generation of microwaves was observed in the
RM48 in a broad range of magnetic fields, B;=0.35 to
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0.8 T and applied voltages, Uy=100...300 kV. The gen-
erated frequencies lay within 37...43 GHz. The opera-
tion parameters (namely, frequencies, oscillation modes
and excitation conditions) were in a fair agreement with
the computed results that follow from the dispersion
relation (see Fig. 2,a) and the operation diagram (see
Fig. 2,b), as well as from numerical simulations of an
operating RM48. The simulations corroborated excita-
tion of oscillations close to the z-mode and less fre-
quently, to z/2-mode for m=0, -1 spatial harmonics.

Fig. 3 illustrates the r.f. electric field distribution
near the surface of the EDS and the millimeter-band
spectrum obtained for a typical structure and driving
conditions of the RM48, namely da=22 mm,
dca=3.5 mm, La=6 mm, applied voltage at the cathode -
150 kV and magnetic field induction 0.43 T. As seen in
the left (a) part of the Fig. 3, the r.f electric field com-
ponent demonstrates a spatial pattern very close to the
distribution in the z-mode. The spectrum estimated for
the output horn (see Fig. 3,b) also corresponds to the
analytical prediction for this mode (i.e. a frequency line
about 37 to 41 GHz).
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Fig. 3. Electric field distribution near the reéonatoré
(a), and spectral density of the radiated electric field in
the horn (b) (J=0.5 kA, B;=0.43 T, and dca=3.5 mm

Fig. 4. General view of the anode block, with the
microwave extraction horn and casing of the Rogowski
coil (left panel), and structured traces of electric
discharges on the cathode (right panel)

Fig. 4 shows traces left by microwave discharges on
the cathode of the RM48. It seems likely that the longi-
tudinal strips 1 on the cathode result from small-scale
discharges controlled by the local spatial structure of the
EDS, while the spots 2 correspond to larger scale dis-
charges occurring in concentration areas of the E-field,
near edges of the EDS resonators. The disposition of the
microwave breakdown spots, namely at every other pe-
riod of the EDS structure that was manifested in the
majority of cases of generation in the experiment, is
evidence for oscillations of the z mode.

Fig. 5 presents measured intensities I, of the micro-
wave signal in dependence on strengths of the electric
field in the cathode-anode gap and the external magnetic
field, 1,(E0,Bo). The three groups of points in the Figure
correspond to electric field strengths E, calculated for
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several gap widths (3, 4, and 5 mm) and different ap-
plied voltages, 110 to 200 kV. The three groups are well
separated along the field strength axis, Eo, while within
the groups the measured points demonstrate similar
1.(£o) and 1,(B,) dependences. As can be seen, each of
the groups contains an area of sharp 1,(Eo, Bo) varia-
tions, with the value dropping off toward smaller £, and
Bo (Hull’s cut-off). Another area corresponds to a max-
imum generated intensity, and yet another to a moderate
fall-off at high values of £, and By.
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Fig. 5. Radiated field intensities from the RA48
for a variety of £y and By

3. FACTORS TO UPSET GENERATION

The experiments have shown that the conditions ena-
bling microwave generation were fulfilled only over a
part of the full current’s pulse duration. The r.f. pulse
was, in practically all operational regimes, of a much
shorter length than the driving impulse. The duration
could vary between 2 ns and 7 ns depending on the oper-
ating conditions (Fig. 6,a). Also, the r.f. emission was
characterized by a noticeable variability of parameters
and low efficiency in terms of power, P. The electron
efficiency of the RM estimated as the ratio Py/(Uolo)
never exceeded 1%.

Apparently, we have faced some impeding factors
during our experiments that are capable of deteriorating
magnetron generation in a much tougher way than is
typical for relativistic magnetrons of the X-band [3, 7].
Appealing to the knowledge of destructive processes in
millimeter wave relativistic devices of O-type [8], we
can indicate probable unfavorable effects for the RM as
well, namely plasma formation along surfaces of the
device electrodes in static E-fields; anode bombardment,
and microwave breakdown.

In view of the characteristically short duration of the
generation pulse in the RM48 (t,=2 to 7 ns) the effect of
cathode-anode gap filling with the plasma due to the
static electric field cannot be significant. Indeed, the in-
ter-electrode plasma flows manifest themselves after
times about tg corresponding to ambipolar diffusion in
a magnetized diode. The diffusion rate normally is v ~
(10 to 20) mm/ps [3], hence for the 3 to 5 mm gaps rep-
resentative of the experimental magnetrons (N=48) we
obtain tgis ~150...500 ns, which is much longer than the
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r.f. generation times t, (once again, u stands for ‘micro-
wave’).
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Fig. 6. Net current waveform J in current monitor 5

(cf. Fig. 1) and that of the A= 8 mm signal in the RM,

10 ns/div (a). Voltage and current pulsed waveforms
in monitors 5, 3, and 4, 25 ns/div (b)

More effective, at a first glance, seem to be the
plasma processes that develop along the EDS surface
over lengths about the structure’s spatial period (say,
2 mm as in our case). Then the plasma particles moving
along magnetic lines of force have enough time to cover
resonator lengths over tqi about tens of nanoseconds.
The quickest among plasma formation processes is the
electric breakdown between the resonators, owing to
microwave fields. However, for the breakdown to occur
it is necessary that the generated r.f. field should have
increased to the critical discharge level. The threshold
condition known for vacuum electronics devices is a
voltage level of 10 to 20 MV/m [8], also dependent on
the pulse duration. The familiar O-type devices generate
millimeter wave pulses of duration 50 to 100 ns at pow-
er levels of a few hundred megawatts [9]. If in their case
the pulse duration and intensity had been limited by r.f.
breakdowns between the resonator electrodes, then the
characteristic generation time t, in the magnetron
should have been estimated as roughly of the same
magnitude. Quite evidently, this is not so, and the limit-
ing factors acting in the magnetron are tougher.

Another factor that can negatively affect the generat-
ed pulse intensity and duration in the RM is the exist-
ence of paraxial electron flows (moving both in the for-
ward and back directions), whose presence is confirmed
by the data of our measurements and 3D simulation of
the current distribution about the EDS.

Similar to the test mockup, the 3D numerical model
of the RM48 also involved several current monitors,
placed in different parts of the coaxial structure (Fig. 7).
The monitors allowed following the dynamics of the
spatially separated electron flows. One appears in the
diode block in the form of a drift current associated with
the anode current J,. Another one flows along the sur-
face of the cathode holder, being a result of explosive
emission from the cathode and the holder. Yet another
flux of electrons, J, is emitted from the end face of the
cathode and passes toward the collector (i.e., the output
end of the oversized waveguide). When the magnitude
of J. reaches a certain critical level, a virtual cathode
appears in the space behind the cathode, giving rise to a
reverse current flow Jg,. In the experimental set-up, the
total magnetron current and the three electron flows are
fixed by the current sensors 5, 3 and 4 (see Fig. 1), re-
spectively as Js = Jp-Jry; J4+c, and Jc-Jro, Fig. 6,b.

As is seen from the numerical model, the current Jg;
is formed on the surface of the cathode holder with
some delay relative to the emission current J, depend-
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ing on the explosive emission threshold. Similarly, the
current Jg, (if developed) shows a lag relative emission
from the cathode’s end face (current Jc).
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Fig. 7. Dynamical axial distribution of the v velocity
component for all particles in the RM and characteristic
currents through the RM at moments 4.0, 5.5, and 9.7 ns

Each of the electron flows formed in the RM is char-
acterized by a spatial structure and variation dynamics
of its own, which can be seen in the diagrams of fluxes
with a given particle velocity. The essential features of
these current flows are reflected in the distributions
along the z-axis of the axial velocity vz which are given
in Fig. 7 for a number of consecutive time moments.

They are

- appearance of non-stationary secondary centers of
explosive emission on the surface of the cathode holder;

- formation of particle flows streaming in both direc-
tions along the RM axis (“escape currents’);

- slowing down of the particles and formation of a
virtual cathode in the space behind the anode block at
extreme magnitudes of the current Jc, accompanied by
appearance of electrons with reversed velocities;

- intense sedimentation upon the electrodes of the
particles that badly affect the EDS.

The particle flows are naturally divided into two
groups, namely forward currents (Jp and Jc), streaming
toward the microwave extraction, and reverse currents
(Jr1, Jro) that flow toward the vacuum-diode interface.
It should be noted that the spurious reverse currents Jgy
and Jgr, may be greater in magnitude than the anode
current (Jo~50...350 A) by a factor of upon the elec-
trodes ~10 to 10% The dependences of these currents
upon the magnetic induction B, as obtained in the ex-
periments are shown in Fig. 8. The difference Js-Jasc
(dashed line in the Figure) gives an estimate for the re-
verse current Jg; along the cathode holder, while the
difference Ja+c—Jc (solid line) represents the anode
current J5. As can be seen from the Figure, the spurious
reverse currents are essentially suppressed when the
magnetic induction is increased. Meanwhile, the noticea-
ble reduction observed in the magnitude of the anode
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current suggests a necessity of concurrently increasing
the applied voltage Uo.

The dependences shown by the data from current
monitors (specifically, on the magnetic induction, accel-
erating electric field and explosive emission threshold)
are confirmed by the 3D simulations (see Fig. 7). Four
magnitudes of the induction (0.2 T; 0.35T; 0.45 T, and
0.7 T) and two values of the emission threshold (1-10’
and 2-10” V/m) were taken for the modeling.
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Fig. 8. The reverse current Jg; and anode current J, as
functions of magnetic induction, with applied voltages
Uy, ranging from 100 to 150 kV, for two assumptions on
the threshold magnitude of the explosive emission field
(A Ey =1-10" V/im and o, Ey, =2-107 V/m)

The anode current estimates obtained within the nu-
merical model for several voltages across the cathode-
anode gap are given in Fig. 8 together with the meas-
ured values. The simulated anode current can be seen to
depend essentially on the anode voltage, which was not
as evident in the experiment.

Among the reasons randomizing the drift motion of
resonant electrons in the RM, the destructive action of
the generated r.f. fields and of the fields due to the space
charge should be particularly noted. The field strengths
may reach high enough values to become commensurate
with the levels of the external (applied) £, and B, fields
which provide for the drift motion of particles.
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Fig. 9,b shows 2D projections of spatial particle dis-
tributions that were obtained in the 3D numerical model
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for two positions (time moments) on the pulsed voltage
waveform Uq+U,, acting in the anode-cathode gap (see
Fig. 9,a). The specific moments correspond to intense
generation of microwaves (t;=17 ns) and to quenching
of the oscillations (t, = 22ns). It is clearly seen in
Fig. 9,b how the smooth trajectories, nearly tangent to
the surface of the EDS, that are typical of the former
case (i.e., pronounced r.f. generation) are replaced in the
latter by kinked curves, often with an inverted sign of
curvature. The effect might be evidence for a change in
sign of the local component of the net field Eq+E|, (or,
maybe Bo+B,) owing to greatly increased r.f. field in-
tensity. The appearance of similar alternating areas
(they should be localized in microwave field crests of a
proper sign) shall inevitably result in chaotization of the
particle flow, and hence in a sharply diminished effi-
ciency of the field-particle interaction.

Numerical simulation of similar *self-limited” modes
of generation reveals possibilities for appearance of
repetitive relaxation oscillations of periods 2 to 5 ns,
and the corresponding randomization of the generated
spectra. As an alternative, optimal generation regimes
also exist (Fig. 10). They are characterized by a stable
generation of millimeter waves of noticeably greater
intensity. Thus, at U,=150kV; B,=0.43T, and
dca=3.5mm the current emitted from the cathode
stayed at an optimum level close to 1 kA.

Concerning the space-charge fields developing in
the interaction space, it seems that their effects are not
as clearly localized in the vicinity of the anode surface,
in particular because of the small width of the anode-
cathode gap. Meanwhile, the relativistic magnetron is a
device very suitable for realizing space charge-limited
current regimes. It is then quite understandable that any
deviation from an equilibrium density distribution (e.g.,
bunching of the particles) may result in a global deterio-
ration of the resonant drifting flow (Brillouin beam) and
suppression of the generation process.
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Fig. 10. Intensity of microwave generation in the RM
as a function of the current emitted from the diode
(two sizes of the anode-cathode gap)

In conclusion, yet another reason will be noted
which impedes efficient generation of millimeter wave-
lengths in RMs. It is the ‘miniature’ size of the anode-
cathode gap and of the whole structure. With character-
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istic applied voltages of hundreds of kilovolts and gap
sizes of a few millimeters, electric field strengths in the
gap may be as high as 10° MV/m. These lead to a quick
breakdown, thus limiting the duration of r.f. generation
to units of nanoseconds.

CONCLUSIONS

The experimental and numerical analyses of the RM,
focused on a study of current distributions in and around
the electrodynamic structure, have revealed a set of ef-
fects, negatively influencing the efficiency of microwave
generation and reducing its duration. Before all, this is
the pre-axial transfer of particles (both in the forward
and back directions) tending to randomize the resonant
drift flows of particles in the interaction space. A very
special effect is the deterioration of drift particle trajecto-
ries under the action of intense E- and B-fields due to the
microwave generation and to space charge development.
The latter are kind of an attribute of the millimeter wave
RM, owing to its “critical” currents and current limitation
mechanisms. Other effects include the known plasma
forming phenomena which are also manifested stronger
in small-sized EDSs of the millimeter wave devices.
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OCOBEHHOCTHU PEJATUBUCTCKOI'O MATHETPOHA MUJIVIMMETPOBOT' O IUAITA3OHA

C.A. Bepoun, K.B. Quscoe, H II. I'aoeyxuit, B.I'. Kopenes, A.H. /Iebedenxo, M.U. Mapuenko, U.1U. Mazoa,
O.I'. Menescux, B.I'. Cunuuyvin, B.A. Courenxo

9KCH€pI/IM€HTaHBHO n METOAaMH YHUCICHHOI'O MOACIHUPOBAHHA IPOBCIACHO HCCICAOBAHUC PEIATHUBUCTCKOIO
MaraeTpoHa 8-MI/IJ'IJ'II/IM€TPOBOFO Juaria3oHa U aHaJlu3 (baKTOpOB, OKa3bIBAIOIMWX HECTaTUBHOC HeﬁCTBHG Ha reHepa-
UIO. OTMe‘laETCSI, 4TO K ImponeccaM, yMCHbIIAIOIIUM 3(1)(1)6KTI/IBHOCTI> U JUIMTCIIBHOCTh MMITYJIbCAa T'CHEpAlUU, OT-
HOCATCA NPSIMBIC U O6paTHBI€ OCCBLIC ITOTOKH 3JICKTPOHOB, HHTCHCHUBHBIC coocrBennbic BU-1011s U 110M1s1 00bEMHO-
Tro 3apsaa.

OCOBJIMBOCTI PEJIATUBICTCBKOI'O MA'HETPOHA B MIUIIMETPOBOMY JIAITA30HI XBUJIb

C.A. Bepoin, K. B. Quscos, H.II. I'aoeyvkuit, B.I'. Kopenes, O.M. Jlebedenxo, M.1. Mapuenko, I.1. Mazoa,
O.I'. Menescux, B.I'. Ciniyun, B.A. Coutrenxo

ExcniepuMeHTabHO i METOIaMHU YHCEIEHOTO MOJICITIOBAaHHS TOCIIKEHO PEISTHBICTCHKUN MarHETPOH JTiama3o-
Hy 8 MM Ta TIpOBENICHO aHaNi3 (aKTOpPiB, IO HETaTHBHO BIUIMBAIOTH Ha TeHepamiro. Bu3Ha4YeHO, M0 IO MPOIIECiB,
KOTpi 3MEHIIYIOTh €()EeKTUBHICTH Ta TPUBAIICTH IMIYJILCY TEHEpAILlil, BiTHOCATHCS IPSIMi Ta 3BOPOTHI OCHOBI IOTOKH
€IICKTPOHIB, iHTEHCHUBHI BiacHi BU-mors i monst 00’ eMHOTO 3apsimy.
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