cators, Gyrotrons and Electron Cyclotron
sers, and Free-Electron Lasers

c}iapter is devoted to a somewhat briefer treatment of three classes of
whand microwave sources that are unrelated in their underlying oper-
principles: virtual cathode oscillators, gyrotrons and electron cyclotron
rs; and free-electron lasers. The reason for collecting these microwave
es in a single chapter is that at this time we regard these three classes
arrowband sources as somehow less significant in the field of high power
waves (HPM) than the sources of Chapters 7 to 9. Let us consider each
ately and state the reasons for our admittedly subjective judgment,
varies with the source, recognizing that the significance of any one
 could change with shifts in the technology or application needs.
rial cathode oscillators are enjoying something of a renaissance at this
and developments with two variants in particular — tunable vircators
axial vircators — may yet overcome two problems that have plagued
of this type: low efficiency and sensitivity to gap closure in the high-
, explosive emission diodes that are so often used with sources of this
vertheless, despite their efficiency problems, these sources are attrac-
‘applications requiring a simple source configuration — vircators
times employ no applied magnetic field and no slow-wave structure
low device impedance, which permits high power operation at low
ge or optimizes coupling with low-impedance power sources such as
ve generators, which are a compact, energy-rich power source.

tons are an extraordinarily mature source for high-average-power
pplication at the several-megawatt level to the problem of heating magnetic
plasmas at electron cyclotion resonance frequencies of 100 GHz or
ee Chapter 3). In fact, gyrotrons join klystrons as the only sources
produced to continuously generate power levels at 1 MW or above.
t variant of this class of electron cyclotron masers, the Syroklystron, has
vestigated as an alternative to klystrons for power levels around 100
d frequencies in the X-band and above. Another variant, the cyclotron
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aytoresonance maser (CARM]), potentially offers high power at high &
cles, since it features a linear upshift in frequency with beam ener -
compares to the quadratic frequency upshift of free-electron laserg v,
fche complexity of wiggler magnets. In each case, however, these soiii
Immature at the gigawatt level, lacking the breadth and depth of g, i
ment of other sources in comparable frequency ranges. '
Freg-electron lasers (FELs) are potentially the most flexible of all
sources, although they are also arguably the most complex. They offer
unlimited frequency range, albeit at the expense of increasingly hj o
energies as the frequency goes up. In one remarkable series of expegr"
an FEL was operated at repetition rates of over a kilohertz, with power
of the order of a gigawatt at frequencies over 100 GHz. i
We include these sources in the book more for their strengths tha
weaknesses, Current developments in virtual cathode oscillators ma;
in improvements in efﬁciéncy that make them more competitive w
sources treated in earlier chapters here. On the other hand, if fufira
cations arise requiring the higher frequencies for which gyrotrons
and FELs are better suited, their importance in the field will increasa

. new nations to HPM, such as India, South Korea, and Taiwan. In a

Y

. for their simplicity and flexibility, vircators are the “starter source”
an HPM program. . .

Despite those advantages, these sources have hlstor%c.ally suffered from
vely low efficiency, and they have been very sensitive to t%1e problem
ap closure, which causes the diode current to increase with time, so that
frequency chirps upward, upsetting the balance between resonances in
-, that causes output to drop (see Problem 1). These problems are being
sessed particularly in the development of the coaxial and feedback vir-
is, so that these sources are currently enjoyil}g something of a renais-
o, which may cause their fortunes to rise again in the future.

vircator History

counted in the review of Birdsall and Bridges, the Child-Langmuir
on for charged-particle flow in a diode traces to the early 20th cenfury.?
1960s and 1970s, studies of virtual cathede formation by beams exceed-
e space-charge-limiting current showed that the virtual cathode was
ble and quantified the dependence of the oscillation frequency and
on of the virtual cathode on the experimental parameters. Sullivan et
viewed the development of vircator theory? while Thode reviewed
imentst as of 1987.

wumber of early experiments used the reflex triode configuration, in
h. the anode is pulsed positive and the cathode is grounded. In 1977,
ffev and coworkers were the first to produce microwaves using virtual
de oscillation,® followed a year later by the publication of results from
up at the Tomsk Polytechnic Institute in Russia.® A group at Harry
ond Laboratories (ITDL) produced gigawatt output in the X-band with
ex triode in 1980.7

standard vircator, with its negative pulsed cathode and grounded
became more popular in the 1980s: Burkhart at Lawrence Livermore
ynal Laboratory (LLNL) reported 4 GW at 6.5 GHz in 1987, Bromborsky
t HDL recorded average peak power (averaging out spikes) of 9 GW
uencies below 1 GHz in 1988 on the 6-MV AURORA accelerator,” and
al. at the Air Force Weapons Laboratory (AFWL; now the Air Force
arch Laboratory) achieved 7.5 GW at 1.17 GHz in 1989.1° Two modifi-
of this basic design demonstrated increased efficiency. The reditrorn,
ed by Kwan and Thode at Los Alamos National Laboratory {LANL)
n earlier suggestion by Sullivan, employed a special anode design to
ate reflexing by a thin annular electron beam to produce 3.3 GW at
Hz with a sharper frequency spectrum and an efficiency of about
significantly higher than earlier experiments at that time outside the
R, The use of a double anode at LLNL, described in 1991, similarly
ed device efficiency by synchronizing, rather than eliminating, elec-
flexing with the oscillation of the virtual cathode.”?

10.2 Vircators

Virtual cathode oscillators are actually a class of sources that all 'c':l'epe
radiation generation by one or both of two phenomena that accoihp“
injection of an electron beam into a waveguide or cavity in which #
current exceeds the local space-charge-limiting current: virtual cath
electron reflex oscillations. Sources of this type include the wvira
triode, reditron, coaxial vircator, and feedback vircator (or virtode, as it
inally known). These sources are capable of gigawatt-level output i
to 10-GHz range of frequencies; they are relatively simple to build
many cases no magnetic field is required; and they generaﬂy':b
relatively low impedances, which makes them rather attractive f
standpoints of producing power at relatively low voltages and of
well to low-impedance power sources, notably compact, but sin
explosive electrical generators. They are also conspicuously tunabls
their operation depends only on the charge density of the beam’ .
any resonance condition. A single device can generate radiation ov
two octaves. The wide tunability of the vircator has made ita pdp_ F1
in HPM testing facilities, where the variation of effects with freqt
be surveyed conveniently. Vircators with staggered tuning ranges
vided a testing capability from 0.5 to 10 GHz.! For all of the
vircators are probably the most popular of HIPM sources, with
application efforts in all of the nations with HPM programs: th
Russia; France, Germany, the UK, and Sweden; China and }apah




In ‘1987, Benford and coworkers at Physics International (PL now [ .2,
munications Pulse Sciences)® and Sullivan? introduced the Cﬂl’;if vir f3“
sh.m\-red that virtual cathode interaction within a microwave béav_ca
eliminate mode competition and increase efficiency. Sze and o o
PL* as well as Fazio et al. at LANL 5 used a cavity vircator to ac e
a 5-dB amplification of the output of a relativistic magnetron in 1989, 1,
Price and Sze phase locked a two-vircator array to the output of 3 rg| o
magnetron operating in the S-band,' and Sze and others locked tyy.
vircators to one another, producing about 1.6 GW of total output e

The wvirtode or feedback vircator was described in a 1993 pubh'cati '
group at the Kharkov Physico-Technical Institute 18 This variation s
back .from the microwave generation region through a wave uiduS([?
the dmde region where the electron beam is generated. Tunab%e v e
varying design spanned the frequency spectrum from the - to thers'm
at power levels up to 600 MW and efficiencies that ranged from ; o
More recently, Kitsarigy et al. from the Institute of High-Current 5] _____’EQ
(IHCE) in Tomsk built a 1-GW S-band device of this type.19 : o

In 1997, the coaxial vircator, in which the virtual cathode is eﬁé.E 3
propagating a high-current electron beam radially inward wasg ro’r
computer simulations from Woolverton et al. at Texas :Fech Sm i
followed by a later publication describing experiments 21 : .

eV vy (kv)
=l+—L =1+~ 10.2
o e 0511 102

depends on the geometry. For example, for a thin annular beam of
radius r, within a circular-cross-section drift tube of radius Tor

G= ﬂn( v/ rb) (annular beam) (10.3a)
as if the beam is uniformly distributed across the whole beam radius Iy
G=1+n(r,/1,) (solid beam) (10.3b)

roblems 2, 3, and 5). Alternatively, if we have a thin annular beam
in a coaxial drift tube of inner radius r; and outer radius 1, then

1
fn(ro /r,,) En(n, /1

) {annular beam, coaxial drift tube)  (10.3¢)

hen I, > Isey, a virtual cathode is formed and oscillates about a position
stance downstream of the anode roughly equal to the anode—cathode
g The potential fluctuations at the virtual cathode produce a beam
an oscillating current density downstream of the virtual cathode, as
a fluctuating current that is sent back toward the anode. The operation
rtual cathode oscillator is best seen in computer simulations. Figure
lows the time dependence of the position and potential of a virtual
e formed by a solid-cross-section beam injected through a foil anode
cylindrical drift space.?2 The spikes in position generate a frequency
trum that peaks at 10.4 GHz but contains many components. Broadband
1 is a basic characteristic of the simple vircator. We see the oscillation
virtual cathode about a mean distance somewhat greater than the
e—cathode spacing, and a virtual cathode potential oscillation about a
of roughly V.
1 the simulation of a different diode, Figure 10.2 shows, at a single
in time, the real space and phase-space positions of particles in a
e-in-cell simulation of a virtual cathode oscillator with no applied
netic field* The cathode on the left is a thin cylinder of metal projecting
metal stalk; note that there is electron emission from the sides as well
the tip of the thin cylinder at z = 1.50 cm. In the lower phase-space
e see that the electrons reach their maximum axial momentum, labeled
the location of the anode at z = 2.25 cm, and they decelerate as they
ate farther along the axis. We see that some stop, with P, = 0 at the

10.2.2  Vircator Design Principles

A virtual cathode is formed when the magnitude of the curré;qt
electron beam injected into a drift tube exceeds the space-charge:
current Ise;. When a virtual cathode is formed i

although the two can be tuned to coincide, as we shall see.
Expressions for I, were given in Chapters 4 and 9 in Equations
9..3a for a thin annular beam, Equation 4.116 for a beam with
distribution across a circular cross section, and Equations 9.35 an
a thin annular beam inside a coaxial drift tube. The general form |
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where v, is related to the anode-cathode voltage in the electron bea
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cathode located at about z = 3.00 cm, returning into the gap with

) :
: al
ative axial momenta. Those electrons do not reach the cathode because
7 'g‘-e energy loss in the foil cathode. Clearly, though, many of the electrons
N2 ﬁansmjtted through the virtual cathode to pass down the drift tube with
§ 1 o bstantial spread in axial momentum.
2 irtual cathode oscillations occur at approximately the relativistic plasma
o
uency
0 l .
0.0 25 5.0 /2
Time (nsec) 2 Y2 M, o™
£= L] B —8.98x10° (o) Hz (10.4)
0 7o2m| gy Yo
%
=
gﬁh 3 ote 1, is the density of electrons in the beam as it passes through the
e 'e, _e and m are the charge and mass of an electron, and g, is the
é tivity of free space. In practical units, we find
(=T
4 ] n
0.0 25 5.0 ](kA / cm"')
Time (nsec) fp (GHz) =410 -—-F (10.5)
Yo

FIGURE 10.1 :
Time histories of the virtual cathode position and the magnitude of the virtual cathod
obtained from computer simulation of a 270-kV, 7.3-kA beam of solid cross section an|
1.25 em injected through the anode of a diode with a 0.25-cm anode—cathode gap'i
tube of radius 4.9 cm. (From Lin, T. et al., J. Appl. Phys., 68, 2038, 1990. With permi

B=v/e=(1-1/ v3)12, with v, the electron velocity (see Problem
the nonrelativistic limit, where y, = 1 and B = V;’?, Equation 4.1014
s that ] =< V2/? /%, so that

1/2

9 (nonrelativistic) (10.6)

fvc"‘

the strongly relativistic limit, on the other hand, when vy, < Vi, B =1,
ccording to Equation 4.107, J = Vy / d?*, so that

Frc o= % (strongly relativistic) (10.7)

trongly relativistic regime is reached for higher voltages than we would
ally encounter in an HPM system, but the point is that the voltage
dence weakens for voltages significantly above 500 kV. In addition to
illation of the virtual cathode itself, trapped electrons reflexing in the
ial well formed between the real and virtual cathodes are bunched
fisequently radiate at a reflexing frequency

FIGURE 10,2 - :
An -z plot {top) and phase-space plot (bottom) of an electron beam forming a v
when injected into a drift spacg,without an axial, guiding magnetic field. (From
High Power Microwave Seurces, Cranatstein, VL. and Alexeff, T, Eds., Artech Hol
1987, p. 507. With permission.) :
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where d is the anode-cathode gap. In practical units, using the nonrela; s e
expression for v, in the anode—cathode gap, 5, 0\.%\ |
=
g N
o . & %
& -0
1 (GHz) =25 _B (nonrelativistic) B "5!_\.:‘ "
d(cm) X %‘--.. &
ad i § - - 510 waveguide cutoff -—-—-—-—-—- B e AR
(see Problem 6}, At relativistic voltages, because the electron vel
approaches the final value of fc more quickly, the multiplier approacha
limiting value of 7.5 (at which v, = Bc all the way across the gap). The's 0 : . ; T T ; I ; .
of both fy- and £, is simildr in the nonrelativistic regime, both fre'q‘ﬁ AK om

falling within the microwave range, so that both phenomena are ava
to compete with one another. Generally, f,. > f,, and typically £, .
we shall discuss, configurations have been explored that either eliminai
exploit this competition.

Weak voltage scaling and the inverse scaling with d, which is the
either the nonrelativistic or strongly relativistic cases, were confiy
early experiments.® Later experiments by Price et al.®® verified the
scaling with the anode-cathode spacing over a very wide frequency
as shown in Figure 10.3. The data in the figure were obtained witha
that was tunable over about an order of magnitude, albeit at reduced
as the frequency was extended down to about 400 MHz. _

Woo used a two-dimensional treatment to find the beam plasma
for a pinched solid beam.* His treatment was based on the observa
a relatively low-current beam would not pinch, diverging to the.
skirting the potential minimum established in the center of the d
that would cause reflection of electrons back toward the diode and for
of the virtual cathode. Following the history of the voltage: and
during the course of a pulse, he showed that microwave emissio
shortly after the time when pinching became significant — determii
the radial and axial current densities in the beam became equal —
emission terminated around the time that the pinching became s
that the radial current density became much larger than the axial
density, which is supported by experiments.?> Using a formalism’
that of Goldstein et al. for pinched-beam diodes? and Creedon fo
tential flow,”” he derived an expression for the beam plasma freque
agreed very well with experimental data: '

10.3 . )
“range of a vircator vs. the anode-cathode gap spacing, designated AK here (and d in

ext). Cathodes of two different diameters were used, and power was extracted into WB—
veguide with the cutoff frequency shown, (From Price, D. et al., IEEE Trans. Plasma Sci.,

. 1988, With permission.)

esult is compared to data from a number of experiments in Figure 10.4
roblem 7). ‘

fhe absence of any downstream resonant structure, the bandwidth of
ircator is large because of several factors: nonuniform voltage,
e:cathode gap closure, and transverse beam energy. Since frequency
nds on voltage and gap, the bandwidth is similarly dependent on vari-
s.in these two quantities. At nonrelativistic voltages, using Equation
We can see that

My AV, Ad (10.11)
fre 2V, @

¢ variation with the anode—cathode gap width d leads to chirping of the
ywave frequency in diodes when the gap plasma causes closure, so that
0. Chirping is the phenomenon whereby the frequency climbs during
urse of a pulse, in analogy with the chirp of a bird; the strongest
ing occurs at the highest frequencies, where gap closure is proportion-
Iy larger. Chirping results in a lower efficiency and lower gain because
gain-bandwidth product is fixed for a given device with a fixed _load
2} the frequency changes so rapidly that the process generating micro-
does not fully establish itself before the resonant frequency shifts. The
ction of a resonant cavity downstream has been shown to improve
ain and narrow the bandwidth.

.
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¢ of microwave power with scattering in the anode. Work done under the auspices of

niversity of California Lawrence Livermore National Laboratory, Department of Energy.
: Burkhart, S. et al,, [. Appl, Phys., 58, 28, 1985, With permission.)

FIGURE 10.4
Comparisons of cbserved vircator frequencies with the two-dimensional analytic mo
(From Woo, W-Y., Phys. Fluids, 30, 239, 1987. With permission.) :
pmparison, used a 6-cm chamber with a 2-cm cathode.” Low-frequency
ation historically required the use of a velvet-covered cathode. Extrap-
sn to higher frequencies has been limited by plasma closure caused by
mall gaps necessary to produce the very high current densities (see
lem 1). Pulse durations have typically been short (~50 nsec), but the
sk group® and Coleman and Aurand® have reported long-pulse exper-
ts. Burkhart reported 4 GW in the C-band.f Platt and coworkers have
rted 7.5 GW at 1.17 GHz,"” and Huttlin and coworkers® have reported
or in excess of 10 GW below I GHz. At the high-frequency end, Davis
coworkers? have reported 0.5 GW at 17 GHz.

¢ two basic vircator geometries for axial and side extraction are shown
ure 10.6. In the axial vircator, the space-charge cloud couples to radial
ongitudinal electric field components, giving TM modes that are
ted along the cylindrical waveguide, usually to a flared horn antenna.
axial extraction experiments reported a gigawall at the X-band.
‘transverse or side-extracted vircator allows extraction in the TE,,
The beam is injected through the long wall of a rectangular waveguide
1g a virtual cathode. The electric field between the anode and cathode
rallel to the small dimension of the waveguide. Thus, the electric field
ng the potential well of the virtual cathode system is parallel to the electric
f the TE modes of the waveguide. The rectangular waveguide is
moded for the frequencies extracted. A remarkable feature of the side-
ted geometry is the purity of the TE,; mode; higher-order modes con-
> less than 10% of the extracted power. Experiments by the PI group
ted a few hundred megawatts at efficiencies of about half a percent.?**
ost ambitious experiments of this type were conducted in the late

Beam temperature, from both axial and angular variations in bej
tron velocities, also broadens the bandwidth because the transveré
ponents of the electrons’ energy do not interact with the virtual
Beam temperature is produced by both the emission process and s
in the anode foil. Beam temperature also reduces radiation efficie
reduction in output power with beam temperature is illustrated i Fi
10.5, in which increasing the thickness of the anode, through whi
beam passes, increases beam temperature by increasing the Scatteﬁhg
of the electrons.? o

Because the radio frequency (RF) field components excited by th:
process are E,, E, and By, the modes excited are TM,,. The prefer:
appears to be near cutoff, i.e., the lower-order modes n ~ ? r./ A

Foil-less diodes can also be used for vircator generation as long
space-charge limit is exceeded. Because foil-less diodes have @,
electron cyclotron frequency, due to the presence of an axial magn
foil-less diode vircators can be tuned in frequency simply by chan
magnetic field. The foil-less diode also offers advantages in red
closure and flat impedance characteristics. i

10.2.3 Basic Vircator Operational Features

The vircator domain of frequency operation extends from 0.4 t
Lower-frequency devices hayg larger dimensions. For example; Pr
have reported a device that operates as low as 0.5 GHz with a chamt
diameter of 80 cm and a cathode with a 60-cm diameter.?? A 17-GHz
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Basic vircator geometries: (a} axial extraction and (b) side extraction. motion in the potential well is important for microwave generation.

ever, the Tomsk and Livermore groups have observed high power at
igh magnetic fields (>5 kG). Poulsen et al.)2 of the Livermore group suggests
increasing the field in a device optimized for B, = 0 simply moves away
 local optimum, reducing power, which can be recovered by reopti-
> geometry. Third, increasing anode thickness reduces microwave
-if foil scattering reaches 300 mrad, as we showed in Figure 10.5.
th, microwave power depends strongly on the anode—cathode gap. If
ap is too small, the beam pinches and microwaves cease. If the gap is
arge, approaching the cathode-wall separation, the beam expands to
uter conductor and is lost. At full-power tuning of the vircator is
dlly limited by these effects to a range of roughly one octave.

1980s at the Army Research Laboratory’s now-dismantled Aurora
The best results were about 1kJ in 18 radial arms at an efficiency |
The pulse was quite long, typically 100 nsec, with many spikes.
Figure 10.7 shows the basic reflex triode geometry. Note that in |
triode, the anode is the center conductor feeding the diode, and it:
positive; by comparison, in vircators, the cathode is the center €o
and it is pulsed negative. A reflex triode from the Grindsjén Researc
in Sweden, opened to the air, is shown in Figure 10.8. o
Thode’s survey* shows many common aspects of axial vircators
radiation wavelength is typically :

D<i<2D

) .
where D is the waveguide diameter. Second, maximum power 0
no applied axial magnetic field. If a thin anode is used with a gl

Advanced Vircators

ced vircators have been developed in two rather distinct periods. The
n, the side-extracted vircator, the double-anode vircator, and the cav-




ity vircator were conceived and initially explored in the late 1980s to t

three devices in the first generation, only the cavity vircator is still ungd
development, and versions have been sold commercially.

8 5 | 2 { :
early 1990s, while the virtode, or feedback vircator, and coaxial vircatoy 2] S L
more recent innovations that are still in the active development stage. Of th 6] . 3

Efficiency (%)
o
!
T

3 1 i r
10.2,4.1 Double-Anode Vircators 24 - *; -
Researchers at Lawrence Livermore National Laboratory found that of 1 S L
ciency is increased when a resonance occurs in which the virtual cathg 0 o o5 o 1s 0
and reflex oscillation frequencies are equal, fyc = f,.22 To achieve this, tha ) FR/E .beam ) '

employed the double-anode configuration of Figure 10.9 so that the
frequencies can be brought into equality by lengthening the transit timeé
determines f,, as in Equation 10.8. Figure 10.10 shows that the resop
condition increases efficiency by about an order of magnitude, They rep
an output of 100 ] from;i; single source with resonant conditions; how
the resonance condition-is quite stringent. The bandwidth of high-effic_i
operation was about 50 MHz, so that the frequencies must be equal to w
2%. Almost any diode closure defeated the resonance mechanism
authors stated that variations of 100 pm in the anode—cathode gap si
cantly affected the output. _
The Livermore group has attacked the problem of diode closure by
a variety of modified cathodes, the most successful being a field-enha
thermionic emission cathode. They used a cathode with an area’of
with current densities from 200 to 300 A/cm? to produce microsecond
durations with no plasma formation enclosure. Unfortunately, at [ast
ing the device was not sufficiently reliable to produce sustained hig
ciency, long-duration microwave pulses with full-size cathodes.

FGURE 10.10
o resonant efficiency enhancement in the configuration of Figure 10.9 as a function of the
o of f, {(designated FR in the figure) to fy, {designated F beam in the figure). (From Poulsen,
al., Proc. SPIE, 1407, 172, 1991. With permission.)

2411 Reditrons

entirely different approach to the problem of competition between the
ual cathode and reflexing oscillations was taken at Los Alamos, where
teditron (for reflected electron discrimination microwave generator) was
eloped with the goal of completely eliminating electron reflexing. ' The
ic configuration of the reditron is shown in Figure 10.11.3 The reditron
res a thin annular beam and an otherwise thick anode with a thin
ular cutout to allow the beam to pass out of the anode-cathode gap. An
[ magnetic field guides the annular electron beam through the cutout in
wde to the downstream drift region. The part of the beam that reflects
m the virtual cathode is no longer in force balance and expands radially;
s; it cannot pass through the annular slot and is absorbed in the anode.
xing electrons are almost eliminated, and only virtual cathode oscilla-
can produce radiation. In addition, the two-stream instability between
ing and returning electrons is greatly reduced. When the streaming
ability is present, electrons from the diode interact with returning elec-
and their angular divergence and energy spread are increased. Thus,
furning points in the virtual cathode’s electric field are smeared out,
t reduces the efficiency of the virtual cathode radiation mechanism.
gure 10,12 shows a reditron configuration and phase-space diagram from
ation by Kwan and Davis.* Compare this figure with Figure 10.2, which
0 magnetic field and stronger counterstreaming electron interactions that
¢ much greater spreading of the electron beam. Simulations such as that
igure 10.12 predict an efficiency of 10 to 20% and the production of narrow-
ridth radiation (<3%); the oscillation frequency is ®,. Since the reditron
axial vircator, it creates TM modes, and simulations and experiments
OW excitation of the lowest modes, typically TM,, or TM,.
ant experiments by Davis and coworkers at Los Alamos verified the
€atures of the reditron concept.® Efficiency achieved in those exper-

Twe
anodes

Cathode
Virtual

cathode

FIGURE 10.9

The double-anode configuration ékplored at Lawrence Livermore National Lat
added travel time for reflexing electrons through the region between the two anodé
to synchronize the virtual cathode and reflex oscillations.



Transmitted rrical pulse. At lower powers, longer durations are observed, pointing to the

heam ossibility of breakdown processes. The observed frequency was 2.4 GHz

Virtual cathode | ElCtHc & with a bandwidth of 15 MHz, or less than 1%. Concentricity of the anode

n;%]g?:c Receiving Jot with the cathode was found to be essential for obtaining high power.

N array l urprisingly, the highest power was produced when the beam just grazed

_dcj [ e inside edge of the slot, rather than being centered in the slot. The data

1 g RAade dicate that rapid diode closure or bipolar flow, due to the emission of ions

-1 SN | AU om the anode, did not occur; the diode operated at constant impedance.

j ven in its initial experiments, the reditron showed great improvement in
= T ! e fundamental vircator problems of efficiency, bandwidth, and chirping.

Magnetic field coil Computer simulations pointed to the possibility of further improvements

— ﬁﬂﬁlg:ﬁwd‘e 1 the reditron. The Los Alamos group showed that the oscillation of the

Transmitting antenna tual cathode can produce a highly modulated electron beam, with a mod-

FIGURE 10.11 lation fraction as high as 100% occurring at the virtual cathode frequency.®

vtraction of microwave power from this beam could enhance the output
wer and overall efficiency of the device. A straightforward way to extract
radiation is by use of an inverse diode. A center conductor is placed in

The reditron experimental ar::ai;gement_ (From Davis, H. et al., IEEE Trans. Plasma Scz, 16
1988. With permission.) S, i

9.00 downstream waveguide, and it floats at a potential relative to the wall.
electron beam is absorbed in this conductor, a voltage then develops
675 tiween the inner and outer conductors, and a TEM wave is transmitted
E 450 ong the coaxial line. Substantial radiation can be extracted downstream if
= cconfiguration is optimized. In the Los Alamos simulations, an inverse
2.25 e with a 50-Q impedance was situated downstream of a reditron con-
0.00 guration. With a 1.2-MV diode, the kinetic energy of the leakage electrons
acting the center conductor was about 400 kV, with a highly medulated
433 rage current of 9 kA. The simulation gave an average peak power of
W, so that the efficiency of the inverse diode was 28%.
) 18 lternatively, the downstream region could contain a slow-wave struc-
£ o003 . The premodulated electron beam from the vircator would induce wave
2l 3 Virtual cathode th at the modulation frequency* This possibility was suggested by the
N i 1 k group.” Again, extraction downstream could increase overall virca-
I 105 210 315 2.0 fickency.
Ziem) '
4.2 Cavity Vircators
FIGURE 10.12

ndamental disadvantage of the vircator is that the downstream region
e basic vircator is large compared to the wavelength. The number of
odes available in downstream waveguides or cavities allows many modes
excited, so that as the vircator changes its characteristics due to varia-
n voltage or gap (Equation 10.11), there is always a waveguide mode
appropriate frequency. The basic vircator also does not have one of the
amental properties of most microwave devices, a feedback mechanism
eans of a cavity to allow the field induced in the cavity by the oscillating
al cathode to feed back on the virtual cathode, forcing it to oscillate at
esonant frequency of the cavity mode. Therefore, enclosing the vircator
Cavity has resulted in a fundamental improvement to the device.

Simulation of a reditron experiment showing the formation of a virtual cathode; t
returning electrons on the thick anode, and the transmitted portion of the beam. {F
TJ. and Davis, H.A., IFEE Trans. Plasma Sci., 16, 185, 1988. With permission.)

iments was 5.5 to 6%, compared to 1 to 3% when the apparatus
in the conventional vircator geometry. Calculated diodé and trans
currents were 19 and 12 kA, very close to the measured values o
12.5 kA in the experiments. The beam current was verified to be.t
charge-limited value, L. Device impedances of 30 Q to just over
seen in the experiments. Predicted power was 1.1 GW, comparec
GW measured. Microwave power quenched well before the end ¢
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FIGURE 10.13 . .
The resonant cavity vircator. (From Benford, I. etal, J. Appl, Phys., 61, 2008, 1987, With perny
Of the many designs for cavities that could be considered, the 'y 0 _ —_— —
cavity with a cylindrical cross section is the only one studied thus far 0 2 4 6 8 10

itis simple, has the same symmetry as the vircator itself, and is easily
by moving the end wall. The configuration chosen by the Physics Int;
tional group (now L-3 Communications Pulse Sciences) in a trans:

extracted vircator is shown in Figure 10.13.3In the first experiments; éxp
able aluminum cavities were used. The extraction window size wa
mined empirically, balancing the requirement for a large window to fa
extraction and a small window to maximize the cavity 3. The'wi

GURE 10.14 _ -
diated microwave power density as a function of the aspect ratic of a resonant cavity. Specific
es are identified. (From Benford, J. et al., J. Appl. Phys., 61, 2088, 1987, With permission.)

he Los Alamos group has explored cavily vircators using a fixed cavity.
ing is produced by varying the beam current density to bring ©, in
ximity to the passband of a suitable mode of the resonator. The TMgy
My, modes were excited with as much as a 70% variation in injected
tent.® A 1% bandwidth was obtained.

mode of the rectangular extraction waveguide. )
In cylindrical resonaftors, the TM modes are preferred, becausef E
well to the virtual cathode electric field and By allows convenientic ip
through an output slot in the wall. The DI group found that th
frequency TM,,, mode required too small a cavity, so that the virtua
was shorted (the TM,,, mode is also not tunable by varying the len;
experimental result was that the most tunable modes that were
excitable were TMy,;, TMy,,, and TM,,. Perturbation by multiple ou
can influence the choice of mode.? L
The effect of the cavity on the vircator output is shown in Fig
Total power in the initial experiments with cavity vircators wa
with the cavity; to compare, the nonresonant cavity gave 80 MW
notable feature of the cavity is reduction in bandwidth by a facto

4.3 Virtodes and Feedback Vircators

ense, virtodes and feedback vircators strengthen the feedback mech-
m used to increase power and narrow bandwidth in the cavity vircator.
I than rely on the narrow frequency response of a cavity and the
iback mechanism of the reflexing electrons, the virtode, shown in Figure
9, feeds a portion of the microwave signal from the virtual cathode
on directly back into the anode-cathode gap.* A device like that shown
matically in the figure. was operated with a 450- to 500-kV electron
at a current of up to 14 kA. An applied magnetic field of 0.2 t0 0.6 T
led the beam and could be used to tune the output frequency. A
um power level of 600 MW was achieved, and the efficiency ranged
310 17%. Power without the feedback loop was at least a factor of two

reflecting mode competitiongwas greatly reduced, and smooﬂ}_ '_p
were obtained. The cavity vircator is now a commercial product
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URE 10.16 R
feedback vircator used at the Institute of High-Current Electronics in Tomsk, (1) Stack-

Zlatol‘ interface to high-voltage generator, (2) bladed cold cathode, (3) tuning plungers, (4}
fition wall, (5) coupling slot, (6) foil or mesh windows, and (7) vacuum horn. {From Kitsanov,
t al., IEEE Trans. Plasma Sci., 30, 1179, 2002, With permission.)

FIGURE 10.15 .
The virtode. (From Gadestski, E‘_f_et al., Plasma Phys. Rep., 19, 273, 1993, With permission)

smaller. By tuning the phase in the feedback cireuit, the power output ¢
be varied by as much as 5 dB. Tunability could also be effected by moy
the current collector in and out. To capitalize on this mechanism the’
able current collector was replaced by a slow-wave structure wi’th a
collector downstream. In this geometry, the feedback Ioop into the di
gap was disconnected, but backard waves from the slow-wave strue
could provide the necessary feedback. Power in this mode of oper,
reached 500 MW, :
The feedback vircator of Figure 10.16 has been explored on both the s
7 and MARINA generators at the Institute of High-Current Electrong
Tomsk.*! On the latter, a compact inductive-storage machine with expl
tusing, a 1-GW, 2-GHz pulse of about 50-nsec duration was produced.
a voltage of about 1 MV and a current of about 20 kA, the efficiens
about 5%. The output was a quast-Gaussian beam with the form 6
mode, Ion emission in the diode was shown to cause electron beam pin
By concentrating only on the portion of the beam current that was ac
emitted from the cathode face, the authors inferred an effective efficie
approximately 8 to 10%, closer to actual simulation results. :

Cathode
Waveguide

CV OUtPUt

D

Anode foil
Transition

- A

w of a cylindrical coaxial vircator.

. Second, the electron motion is radial only, eliminating the power loss
ciated with the axially transmitted portion of the electron beam in an
al vircator, as one can see in Figure 10.2 and Figure 10.12, Third, the large
of the diode reduces the current density and the beam loading of the
tde and anode, which is expected to increase the lifetime of the device,
cularly under repetitive operation.
the initial experiments, the cathode and anode radii were 13.1 and 9.9
3-cm-long velvet cathode was the source of electrons. The diode was
d to 500 kV and a peak current of 40 kA for a 30-nsec pulse. The peak
fon beam power was about 18 GW, while the peak microwave output
about 400 MW, so that the efficiency was about 2%, Remarkably, how-
the microwave power pulse was offset and trailed the electron beam
pulse by about 10 nsec, so that the instantaneous power efficiency at

10.2.4.4  Coaxial Vircators

Coaxial vircators, originally developed at Texas Tech University, are the
entry into the field of advanced vircator development.®24 The basi
uration is shown in Figure 10.17. Note the cylindrical geometry and
that the electron beam propagates inward radially, taking advantage
geometric convergence of the beam. The coaxial viractor is expected
three advantages over traditional vircators. First, note that the ano
ode region is not physically sepgfated by conductors from the virtua
region to the interior of the anode. As a result, it is expected that
geometry will allow feedback from the microwave generation regi




the time of peak microwave power appeared to be about 10%. The 2%C

2
output was delivered in the form of a TE; mode that was quite reprodyjg; - (3) Af
from shot to shot. : fo
Coaxial vircators are a very active international research topic at thig tim, ° ?:22 % GH
Despite the possible advantages of the device, several challenges remain 13 /u _10 GH:
be solved: determining the optimum configuration; addressing the lack : % -
tunability in current configurations; dealing with difficulties in alignma |2 *‘%“‘ 0 ! 1
particularly in repetitive operation; and addressing the serious mode e ~ e 1%
petition between TE), and TM,,. i s Phase lock
¢ Pree oscillation
. @ Combination oscillation
10.2.4.5 Phase Locking of Vircators 0 . - .
Bef losine thi . h Lo 100 200 300 400
efore ¢ osing tnis section, we return to the ca}r1ty v1rca.tor and consid Detuning, Af (MHz)
phase locking of these devices as an alternative, multisource path to
power. The next logical step beyond the cavily vircator was to in; GURE 10.18

external signal into the cavity. Price and coworkers" injected the signal f
a 100~ to 300-MW relativistic magnetron into a vircator that was pow
from the same electrical generator. The cavity vircator power varied
100 to 500 MW. A striking result from this experiment was the extragrd
frequency pulling when the magnetron pulse was injected. When th
cator was radiating alone, the frequency dropped slowly due to gap ¢l
in good agreement with the two-dimensional model of Woo. The magn,
signal was injected at 2.85 GHz, and the vircator frequency, originall '
GHz, was pulled up to the magnetron frequency in about 10 ngs
extraordinary range of frequency pulling. Of course, the injected sigﬁa
quite large. :
‘Didenko and coworkers injected a conventional magnetron puise
reflex triode and observed about a 100-MHz frequency pulling, in agr
with a driven nonlinear oscillator model.* This result was also cor
by Fazio and coworkers,'® who reported a 250-MHz frequency pullin
a klystron injected into a vircator of roughly equal power. They also’
gain and linearity of vircator response so that this experiment
described as a vircator-amplifier experiment with a gain of 4.5 dB
group also reported amplification using a vircator driven by a magh
With a drive power of 140 MW, as much as 500 MW was produced in
amplification mode. '
The demonstration of phase locking of the vircator to an exte
shows that the vircator can be used in arrays, as can other oscillator
as the magnetron.’ To understand, recall Adler’s inequality, which:
a condition on the phase difference between two oscillators that wil
phase locking, The important parameter is the injection ratio betwee
input, P, and power output, P: ’ -

Adier relation for phase locking of a vircator to an external magnetron. Locked, unlocked, and
mbined states are shown. (From Price, D. et al., J. Appl. Phys., 65, 5185, 1989. With permission.)

Phase locking occurs when the frequency difference between the oscillators
sufficiently small:

@
Am g 2P (10.14)
Q

here (J is the quality factor of the oscillators (assumed to be equal) and <,
the mean frequency of the two oscillators. Figure 10.18 shows that Equation
.14 is followed by the magnetron-driven vircator. In addition, there is an
termediate regime called a combination oscillation in which the vircator
wer output is modulated at a frequency corresponding to the frequency
fference between the two oscillators. Price and Sze’s theoretical analysis
e stability of the locking relation shows that the Adler inequality is a
ssary but not sufficient criterion for phase locking.®® Stable-locked
dy-states are achieved in only a fraction of the parameter space. The
le regime occurs for p < 1. The rest of the Adler plane is unstable or
ckable. Therefore, overdriving an oscillator produces unstable oscilla-
s and will not be observed as a phase-locked state. Moreover, the overall
er of the system will be reduced.

e et al. demonstrated phase locking of two cavity vircators to one
other.”” Figure 10.19 shows their apparatus, in which a cathode stalk splits
eed two identical cylindrical cavity vircators, tunable with sliding end
5. Microwave generation starts once the diode currents exceed about
A, about five times the space-charge-limiting current. The coupling bridge
veen the vircators is of length 7/2 A, where A, is the waveguide wave-
th at 2.8 GHz. The connecting bridge has a plunger that, when inserted,
onnects the cavities. The cavity frequencies can be tuned to within
Hz of one another. With the plunger withdrawn, the cavities mutually

e



pransverse energy of electrons that are gyrating about magnetic field lines.
Although relativistic gyrotrons producing 100 megawatts have been
explored experimentally, the primary driver for gyrotron development is for
their application to magnetic confinement fusion research, where they pro-
vide megawatt-level, long-pulse {(of the order of seconds to continuous)
sources operating in excess of 100 GHz for electron cyclotron resonance

Cathode
Anode Sliding cavity

\ end-wall
NERETY

Coupling Resonant
bridge

cavity heating, current drive, and suppression of instabilities.t High power

4 gyroklystrons, approaching 100 MW, have been under development for years

7 =D as an alternative source of X-band microwave power for radio frequency
Matched dummy accelerators for electron-positron colliders. CARMs offer an alternative to

load free-electron lasers for using higher-energy electron beams to provide rela-

tivistic frequency upshifts to reach high power at high frequency. Other
variants exist — gyro-BWOs, gyro-TWTs, large-orbit gyrotrons, peniotrons,
and magnicons, notably — but none are being explored currently with a
goal of producing truly HPM-level output.

Current Waveguide power
monitors sampler

FIGURE 10.19 O
Dual-vircator phase-locking experiment. (From Sze, H. et al., [, Appl. Phys., 67, 2278, 1990; Wi

permission.) 10.3.1 History of Gyrotrons and Electron Cyclotron Masers

In the late 1950s, three investigators began a theoretical examination of the
eneration of microwaves by the electron cyclotron maser interaction:¥4 Rich-
rd Twiss in Australia,®® Jurgen Schneider in the U.S.* and Andrei Gaponov
the US.S.R In early experiments with devices of this type, there was some
ebate about the generation mechanism and the relative roles of fast-wave
interactions mainly producing rotational electron bunching and slow-wave
interactions mainly producing axial electron bunching.74® The predominance
the fast-wave ECM resonance with its rotational bunching in producing
crowaves was experimentally verified in the mid-1960s in the U.5.5 (where
> term electron cyclotron maser was apparently coined) and the U.SS.R.®
Gyrotrons were the first ECMs to undergo major development, and the
equirement for high-average-power, continuous, or long-pulse millimeter-
ve sources for electron cyclotron resonance heating, current drive, and
mstability suppression in magnetically confined plasmas for fusion research
ntinues to drive the development of gyrotrons. As has been noted else-
ere,** early increases in device power were the result of Soviet-era Rus-
developments from the early 1970s in magnetron injection guns® to
¢tron beams with the necessary transverse energy while minimizing the
~ spread in transverse energies, and in tapered, open-ended waveguide cavi-
$ to maximize efficiency by tailoring the electric field distribution in the
onator.> Today, the production of megawatt-class gyrotrons at frequencies

e 140 GHz has been the result of advances in mode control in extremely
__h~0rder—m0de cavities, including the use of coaxial inserts: new internal
de converters to produce quasi-optical output coupling; depressed col-
OIS to raise gyrotron efficiencies; and artificial diamond windows with
strength, low losses, and thermal conductivity to tolerate the passage of
awatt microwave output.®

couple and lock in less than 10 nsec. The relative phase angle varies f
shot to shot by +25°. There is some evidence that mode competition adver
affects the locking process; nevertheless, vircators were demonstrated to:loi
together in phase for about 25 nsec at a peak power level of 1.6 GW,

10.2.5 Fundamental Limitations and Qutlook for Vircators

There will always be a place for vircators, in one form or another, in ]
of HPM, because of their simplicity and ruggedness, tunability, versati
and high power. Their ability to operate at low impedances — note th
Texas Tech coaxial vircator operated at less than 15 Q — confers some ;
tage in specialized situations where the power source is an explosively d
flux compression generator with a low source impedance and a large a

of stored energy (see Figure 5.8). The limitation to date, and the questi
be addressed by the relatively new cavity, tunable, and coaxial virca
the generally low efficiency of this class of devices. Beyond the u
prospects for the new variants, it may be that some research group wi
to some of the ideas explored for recovery of energy from the bunched
mitted beam using slow-wave structures or an inverse-diode arrange

10.3 Gyrotrons and Electron Cyclotron Masers

Gyrotrons and the associated class of electron cyclotron masers (ECMs)
includes gyroklystrons and cyclotron autoresonance masers (CARMS_



The use of relativistic electron beams in gyrotrons followed shortly affq
the first relativistic beam-driven experiments with BWOs. The record for tot:
output power from a relativistic gyrotron was the result of a collaboratigy
between the Naval Research Laboratory (NRL) and Cornell University;:_j-n
1975, as much as 1 GW was reported by summing contributions from sevep:
frequencies between 8 and 9 GHz.5 Gold et al. explored true HPM relativigg;
gyrotrons for a number of years at NRL as we shall discuss in Section 10,33
Their work resulted in the production of several hundred megawatts
output power in whispering-gallery devices operating near 35 GHz, .

High power gyroklystrons operating in the X-band with power leve
approaching 100 MW® were meant to provide a possible alternative
Klystrons as drivers for a Next Linear Collider. This motivation for: g

Axial magnetic feld
versus distance

Solenoids

=4

Interaction region

RE
—ade
output

development of these sources may change, however, with the 2004 shely RE cavity
of the NLC concept in favor of the future International Linear Collider, whig =
Is to employ lower-frequency, lower-power RF sources, MIG-type electron gun
Cyclotron autoresonance masers offer the possibility of tapping the I3 ta)
Doppler upshift of frequéncy afforded by relativistic beams in ordes
produce high power at high frequencies. Researchers at the Institus Clreular Electric field

waveguide

Applied Physics in Nizhny Novgorod conducted the first investigation
these sources in the early 1980s,6162 but today they remain relatively imiy
ture sources that have not been fully explored.
Two other source types in this class appeared to hold out some Promi
for high power operation at one time, although they have not been bro;
to full maturity: quasi-optical gyrofrons and magnicons. Quasi-opti
gyrotrons featured a large cavity resonator that was essentially open on
sides and bounded on each end by a mirror to form a Fabry—Perot resg
like that of an optical laser. The goal was to reduce the wall heatifi
plagued conventional gyrotrons. Originally proposed in the Soviet Uni
1967% and analyzed more extensively in the U.S. in the early 1980s,% th
sources were investigated for a time at the NRL and the Ecole Polyteck
Federale de Lausanne in Switzerland, as well as at Yale University. Ma
cons,” an enhancement of the original gyrocon,* are large-orbit
originally proposed as drivers for the VEPP-4 accelerator at the Instity
Nuclear Physics in Novosibirsk. The interaction mechanism for these'so
promised very high efficiencies, and although they were proposed fo
ation at tens of megawatts in the gigahertz range of frequencies, th
so far failed to fully realize their promise.

for TEy; mode
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URE 10.2¢

Cenfiguration of a gyrotron and the axial magnetic field profile. (b) The electron beam cross
tion showing some sample electron orbits within a gyrotron. (From Baird, |.M., High-Power
rowave Souirces, Granatstein, V.I.. and Alexeff, 1., Eds., Artech House, Norwood, MA, 1987,
03. With permission.)

Juirement of the electron beam in an ECM is that it have a specified value
the perpendicular velocity component, The ratio o = Vo, / Vg, at the enfrance
the interaction region is an important parameter governing performance.
the beam moves downstream from the cathode, it is adiabatically com-
ssed in a slowly increasing magnetic field, which raises the current den-
_ iy and increases v, as BY?, the square root of the applied axial magnetic

d; through the conservation of the electron magnetic moment,

10.3.2  Gyrotron Design Principles

The typical configuration of a gyrotron, the most common type :q_f:-
shown in Figure 10.20. Key features are the electron gun or diod

which the beam is launched, the magnetic field and its axial pro 1 msz

interaction region or cavity, the beam collector, and the output e 2 UL

region. This diagram shows axial extraction, although as we shall R="—2—" (10.135)
extraction with a mode converter has become far more commo 0z



Naively, it might be expected that the largest possible value of v, woy
be desirable; however, in the magnetic compression process, if v, is too I35
electrons will be reflected by magnetic mirroring if v, is allowed to vani
(see Problem 8).

In long-pulse or continuous-wave (CW) gyrotrons, the magnetron inject
gun (MIG), discussed at length by Baird 5 is the most common beam SOufe
In relativistic gyrotrons and CARMs, the electron beam is typically genera
on an explosive emission cathode with much smaller perpendicular velog
components. Electron rotational energy can then be added after emission
passing the beam through a magnetic wiggler, like that used in an FEL
short enough to not induce competing oscillations of its own, or through
single pump coil that introduces a nonadiabatic dip in the magnetic figlg:
and stimulates perpendicular electron velocity components.

Within the interaction region, the motion of the beam electrons deco
poses into three components: a drift along the magnetic field Vv, as
rotational motion of thetbeam as a whole about the magnetic axis g
system due to an E x B, drift involving the radial self-electric field o
beam, and the Larmor rotation of the individual electrons at v 1 about:
guiding centers. The minimum thickness of the beam is the Larmor tag
of the electrons, :

Ey =gqcos (Wt} &,
]

E, =gy cos (wyt)
r———ettee e —— by

where ®, is the electron cyclotron frequency,

: URE 10.21
. = eb bunching mechanism for eight test electrons. (a) The initizl state in which the electrons are
C omy illy spaced in phase and executing Larmor rotations about a common guiding center.
fter several cycles, the electrons have begun to bunch about the x-axis. (From Sprangle, P.

. . . . Drobot, AT, IEEE Trans. Microwave Theory Tech., MTT-25, 528, 1977. With permission.)
with y the usual relativistic factor taking into account the total el ¥ P

velocity (see Problems 9 and 12). Figure 10.20b depicts the rotational el
motion in a beam cross section. o
In most cases, the ECM resonant interaction couples a transvers
(TE) cavity mode to the fast Larmor rotation of the electrons. Sig
from interactions with the transverse magnetic (TM) modes is also’ P
but the coupling into TM modes in relativistic gyrotrons is reduce
relative to that for TE interactions, so that the TM interactions: ar
whelmed in weakly relativistic devices. Nevertheless, a relativisti
mode gyrotron has been built using a special resonator with er_th
for TM modes.5 , L
The effect of the TE fields on a beamlet of electrons is shown
10.21.% In the figure, the electrons rotate counterclockwise in the
with a rotational frequency @, (we will ignore axial drifts without lo:
of the important physics). Initially, as indicated in Figure 10.21a

ormly arranged in rotational phase on a circle with a radius rr. The TE
with frequency w, will first decelerate electrons 1, 2, and 8, causing
1 to lose energy and spiral inward; their rotational frequency, o, will
ease, though, because of the decrease in energy and the relativistic factor
i'the denominator of the expression for o, (Equation 10.17). Electrons 4,
d 6, on the other hand, will gain energy from the field, move outward,
otate more slowly. Eventually, after a number of field periods, the
ons will bunch in rotational phase about the y axis. This effect, relativ-
in origin due to the energy dependence of the rotational cyclotron
ency of the electrons, oceurs for electron energies of even tens of keV,
= O, equal numbers of electrons are accelerated and decelerated, and
et energy is exchanged between the electrons and the field. On the other
d, if the oscillation frequency of the field exceeds the rotational velocity,
@, the situation is as depicted in Figure 10.21b, with more electrons




decelerated over a field period than are accelerated, and the electrong g
render net energy to the wave, which grows in amplitude. In a more geners
treatment with v, taken info account, both azimuthal and axial bunching -
the electrons occur. This situation simplifies with certain limits, hOWeVer’}
we shall see shortly. A number of mathematical treatments of gyrotrong and
the instability underlying the operations of ECMs can be found in the Lik
ature (see, for example, Gaponov et al.% for a review of the early Soviet;
theoretical developments, and other references®72). _
Another generation mechanism, the Weibel instability, will Competé
with and, if the phase velocity of the electromagnetic modes in the jna
action region is less than the speed of light, dominate the ECM J'rtstabilit'y'
There are devices in which some form of cavity loading is used to'g
the waves and employ the Weibel instability as the generating mech
nism.” Here, however, we will concentrate on fast-wave sources gover :
by the ECM interaction, _
To estimate the operafz;i_j_tjg frequency and illustrate the device types,
work with simplified dispersion diagrams for normal modes of the reson;
typically those of a smooth-walled-waveguide section with dispersion
tions of the type given in Equation 4.19, for example, and the fast cyelo
waves on the electron beam :

Cavity

* Fast cyciotron wave

Gyrotron Gyro-TWT

CARM

k

GURE 10.22
ersion diagrams for the uncoupled cavity mode, for which @® = @}, +kc?, with o, the
toff frequency for the operating mode, and the fast cyclotron wave on the beam, for
ch w=s0, +k,v,, with @, the cyclotron frequency and s the harmonic aumber.

lotron frequency is detuned below the resonance line, so that the fast
lotron mode line would actually lie somewhat below the line shown.
istorically, gyrotrons typically operated in one of the three types of modes
victed in Figure 10.23: TE,, TE,,, or a TE,, mode with m >> p. This last
¢ is known as a whispering-gallery mode, because its fields tend to be
centrated near the walls of the resonator, much like the acoustic whis-
ing-gallery modes that carry sound near a wall. The TE,, modes, with
azimuthal variation, have the smallest ohmic wall losses (see Figure 4.8).
fortunately, the higher-order TE,, modes suffer from mode competition,
ticularly with the TE,, modes,””® which impairs their ability to produce
gh power signal. One method for selecting the desired mode under these
umstances is to use a complex cavity with two sections of different radii,
entially to constrain the oscillation to modes with a common frequency
th cavities.” The penalty for the use of such cavities is the increased
ce-charge depression of the beam energy accompanying the large radial
atation between the beam and the wall in the larger of the two cavity
tions, Another method for controlling the operating mode is to essentially
the cylindrical resonator along its sides to fix the azimuthal mode
ture; the diffractive losses of modes with nonzero fields at the slits place
at a competitive disadvantage and effectively select the TE, modes.®
enalties for this method, however, are the somewhat higher ohmic wall
s for these modes, and the fact that their peak electric fields lie near the
fer of the cavity, so that good beam-field coupling, which requires the
am to be placed near the high-field region, implies substantial space-
¢ depression of the beam potential. Also, when the radial index p>>1,

o=sm,+kv,,s5=12,3,..

where k, and v, are the axial wavenumber and axial electron drift vel
and s in an integer, allowing for interactions at harmonics of the cyc'I
frequency (see Problem 11). In fact, the space-charge on the beam an
nonzero v, split the fast cyclotron wave into a positive- and a ne
energy wave (just as space-charge splits the beam line in Cerenkov so
with the higher-frequency wave of the pair being the negative-energy
that interacts with the electromagnetic cavity mode to produce micro
Thus, their contributions raise the output frequency a bit above thea
imate value given by Equation 10.18 (in contrast to Cerenkov sources
generation occurs below the beam line). The point of intersectiof
the fast cyclotron wave and the cavity mode determines the type
Examples are shown in Figure 10.22. We distinguish three main
devices involving forward-wave interactions in which the group.ve
the electromagnetic mode is positive at resonance. Gyrotrons operati
cutoff, gyro-TWTs have a somewhat larger value of k, at resona
larger forward-directed group velocity at resonance, and CARME
large value of k, and a substantial Doppler upshift in operating fr
(see Problem 14). The greatest gain usually occurs when the fa_s_ fs)
mode infersects the electromagnetic mode tangentially on the d
diagram, so that the group velocity approximately matches the e!t_?c
drift velocity. Hence, gyrotrons tend to use beams of lower axia
most cases. The greatest efficiency, on the other hand, oceurs



ameter, is driven primarily by the need to limit the thermal wall loading
1 cavity losses to 2 to 3 kW /cm?* Cavities simply must be large to have
squate wall area to handle the power loading, and the requirement for
h-frequency operation creates the need to operate in a high-order mode,
: éwhjspering—gallery modes have several advantages in this regard 8%
_cause their fields are concentrated near the walls, the electron beam must
o be located near the wall to ensure good coupling. This factor reduces
.ce-charge depression and related velocity spreads in the beam, enhancing
efﬁi:iencyi however, a large-diameter beam is therefore required, and mini-
1izing beam losses to the cavity wall requires careful design. An additional
vantage is that in this position, mode competition is reduced because of
e poor coupling to the volume modes with fields concentrated toward
interior of the cavity and (2) the relatively larger frequency spacing
fween other potentially competitive whispering-gallery modes.
The saturation of wave growth in ECMs is the result of two competing
snomena: depletion of the rotational energy and phase trapping.®® For
41l values of v, depletion of the rotational kinetic energy is the dominant
ct. Wave growth ceases when the perpendicular velocity component is
uced below the threshold for oscillation. When v, is large, on the other
' d, the microwave fields build up to large amplitudes, and phase trapping
the dominant saturation mechanism. To explain, return to our discussion
the ECM interaction at the beginning of this section. Remember that some
etrons are accelerated and some are decelerated by the fields. At the outset
the generation process, the signal frequency exceeds the cyclotron fre-
ncy of rotation, and more electrons- are decelerated. As the electrons
Jerate and their rotational phases change, the trapped electrons eventu-
reach a point at which further interaction with the fields causes some
trons to be reaccelerated. At this point, the electrons begin to take energy
ck from the fields, and the field amplitude passes through a maximum.
mechanism is phase trapping.*® Figure 10.24, taken from the reference,
ws the results of a numerical calculation of the microwave generation
ficiency as a function of the initial relativistic factor. The authors of the
per assumed that all electrons had the same axial velocity, and the trans-
iation was made to a moving coordinate frame in which the electrons
no axial drift velocity, only a rotational velocity; thus, v, = (1-83, 77,
th i, the initial value of v, /c. Shown also are two approximations to the
iciency based on rotational energy depletion and phase trapping. The
imum value for microwave generation to occur is 7, ., 0, is the signal
uency, and A® is the amount by which the signal frequency should lie
ve o, in order for maximum signal growth to occur. The efficiency is
imum for an intermediate value of the rotational energy because of the
bination of the two phenomena leading to saturation.
e perpendicular efficiency 1, measures the microwave conversion effi-
 from the electrons” rotational energy perpendicular to the magnetic
This frequently quoted parameter must be distinguished, however, from
electronic efficiency for conversion of the total kinetic energy of the elec-
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FIGURE 10.23 :

Three basic types of operating modes of a gyrotron. (From Granatstein, V.L., High-Pd
wave Sources, Granatstein, V.L. and Alexeff, I, Eds., Artech House, Norwood, MA, 1987
With permission.) i

the TE,, modes become nearly degenerate in frequency. Finally, the
the mode field pattern and do not allow it to rotate, so that portios
beam couple poorly to the fields, and the efficiency is reduced. -

In recent years, gyrotron designers have turned to high-order whisp
gallery modes for the operation of megawatt-class gyrotrons at fre
above 100 GHz. For example, a 140-GHz, 1.5-MW gyrotron being d
at MIT for operation in several-microsecond pulses utilizes the TE,
in a cylindrical interaction cavity8! On the other hand, a 165-GHz
being developed at FZK in Karlsruhe, Germany, as a prototype
expected 170-GHz, 2-MW gyrotron to be required later focuses on
mode in a coaxial interaction cavity. In fact, design studies cond
the early 1990s in Brazil at the Plasma Physics Laboratory at the |
Institute for Space Research (Sho Jose dos Campos) even consider
mode for a 1-MW, 280-GHz device (see Dumbrajs and Nusinovich
move to these very high order modes, in cavities that are 20:t0




