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FIGURE 6.11

The MATRIX system (left) is an IRA driven by a coaxial line (right) to produce
tions. (Reprinted from Prather, W.D. et al., IEEE Trans. EMC, 2, 2003, Figure'1
TEMI). By permission of IEFE.) :

d Fom MATREX at 35 m. {Reprinted from Prather, W.D. et al., IEEE Trans.
' {ép'e'ciai issue on IEMI). By permission of TEEE.)

he line and the IRA produces a damped sinusoid with
ion that can be made adjustable between 180 and 600

6.4.1 Mesoband Systems

Mesoband sources have been successfully designed and bu
HPM energy between 100 and 700 MHz, a range at the low,
rowband sources. These sources are typically designed in on 1x /oscillating antenna method, DIFHL Munitionssys-
wifactures a number of mesoband sources.’® One suit-
DS110B (for damped sinusoid), and its electric field

¢ TFeed a damped sine waveform into a wideband antenn,

* Switch a wideband transient pulse (from a Marx general
ple) into a resonant pulse line that is connected to a UWB

Pulse lines of differing lengths can be changed out to radi
range of frequencies.

g off a battery, and 100 Hz is available with a more
lectrical source.

ators are also made by BAE Systems in the UK. These
mlinear transmission line solid-state modulators. An exam-
in Figure 6.15. They generate Q ~ 50 damped sine waves
cies range from 10 MHz to 2 GHz, with repetition rates
More advanced systems have the ability to chirp {increase
 pulse) over a 40% range.

For the damped-sine/wideband-antenna method, Baum
concepts that switch a high-voltage transmission line oscillat
band antenna.'® The oscillator consists of a quarter-wave sec
mission line charged by a high-voltage source. Frequency
constant can be adjustable. This device employs a self-break
one end of the transmission line and the antenna at the
switch closes, the system generates a damped-sine signal
UWB antenna, such as half of an IRA. The half of a reflector o
plane uses the image currents in the plane to complete th
concept makes the high-voltage problem easier, but the patte
entirely symmetric field pattern of a full parabolic antenn

For example, MATRIX is a transmission line switched into-
6.11 shows that it consists of a quarter-wave coaxial tr
charged to 150 kV connected to a 3.67-m-diameter half IRA
lated by high-pressure hydrogen, is charged, then switched

ms, which use coaxial pulse-forming lines and high-pres-
chies as described in Section 6.2, were built at the Air
ratory in Albuquerque. One of the most successful
ries, the H-2 source, shown in Figure 6.16, is driven by
0:Q coaxial line {(Figure 6.4). It generates a fast 0.25-nsec
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i nonlinear transmission line, {Reprinted from Prather, W.D. et al., IEEE
.3*Figure 7 [special issue on IEMI]. By permission of IEEE.)

HYV supply

Complete DS110B high-power system

FIGURE 6.13
Suitcase-sized mescbhand device, the DS110B (for damped sinusoid). (Reprinted f
W.D. et al., IEEE Trans. EMC, 2, 2003, Figure 3 [special issue on IEMI]. By permiss;
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s TEM horn. (Reprinted from Prather, W.D). et al., TEEE Trans. EMC, 3, 2003,
sue on IEMI]. By permission of IEEE.)

ate-time, low-frequency ringing. Fired into a TEM horn, the
[ 'amplitude is at ~150 MHz. Performance is 43 kV/m at

Radjated field (IKV/m)
=

Time (nsec)
a;_"td advanced sources are the hyperband, with band ratio
ecade. The state-of-the-art system is Jolf, shown in Figure
sed power (Figure 6.18) is a compact dual-resonant trans-

FIGURE 6.14 :
Tunability of the DS110B. (Reprinted from Prather, W.D. et al., IEEE Trans. EMC,
4 [special issue on IEMI]. By permission of TEEER,)




FIGURE 6.17

The Jolt apparatus. (Reprintted from Prather, W.D. et al., IEEE Trans. EMC,--4
fspecial issue on IEMI]. By permission of iEEE.)

FIGURE 6.18
Jolt circuit elements. (Reprinted by permission of Giri, D.V.)

device. The spectrum is broad, with an upper half-power poir
and 2 GHz and a lower half-power point around 30 Mz 1
waveform in Figure 6.19 has a peak field at 85 m of 62 kV-and
of ~0.1 nsec.
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e from Jolt at 85 m. (Reprinted from Prather, W.D. et al., IEEE Trans. EMC,
al issue on TEMI). By permission of IEEE,)

olt: ystems will represent the high water mark for UWB
umie to come. That would be parallel to the “power derby”
sources of the 1980s, which ended because of pulse shortenin

tion for development of the small mesoband systems is

d directed energy, because of their compactness and low

ersions have already reached the market for effects testing.

ogy mesoband systems operate in the 100- to 500-MHz, range.
re developing devices in the 500-MIz to 1-GHz range.

lated. Express the bandwidth ratio in terms of the
dwidth. What is the maximum possible value for the
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. - Magnetrons and MILOS

10n

w:c'eg generate microwave energy by tapping the kinetic energy
- are drifting perpendicularly to electric and magnetic fields
at right angles to one another (hence the term crossed field).
prevents breakdown of the anode-cathode gap, confines
thin an interaction region, and aligns the electron velocities
mé'gnetic waves. These devices include the relativistic mae-
oltage, high-current version of the well-known conventional
mghietically insulated line oscillator {MILO), a linear magne-
 was invented to take advantage of the very high current
m pulsed power systems; and the crossed-field amplifier
ing, rather than oscillating, near cousin of the magnetron
ored, but not exploited, as a high power source.
stic magnetron, along with the backward wave oscillator and
Chapter 8, is one of the most mature of all high power
rational mechanism is robust; it is a relatively compact
s been operated in the frequency range from just below 1
itis well understood. Qver the years, a number of research
lored the full range of operational parameters: single-source
of 4 GW; multisource output in a phase-locked configura-
| output; repetitive, near-GW peak powers at pulse repe-
kHz; and long-pulse operation with an energy per pulse
he magnetron is the most tunable high power source, with
nge by mechanical means, and can be tuned while firing
eoretically, the basic design process has been understood
but modern computer simulation techniques have speeded
lich major design changes are incorporated, and systems
*d the major issues involved in understanding the upper
ble repetition rates and energies per pulse. Practically, the
fielding a magnetron-based system have been addressed in

259




ing} and the rising-sun geometry (alternating between two dif-
sonator shapes to separate the modes in frequency). A new gener-
of higher-power, frequency-agile magnetrons was introduced for
warfare applications. The coaxial magnetron introduced by Fein-
Collier allowed stable tuning by use of a cavity surrounding the

T ARSI Yyt en e G A L AL VMU HHULIUW A VE CITECTS - Teg
built in 1995. :
The MILO has two major attractions. First, its generally low jmp
— of the order of 10 Q, about a tenth of that for a relativistic m.—:['gi1
allows for better coupling to compact, lower-voltage power SOUrcE

explosive generators. Second, it uses the current flow in a mag resonator.®> The French introduced the magnetron injection gun,
insulated transmission line to provide the necessary magnetic fielg d xfensively in gyrotrons, to drive a magnetron by a beam injected
no external magnet is required. Powers of 2 GW with pudse energi tside the resonator. The inverted magnetron, with the cathode on the
1 kJ have been obtained, and repetition rates as high as 100 Hz the device and the anode on the inside, was also infroduced.
results obtained in the L-band. The drawbacks of this source are i iﬁ}rovemen’f in the understanding of magnetron operation even-
maturity, particularly relative to the relativistic magnetron; its lows o the crossed-field amplifier, in which gains of 10 to 20 dB are
cies” of about 10%, due in part to challenges in extracting the oug: sower levels of 1 MW or more, with amplification bandwidths
its lack of tunability. Nevertheless, commercial versions have bee 10%. Okress documented the state of conventional magnetron
in the UK. B b at this time in the two-volume Cross-Field Microwave Devices.t
Relativistic CFAs are the least mature of the high power cro; istic magnetron was developed as a direct extrapolation of the
devices. In fact, a single very preliminary exploration of such a d; gnétron, driven at higher currents by pulsed power and cold-
on a secondary-emission cathode was plagued with problems an h'ﬂol'ogy. The relativistic magnetron is in fact a high-current exten-
nated without a¢hieving its original output power specification 6 nventional magnetron, wherein relativistic voltages are neces-
The majority of this chapter will be devoted to either the genet diice the currents. Bekefi and Orzechowski developed the first
of crossed-field devices or the specific features of magnetrons.:N in 1976,7 and the most powerful was the six-vane A6, described
more briefly, CFAs will be treated in two sections near the end of § oly by Palevsky and Bekefi® Whereas conventional devices had
. jowers of about 10 MW, the first relativistic device produced
ating great interest in the U5, and U.S.SR. Substantial
in the capabilities of magnetrons in the 1980s pushed peak
several gigawatts. Frequencies extended from the original $-
upward {o the X-band and downward to the L-band. The orig-
ere single shot and uncooled, but cooled devices have been
itively at hundreds of megawatts peak power and average
bove a kilowatt. Microwave pulse duration is typically 30 nsec,
600 nsec has been achieved. With the generation of higher
es, extending pulse durations and operating at higher average
ecome principal development thrusts, In this regard, one alter-
naximization of power in single devices has been the phase |
Itiple magnetrons together to build high power arrays of oscil- ' |
rray of seven magnetrons produced 7 GW of output.
d the MILO in 1988.° It has the dual attractions of produc-
low impedance, so that it couples well to lower-voltage,
pplies such as low-impedance explosive generators with-
ally applied magnetic field. Tapered and double-MILO designs
logy in the UK. produced relatively high efficiencies,® and
mmercially available.
reliminary development of high power CFAs was undertaken
rd Linear Accelerator Center (SLAC) in the early 1990s.
ed to produce 300 MW,"! several factors limited actual CFA
ower levels.

7.2 History

Arthur Hull invented the magnetron in 1913, and devices built
principles in the 1920s and 1930s reached power levels of ab
1940, Postumus suggested the use of a solid-copper anode,
independently invented and realized also by Boot and Randa
Soviets Alekseev and Malairov. The initial Boot and Randall
achieved 10 kW and was quickly engineered into an operatio
During World War II, intense technological development of
occurred at the MIT Radiation Laboratory and other ins
described in Collins’ classic Microwave Magnetrons.* Over the’
war, millions of magnetrons were produced, and magnetro
probably had a greater impact on the war than any other technol
in World War II, more so than even the atomic bomb.
Postwar development was equally fast paced into the 19
development of mode selection techniques such as strappi
frequency spectrum by connecting alternate resonators, th

*The true comparison of efficiency, however, should take into account the
demand of both the magnetron jtsell and its field coil, if it is an electromagne




7.3 Deéign' Principles

Crossed-field devices have two distinguishing features. First, th
that supply the energy to generate microwaves are emitted direc’dy-fr
cathode in the interaction region. No exiernal beam—producing Cot
are needed, so that these devices, specifically magnetrons, can
compact. Second, the electrons in the interaction region executs

drift in applied electric and magnetic fields oriented at right anig
another, with drift velocity .

_ ExB
B

Vg

Because the space-charge and diamagnetic effects of the ele¢
cause E and B to vary with distance from the cathode, vy does .
resonance requirement in crossed-field devices is that v, for som
must equal the phase velocity of an electromagnetic wave travea

e and the cavity structure that, together with the dimen-
e interaction region between the anode and cathode, plays

y.role in determining the operating frequencies and out-
same direction. If 7 is the direction of propagation, and the way -T_he axial length of the device and any cavities at the
time t and z as ¢, then resonance occurs for electrons obeyin device play a secondary role in determining the frequency,

ial magnetic field B, which must be strong enough to
“trons from immediately crossing the anode—cathode
‘strong that the azimuthal drift velocity of the elec-

h scales roughly as 1/B,, is too slow to allow the reso-
cribed in Equation 7.2.

[4}]
v,=2

k

The fact that the drift and phase velocities are perpendicula
B distinguishes these M-type devices, as they are also known
allel-field, or O-type, devices in which the wave propagates p.
applied magnetic field (see Chapter 4). Thus, crossed-field de
magnetrons and MILOs are M-type Cerenkov sources. Notd 5
resonance condition in Equation 7.2 is the same as that for O-typ
sources in Equation 8.6. :

The basic geometry of a cytindrical magnetron is shown i Fi
main design features are the following:

xtracted either axially, on the side opposite the pulsed
device, or radially from one or more of the anode cavities.
of a CFA is similar in basic concept to that of a magnetron,
the schematic of Figure 7.2, which shows a coaxial CFA,
vity located outside of the inner, vane-loaded microwave
owever, there are several additional differences in this
ticrowaves are fed in through one cavity and then cir-
‘extracted at higher amplitude from another cavity; an
between the input and output feeds prevents the micro-
round a second time; and the number of vanes is larger
any relativistic magnetrons. A MILO, depicted schematically
I two ways, First, itis a linear device with an azimuthal,
ghetic field, so that the electrons and microwaves prop-
han azimuthally. Second, there is no external magnetic
ield is created by axial current flow in the device.

from the cathode into the interaction region initially form
ns that drift azimuthally in the magnetron and CFA and
. To understand the mechanism by which electrons in

The cathode, which is separated by a gap from the anode s
The application of a large voltage across the gap causes the

emission of electrons from a plasma layer created on the ¢
(see Chapter 5),

* The interaction region between the cathode and anode
operation contains the drifting electrons.

*In the cylindrical geometry of magnetrons and CFAs, for a wave with az

dependence exp[i(n# — ot}], the phase velocity on the right of Equation 8.2 is'ol
the interaction region, :
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ctrons in the m-mode electric fields of Jhagnetrons and CFAs. (From Lau,
rowave Sources, Artech House, Boston, 1987, P- 309. With permission.}

ansfer their energy to the microwaves, consider the two test
gure7.4, labeled A and B.22 For simplicity, the geometry is planar
ve fields are those of the m-mode, which reverses phase from
siext. To be resonant, the electromagnetic wave has a phase
about the same as the initial drift velocity of the electrons. To
electrons execute E, x B, drifts in which the forces due to the
d magnetic fields cancel. The combination of the microwave
onent, E,, and the applied magnetic field, B,, affects each
ays. First, E, decelerates A and accelerates B. Second, E, x
rd the anode and B away from the anode. Third, since the
ate stronger near the slow-wave structure at the anode, A
even more near the anode, while B is accelerated less as it
smooth cathode. Fourth, as A approaches the anode, it loses
. which is converted to microwave energy, while B gains
lich is supplied by the microwave field energy. Because
onger for A than for B, more energy is delivered to the
an is drawn from them, and the fields grow in magnitude.
1e basic gain mechanism, a second phenomenon, phase
the gain and leads to the formation of the spokes shown
is'taken from computer simulations of the rotating spoke
agnetron operating in the - and 2r-modes.’ To under-
smg, return to Figure 7.4 and imagine first that electron A
y latger than the phase velocity of the microwave fields.
es to location D, where E,; opposes E,,, its drift velocity (E,,
d:-and the drift velocity falls back toward synchronism
onversely, if A drifts more slowly with the wave, when it
here the microwave field reinforces the applied field, the
ses, and A moves back toward synchronism. By this same
e that if the drift velocity of electron B is faster than that
ity increases still further when it reaches ), and if it
than the wave, its velocity tends to decrease even further

Slow wave
delay line
#

Circuit energy
direction

Electron flow and magneét
field direction according tg
forward or baclkward wav,

interaction v

FIGURE 7.2

Schematic of the coaxial CFA investigated at SLAC. (From Eppley, K. and ¥
1407, 249, 1991. With permission.)

FIGURE 7.3
‘Schematic of a MILO indicating the drift of
et axial drift in the radial electric field and
here, although axial extraction has becom

a single electron from the cathor
azimuthal magnetic field. Radial &
e Imore common,
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FIGURE 7.5
Spoke patterns from simulations of the A6 magnetron: {a) T-mode operation,

other cavity {in this snapshot of a rotating pattern); and (b} 2n-mode operatio
every cavity {again, ina snapshot of a rotating pattern), (From Lemke, RW. ¢
6, 603, 1999. With permissior\.) :

" mm—w Theoretical height
of brillioun layer

when it drops back to R. Thus, resonant electrons such as’'A
energy to the fields, are held in synchronism with the wave, w
such as B, which draw energy from the fields, are defocused in
the wave. :
The spokes catry electrons across the gap, and this radia
completes the circuit for an axial current flow through the dey
current flow creates an azimuthal magnetic field that, in co
radial electric field, creates an axial component of electron velo
are thus lost to the anode via the spokes and to the ends of th
via the drift the axial current creates. The locations of loss mus!
x-ray shielding and cooling are required.
In the remainder of this section we address three primary
focusing primarily on the magnetron, although much of t
relevant to its close relative, the CEA: :

_SIZ:le' the (a) - and (b) 2n-modes. (From Palevsky, A. and Bekefi, G.,
979 With permissior.)

ots of the anode surrounding the annular interaction
thode and anode create a variety of potential operating

wave field pattern. Magnetron modes are designated by

fields that vary azimuthally as e n is thus the number

rowave field pattern repeats during a circuit around the
ular spacing between N cavities is A8 = 2 /N, the phase
t:cavity resonators for the nth mode is n A8 = 21n/N

)./ In magnetrons, there are two common operating

¢, wherein the fields are reversed from one cavity to the

mmnea Dy - 8 = 7}, and the 27-mode, with fields repeating from cavity
of the interaction region and anode cavities (1-3-‘: in th / 2m). The electric fields for the n- and 2n-modes of the
the electrons), which are quite accurate even with the ) are shown in Figure 7.6.% For further discussion of
electrons : tructure, see Treado.

2. The relationship between the applied voltage and ma; lation for a magnetron relates the frequency for a given
determining where in a parameter space of these two or the phase shift per cavity, A8. In the case of a
device breakdown prevented and microwave generati is usually calculated numerically with an electromag-

3 The behavior of the device with electrons included, anglyticgﬂy using the technique described in Collins’
largely be done using empirical data and computer on relation for magnetrons was discussed in detail in

because of the highly nonlinear behavior of the operafini .7 shows the dispersion relation for the A6 magnetron,®
and anode radii of r, = 1.58 cm and r, = 2.11 ¢m; the

1. The cold frequency characteristics determined by the'cb
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FIGURE 7.7

Dispersion relation,”, = ®,(A8)/2x, for the A6 ma
- and 2n-modes are the same, although this occ

anqc;s, the frequency of a given mode is modified by the axial
ing-to the relation

gnetron. The azimuthal phase ygi
urrence is coincidental.
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anode cavities have azimuthal opening angles of y = 20°,
walls extend along radial lines to a depth of ry = 411 em, ma
the center of the device. The peak frequency for the modes

order curve is the -mode frequency, about 2.8 GHz. AJ] other

set are doubly degenerate in frequency. The 2n-mode is the low: cal experimental Valges for the resonator length are ~0.6 A,
mode in the second-order mode set. The slope of a line drawn ' at C__maSHEtTOT}S with h = 24 have b‘_?el'} reported in the ?('
origin defines the angular phase velocity of a mode. Noje tha on among axial modes frequently limits output power in

the 7- and 2n-modes have the same phase velocity; most easily observed f]ymptom is beating of the power

different Buneman-Hartree conditions (discussed in the next si €noe frequency, A = f37 3 3

field patterns, and therefore are easily separated in practice.: o K uations 7.3 and 7.4, the size of a magnetron scales
In Collins” book, graphical solution of the dispersion relation the operating frequency f, or directly with the frge«space

the m-mode frequency lies somewhat below the frequency-fo Figure 7.8 allows one to compare the resonator sizes for

length of the anode cavities Li=r,-ris approximately L/4, with

ating in different frequency bands between roughly 1 and
space wavelength of the output radiation. Therefore, -1, for a number of U.S. magnetrons, 41617 we campare

ode, anode, and the anode resonator — Ty I, and r, —
esonator length h, to A; we also show the m-mode frequency
juation 7.3 for those devices that operate in that mode
For the noninverted magnetrons (i.e., those with r, < r),
typically ranges between one eighth and one fifth of a
the PI L-band magnetron an outlier at r, = 0.05); r, ranges
bout one third &, with the PI X-band magnetron an outlier
d the PT L-band magnetron an outlier on the low end.
the n-mode operating frequency in Equation 7.3 is always
8 60% in a couple of the MIT magnetrons to as little as
and device. Resonator lengths are typically a fraction of a
he length is almost twice A in the PI X-band device, We

eSon_'ator length. Clearly, mode competition will be an issue

In the case of the Ap magnetron, Equation 7.3 yields f, = 3.75
is high by about 60%. This rule of thumb is at least helpfu,
calculations with somewhat better than factor-of-two accura
points to the relevant scaling parameter for the m-mode freque

Magnetrons also have an axial mode structur :




