‘the anode-cathode voltage and d, the effective gap in cylindrical
tetty,

z

é 2 _ 2

5 d,=le T (4.124)
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:» B, the critical magnetic field or Hull field, the electrons drift
it Ifywnhm a bounded electron cloud called the Brillouin layer. As

the electron cloud extends almost to the anode. As the magnetic
reases, the cloud is confined closer and closer io the cathode. Remark-
" hough Equation 4.122 takes account of collective space-charge
gnetic effects from the electron layer, it is exactly the result one
n if one set the Larmor radius for a single electron equal to d,

16).

FIGURE 4.23 C
The variation of the electron density in a layer drifting in crossed electric and magnetic figf
The electrons are emitted from the cathode at r., the layer extends outward from the cath
to roughly 1., and the electrons are insulated by the magnetic field so that they do not ¢
over to the anode at r,. ;

p (y—l)mczﬁeq)zo

with y=(1-1v; /c®)™2 Also, in the absence of azimuthal variations; th

canonical momentum in the azimuthal direction is conserved, so that 0 él_'ve-G enerating Interactions

derstand the microwave generation process in HPM sources in
resonant interactions between the normal modes of a cavity or
the natural modes of oscillation in a beamn or electron layer.
order on the discussion of microwave sources, we classify
o various criteria. From the standpoint of the electromag-
odes, sources are said to be either Jast-wave or slow-wave
ast-wave interaction involves a waveguide mode with a phase
-gi_é'ater than the speed of light, as in the smooth-walled
Section 4.3, while a slow-wave interaction involves a mode
elocity less than the speed of light, as in the slow-wave
n 4.4.
dpoint of the electrons participating in the generation pro-
e three classes of devices:

Moy — - Ay = . (
with Ay the azimuthal component of the vector potential A, which ob

B=VxA

The magnetic flux is the surface integral of B, over the cross-section
between the cathode and the anode. Because of the high conductivi
anode and cathode, we assume that the magnetic flux before the vo
applied, when B, is the initial applied magnetic field, is the same
magnetic flux after the voltage is applied, and the diamagnetic effe
electron layer modifies the magnetic field in the gap. Then the Hull
for magnetic insulation of the gap is as follows: '

vices in which the electrons drift parallel to an externally

i g_ﬂétic field. This field helps to guide the intense beams
I sources and, in some instances, plays an essential role
owave generation process.

c_mei, 2 017 4, e
s _a( _1) Wﬂ-— Cm)('y ﬁl) :
es in which the electrons drift perpendicularly to

measured in Tesla, with and magnetic fields.

Devices, possibly involving an applied magnetic field,
Interaction producing microwaves is intrinsically trace-
nse space-charge interaction.




and they cannot be used to generate microwaves. We will shortly
o this point in the specific case of space-charge waves.
st sources, wave growth is accompanied by bunching of the electrons
. y or another. For example, in some devices, the electrons form
pimnches, while in others, they bunch in the phase of their rotation
\¢ magnetic field lines. In any event, bunching is an important phe-
i because it enforces the coherence of the electromagnetic waves
enerated.’® To understand this, think of the generation process as
n process by the individual electrons. In a uniform beam of elec-
shases of the waves emitted by the individual electrons are com-
dom, so that the sum total of the radiation emitted by all of the
ancels out. Due to the action of the waves back onto the beam,
e beam forms into bunches, the phases of the waves from each
1o longer random, and the net sum of the emitted waves
nzero. Thus, bunching makes the difference between the inco-
nitaneous emission of the initial state and the coherent stimulated
the later state. When the beam is strongly bunched,' the micro-
put power is proportional to the number of bunches, N, and the
number density of electrons within the bunches, ny;

The interactions leading to microwave generation in both the O- and:
type devices produce waves that grow up from small perturbations on
initial equilibrium state. The situation is quite different in the space-cha,
devices. The flow of the electrons in those devices is disturbed in a way {
prevents the existence of an equilibrium; however, the resulting oscillat,
state has a natural frequency. Thus, there are similarities in the Operation
the O- and M-type sources that are not shared with the space-charge devig
We will briefly review the common elements of the first two types of sou
before considering each source type individually.

4.8.1 Review of Fundamental Interactions

In O- and M-type devices, microwaves are generated primarily by'Iin"
resonances in which the waveguide or cavity normal modes and the electr
oscillations must have the same frequency. Further, they both must have
same phase velocity, ®/k,, so that they advance together along the sysie
axis. Therefore,“the values of ® and k, for the two waves must be equ.
many cases, the properties of each of the electromagnetic and electronw
are largely independent of one another, except at values of ® and k]
vicinity of the resonance. Hence, we can estimate the resonance frequ
and wavenumber by looking for the intersection in an o-k, plot:o
dispersion curves for an electromagnetic normal mode {examples of
are shown in Figure 4.4, Figure 4.9, and Figure 4.15) and one of the oscil]
modes of the elecirons. However, not all such interactions are truly r '
permitting the transfer of electron energy to microwaves. The issue of
intersections lead to resonant microwave generatjon is resolved by deri
and solving the full dispersion relation for a coupled system of electr
netic waves and electrons. Insuch a calculation, near microwave~gen'
resonances @ and k, are in general complex, with the result that an in
exists and the waves exhibit exponential spatial and temporal grow
More in line with our approach of treating the electromagnetic an
modes as almost independent, the incremental wave energy of the
pating modes, calculable from uncoupled dispersion relations, can b
sidered to determine if an interaction will be unstable.i617 Whi
intersection in the dispersion diagrams leads to microwave generatio
electron oscillation participating in the resonance is said to be 4
energly wave in the following sense. The total energy of the couple;
including the electromagnetic energy of the normal mode and the s
energy of the electrons, is positive; however, the total energy is highe
initial equilibrium state with no electron oscillations than it is in thep
of the unstable electron oscillation. The electron oscillation therefore
the total energy of the system and has a negative energy in the incre
sense. This energy reduction does not occur for some electron o$ci
which are said to be positive energy waves; these will not interact un
with the electromagnetic normal modes, which always have a

P o Ny (4.125}

e process of wave growth and bunching cannot proceed
entually, if given enough time, the instability will proceed to
d wave growth ceases, as shown in Figure 4.24. A variety of
lead:to saturation, but two are seen most commonly: either the
energy of the electrons is exhausted and the electron oscillation
onatice, or the electron bunches become trapped in the strong
of the electromagnetic waves and begin to reabsorb energy
 they “slosh” around the well.

urce Interactions

Qﬁ]_'y a couple of basic interactions underlying the operation
evices. One is based on the oscillation of space-charge waves
am. To understand these, imagine a very long, large-diam-
trons drifting along the z axis of a metallic drift tube,
ial direction by a very strong axial magnetic field. If the
| is uniform, axial forces along the beam are negligible,
ends. Imagine, though, that the electrons are squeezed
rea, creating an electron bunch. The effect is like that of
on of spring together; the space-charge forces between the
unch will cause them to repel one another and move apart,
ate higher-density bunches on either side of the original
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HGURE 4.24

The growth to saturation of a microwave signal as a function of distance along the in i

region, L. # g wave dispersion diagram for an unbounded beam model (dashed) and a
5 aide (solid).

bunch, which once again repel one another and so move back to :

creating an oscillation back and forth. The relation between the osc
frequency and the axial wavenumber of the oscillations is -

positive incremental energy. Microwave generation occurs
and wavenumber approximately given by the intersection
ispersion curves for the slow space-charge wave and an elec-
ormal mode; intersections between curves for the fast space-
ve and a normal mode will not yield a microwave-generat-

w=kuo, + By
Yo
charge waves, with o/k, < ¢, cannot couple to the normal
oth-walled waveguide, which have |0/k,] > c. Nevertheless,
to achieve the required coupling between the space—char.ge
ectromagnetic normal mode. For example, the phase velocity
de modes can be reduced below the vacuum speed of light
to the guide a dielectric material with a permittivity, e, signif-
than that of vacuum, &, (for example, a rod on axis, a sleeve
oreven a plasma layer), so that the effective speed of light
e appearing in Equations 4.20 and 4.21 approaches
en ¢ is made less than v,, as shown in Figure 4.26a, the
onance between the slow space-charge wave and the electro-
erves as the basis of the dielectric Cerenkov maser (DCM).2 -
es can also be slowed down by modifying the shape of the
.+ to create a slow-wave structure, such as those we discussed
periodic slow-wave structures of Section 4.4 are the bases
- backward wave oscillator (BWO) and traveling wave tube
ed in Chapter 8, when the variation in slow-wave-structure
axis. Distinguishing between the BWO and TWT requi‘res
e dispersion curves and the location of the intersection
space-charge wave and the slow-wave-structure curve:
n the slow-wave-structure dispersion curve has a negative

where @, =(m,e* / egmy, )" is the beam plasma frequency for a beam of
number density n, and electron velocity v,, with v, = (1-0? /c?y 12
ativistic factor. The waves with the two frequencies in Equation 4
commonly known as the fast and slow space-charge waves, accord
use of the + or - sign, respectively. _

The importance of boundary conditions was stressed in Section:
Equation 4.126 contains no geometrical factors and is derived quite
without regard for the radial boundaries of a real configuration,
shows, though, that the dispersion relation for space-charge wa
bounded beam in a waveguide is modified in some significant w;
the boundary conditions are taken into account. Figure 4.25 show:
persion relation for the space-charge waves in a beam within a w
{derived by Brejzman and Ryutov?), compared to the infinite Cross-
model appropriate to Equation 4.126. The primary difference o

k, = 0, where Equation 4.126 gives a wave with a phase velocity gre

shows that the phase velocity of the space-charge waves is alway;
¢ {note that even the “fast” space-charge wave is a slow wave in thi
In either case, with or without radial boundary conditions taken int
the slow space-charge wave is the negative energy wave, while thié f
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FIGURE 4.26

Uncoupled dispersion relations for systems in which the space-charge waves. inf

differing electromagnetic modes: (a) dielectric Cerenkov maser, (b) backward wi
and (c) free-electron laser. e

point of intersection, so that the group velocity is negative, or
while TWTs involve an intersection at a point of positive group
Gre 4.26b illustrates such a resonance for a BWO.
neans of coupling slow space-charge waves to guide modes
modification not of the waveguide dispersion, but of the space-
ave dispersion. If a periodic transverse magnetic field is applied
A7 v'eguide, one view of the result is that the dispersion curves
harge waves have been upshifted in frequency by an amount
riggle” frequency of the electrons, o,, ~ k,v,, where k, =2n/
the periodicity of the magnetic field, so that

o=Fko, +@®, (4.127)
4sis for the free-electron laser (FEL), or ubitron, described in
Tence, in this view of FEL operation, the space-charge waves
‘fast waves capable of interacting with the fast waveguide
ernatively, the radiation process can be viewed as magnetic
ung. or coherent synchrotron radiation of the transversely accel-
igure 4.26¢ depicts this resonance. Note that there are two
tween the upshifted slow space-charge mode and the
spersion curve. Characteristically, FEL operation is at the upper
roblem 16).

klystron, discussed in Chapter 9, makes use of resonant
the space-charge waves on the beam. The simplest two-
the klystron is shown in Figure 4.27. The beam interacts with
of the first cavity (which is usually driven externally), and
ted with this electromagnetic mode modulate the axial drift
{lie beam electrons and excite space-charge wave growth on the
rift space between the two cavities, the space-charge wave
es. The resulting space-charge bunches then pass into the
where they excite an electromagnetic cavity mode, the fields
e coupled out as radiation. A distinguishing feature of the
> only communication between the two cavities is through

Input signal Output signal

- e-beam
Output cavity

Bunching cavity

7 form of a klystron.



In those devices, the charge density perturbations in the space-
waves on the beam create image charges in the rippled-wall slow-
structure, and it is these image charges, moving transversely with the
pple, that can be viewed as causing a kind of dipole radiation as they
long with the beam space-charge waves.

itional interaction of some interest is that in which two types of
des work together parametrically to produce a third wave, an
"gﬁéﬁc output. To take an example, if a slow space-charge wave
arge enough in amplitude, it can function as the wiggler to drive
type interaction, even in the absence of a magneto-static wiggler
is type of stimulated scattering® has been used in two-stage FELs,
le, in which the first stage is either another FEL® or a BWO.2 Such
o sometimes called scattrons in the Soviet and Russian literature.

hal point in the discussion of O-type devices, we note that the
ncept — setting some form of bunching in motion in one inter-
egion, propagating the beam through a cutoff waveguide section,
pping the bunched beam in a separated, downsiream interaction
s quite general applicability and has been employed in the design
brid devices. For example, the gyroklystron essentially features
nators separated by waveguides in which gyrophase bunching
‘hapter 10). A second example is the optical klystron (Chapter
a variant of the FEL with multiple interaction spaces. In devices
the advantage of the klystron principle is that it makes a pre-
available to the downstream cavity (or cavities, if the bunch-
_enhanced by using more than a single cavity), where the
ances the efficiency.

Magnetic field line,
guiding center

N
U UG

Larmor rotation

FIGURE 4.28
Larmor rotation at the electron cyelotron frequency, w,, about the guiding center, whick
along a magnetic field line.

the space-charge waves, since the drift space between the cavities is mad
sufficiently small that it is cut off to the propagation of the cavity mo
between the two (recall that the cutoff frequency o 1/ ). In fact,
requirement becomes quite restrictive as the desired operating frequen,
increases, since cutting off the lowest frequency waveguide mode, TE
means that for an operating frequency f, the waveguide radius must be
than a maximum value of r.{cm) = 8.8/f(GHz). One way of getting arg
this is to cut off all but the few lowest frequency modes, and then de
the drift tube bgtween cavities in such a way that the lowest-order Mot
cannot propagate (e.g., by cutting properly shaped slots in the wall
loading them with a microwave absorber). L
An entirely different mechanism for generating microwaves from:a
netized beamn of electrons involves electron-cyclotron interactions wi
beam electrons. Consider a beam traveling along a reasonably strong.
tield, but imagine that the individual electrons have a velocity comp
perpendicular to By, so that they execute small-orbit Larmor rotation a
their guiding centers at the cyclotron frequency o, = eB,y/1my,, as shi
Figure 4.28. The individual electrons can then spontaneously emit D
shifted cyclotron radiation of frequency :

o = k,u, + 50, ye Source Interactions

ith O-type devices, electrons in M-type devices drift across a
crossed electric and magnetic fields, This type of motion
B drift. Most commonly, M-type devices involve the inter-
a slow-wave electron mode and electromagnetic normal
olinearly with the overall drift of the electrons. The primary
h a device is the relativistic magnetron, depicted schematically
nd discussed in Chapter 7. There, an electron layer drifts.
ar the cathode of a cylindrical diode in the radial electric field

I magnetic field. Because the cavity is closed on itself in the
ction (or reentrant, in the accepted parlance), counterrotating
tic modes can set up a standing wave pattern around the cavity.
convention in the case of magnetrons to characterize the
des by the phase shift of the waves between the individual
ctromagnetic modes with phase shifts of T and 2%, known as
2n-mode, are the most commonly seen operating modes in
addition to the magnetron, an amplifying M-type source

with s an integer. Electrons emitting this radiation can interact reson
with the fast waveguide modes, and because the cyclotron frequ
energy dependent (as 1/v,), the rotating electrons will become bun
their rotational phase (which is entirely different from the spatial bt
of the space-charge waves). This resonance is the basis for a num
electron cyclotron maser types, such as the gyrotron and cyclotron auton
maser (CARM), described in Chapter 10 (see Problem 4). g

Our interpretation of the microwave-generating resonance in the
considered so far — the BWO and TWT, the FEL, and the electron ¢
masers — has been constructed in terms of interacting collective m:
can alternatively view the radiation process as the action of a co
ensemble of transversely accelerated electrons that are emitting,. It
where electrons undulate in the wiggler field, and the gyrotron,
electrons gyrate about field lines, this phenomenon is readily app
the other hand, in the BWO and TWT, the physical picture is
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Anode foil
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it of a virtual cathode oscillator, or vircator,

, virtual cathode. Essentially, the excess space-charge in the
cted from the drift space. This situation is intrinsically different
other. microwave generalion mechanisms we have discussec;l to
acause in the earlier cases, we started with a well-defined initial
on'which perturbations grew up from small amplitudes at early
. case of virtual cathode formation, there is a very fundamental
ie beam state with the result that no beam equilibrium is
position of the virtual cathode oscillates axially, shedding
éﬁ'eivi"rig tike a relaxation oscillator. The motion of the space-
tential well of the virtual cathode produces radiation at a
at is. proportional to the square root of the beam current (for
is. of the order of the beam plasma frequency, o). The
s vircator is quite large, and if the virtual cathode is formed
vity, it will interact with the cavity modes to oscillate at a
d-to a cavity mode. .
yp:é_of space-charge device, the reflex triode, is configured
umla'r_ly to the vircator, as shown in Figure 4.31, except that

FIGURE 4,29
Schematic depiction of a magnetron cavity, in cross section.

known as the 5rossed~ﬁeld amplifier has existed in the nonrelativistic _
for some time, and one was briefly explored in the high power regime: 3
recently, a linear device with high power potential known as a Hagte
insulated line oscillator (MTLO) has been explored. :
A fast-wave M-type device has also been examined. In this devic
as a rippled-field magnetron, the slow-wave structure of Figur
replaced with a smooth wall into which permanent magnets of alte
polarity have been placed. Thus, the device is like a cylindrical FEL;
the beam has been replaced by a magnetically insulated layer of ef
undergoing E x B drifts, :

4.8.4 Space-Charge Devices

Space-charge devices are so named because their operation depen
strong space-charge-driven phenomenon involving the formation

tual cathode. The best-known device of this type is the virtual cathod
lator, or wvircator. To understand its operation, consider the confi

Virtual cathode

Output window

shown in Figure 4.30. There, an electron beam is generated in a di £k e
a thin-foil anode that allows the beam to pass through to the'd "+ Anode > A E
beyond. For a cylindrical drift space, th . Anode foil !
Section 4.6.3. If the drift space has groun

the beam has radius r, and was launched :

the space-charge-limited current Escq. for the drift space is given b : l
4.115 if the beam cross section is annular and Equation 4.116 if t C:thode

cross section is solid. A beam current I, exceeding the appropriat
Tso, will cause the formation of a strong potential barrier at the he:
beam, from which a significant number of the beam electron:
reflected back toward the anode. The reflection point for the el

of 4 reflex triode.




TABLE 4.5

Classification of HPM Sources p fiers and Oscillators, High- and Low-Current

Slow Wave Fast Wave OF erafing Regimes

O-Type Backward wave oscillator Free-electron laser {ubitron
Traveling wave tube Optical klystron ) ation system in Table 4.5 is based on the nature of the microwave-
Surface wave oscillator Gyrotron eractions. We could choose an operational criterion for group-
Relativistic diffraction generator Gyro-BWO . however. Let us therefore distinguish between amplifiers and
S;Otr;m Syff'tl W1 . amphﬁer produces an output signal that is a larger amplitude

1masron yclotron autcresonance In
Multiwave Cerenkov generator Gyroklystron some input signal; in the absence of an input signal, there is

tput signal other than low-level amplified noise. An oscillator,
1and, requires (1) feedback and (2) sufficient gain to overcome
's_per cycle, so that an output signal can be generated spontane-
in the absence of an input 51gnai Smce gam typically increases

Dielectric Cerenkov maser

Plasma Cerenkov maser

Relativistic klystron
M-Type Relativistic magnetron Rippled-field magnetron

Cross-field amplifier

Magnetically insulated line oscillator
Space-Charge  Vircator

Reflex triode

the anode, rather than the cathode, is attached to the center condu
the transmission line feeding power to the source. If the anod
perfectly transmitting with no absorption of electron energy, an'e
from the cathode would drop down to the potential well at the a
then rolt up the other side of the well to the virtual cathode to be 1
back toward the cathode, where it would come to rest after passin
through the anode. Actually, though, some electron energy will be
the anode, and electrons will almost, but not quite, reach the’ o
cathode, after which they will pass back through the anode, losing
more energy on each pass, falling short of the original cathode,
back toward the anode again, and on and on until all of the electron
is lost. This reflexing back and forth by the electrons provides
source of microwaves for a device known as the reflex triode. A p
note is that in the simple vircator of Figure 4.30, both processes
cathode oscillations and reflexing, can compete with one anothe
special care is taken.

As we shall see in Chapter 9, the operation of low-impedance rela
klystrons has some similarity to the space-charge devices, in that v
beam current exceeds a time-dependent limiting value in the klystro'
gaps, current bunching takes place almost immediately in the V1
the gap.

Table 4.5 summarizes our classification of HPM sources. We can
there are fast- and slow-wave devices for both the O- and M-type
We do not distinguish between fast- and slow-wave types for the
charge devices. Some source varieties not shown in the table can;
in the later sections of this book, but these represent, in many cases
tions on the basic types discussed here. :

wh_lch useful amphﬁcatlon is possible, while oscillators tend
definite frequency of operation, depending again on the
cy between the beam and the cavity. The output character-
plifier — frequency, phase, and waveform — can be controlled
th th_é provisien of a low power master oscillator with the
Designing for high gain and output power while controlling
break into spontaneous oscillation can be difficult, though.
ators that are frequently important for applications are
‘the variation of the frequency with source current; fre-
the variation of frequency with change of phase of the com-
of some load connected to the oscillator cavity; and phase
Pulse variation of the initial phase of oscillations. Oscilla-
nplicity attendant to the absence of a master oscillator,
and frequency control, to which we will return in the next
complicated than for an amplifier.
are suited to operation exclusively or primarily as either
nplifiers. Those usually operated as oscillators are (1) BWOs,
[back inherent in the coupling to a backward wave normal
s, due to the low-group-velocity, high-Q cavity mode
3) magnetrons and rippled-field magnetrons, since they use
Nevertheless, BWOs and gyrotrons can, in principle,
efs below their start currents. As their name implies,
ifiers are designed to be amplifiers by the inclusion of a
section meant to prevent the complete, 2 circulation of
‘aves around the source azimuth. The other sources of
ron autoresonance masers (CARMs), FELs, MILOs, TWTs,




1. This is called the Raman regime of operation. Some authors

10°

gﬁish intermediate states between these two exiremes, but this
Hication will serve our purposes,
107 |
!
=1
£ 10 :
i and Frequency Control
E i o " » "
§ guency control of a microwave signal are desirable in a.va_rlfaty
A such as driving radio frequency accelerators, maximizing
g er density from a multiple-antehna array, and even elect?on-
© 1 the output of such an array. As we mentioned in the previous
al hap's"'ffzhe most straightforward means of controlling the phase of
ces is to generate the high power from one or more power
fiven by a relatively lower power master oscillator. This config-
# T 75 80 85 % ted by the acronym MOPA (master oscillator /power ampli-

ulties inherent in the design of high power, high-gain
hé complexity of MOPA arrays leave room for the use of
ericy-controlled oscillators.

¢ and frequency control of oscillators can be achieved in several
¢ the most common involves the use of the power from a
- gacillator to determine the phase of a slave oscillator. The
er is the injection ratio:

Frequency (GHz)

FIGURE 4.32 _
The ouiput of a super-radiant FEL amplifier. Measurements were made at the i
indicated, and points taken for devices of the same length were connected to make
shown. (From Gold, S.H. et al., Phys. Fluids, 27, 746, 1984. With petmission,) '

and Cerenkov masers — alfl have open configurations and forward-di
normal modes, so they all operate primarily as amplifiers. Addit
they can be run as oscillators if some type of feedback is introduce,
as reflections at the downstream end. ;
Midway between amplifiers and oscillators, there are the supe
amplifiers. Although they are not, strictly speaking, a separate dev
these are amplifiers with such a high gain that they will amplify spon
noise on the beam to high output power levels. In a sense, the effe
that of an oscillator, with the difference that the line width of the outp
the speciral width of the output frequency) is broader. Lengthenin
device can narrow the line width about the frequency of the mod
highest gain. An example of the output from a super-radiant FEL ar
is shown in Figure 4.32. There, we see the noticeable peaking of ou
a function of frequency as the device is lengthened. i
A third, very broad means of classifying microwave sources is ac
to the intensity of the space-charge effects in the device. At low: ¢l
densities, typically corresponding to low beam currents, a device
be in the Compton regime of operation. In this case, collective spa
effects are negligible and the electrons behave as a coherent en
individual emitters. At high electron densities, with beam currents app
ing a significant fraction of the space-charge limit, the collective:m
electron oscillation (e.g., space-charge waves) play the central rol

p=|4| ==L (4.129)

‘dénote the injecting (or master) and receiving (or slave)
cking occurs when the frequency difference between the

Aw < Lo (4.130)

i~ 8 (4.131)




The classification scheme used here to organize the devices is based

TorpEL e lockmgrange A 18 maximized and the timescale for lock
is minimized. This facilitates locking of oscillators with larger freque;
differences and makes arrays tolerant of oscillator variations. The Wes
coupling regime, p << 1, allows a small oscillator to drive a larger one,
takes a corresponding longer time for locking to occur (see Problem ]
Phase locking at high powers has been studied most thoroughly in relativs;
magnetrons (see Chapter 7). A second method for phase locking invg
prebunching of a beam before it is injected into a microwave source, T ditions. Oscillators tend to operate at a single frequency, depend-
has been done in gyroklystrons. A third method is known as primin; design features; techniques exist, however, to control the phase
oscillator. In this case, a locking signal is injected during the start-up ph; xtent, the frequency of the output.
of the oscillator, which then locks to the injected signal. i " .

character of the interactions underlying the generation mechanism in

Oﬂéﬂy, we can also distinguish between devices on an opera‘fionai
e Oﬁng them as amplifiers, oscillators, or super-radiant amplifiers.
asés, certain devices are better suited to operation in one of these
sodes, although others can be operated in each of these three under

4.11 Summary

ength of rectangular waveguide in X-band with dimensions
6 cm and b = 1.016 cm, (a) What is the WR number? (b) What
toff frequencies for the first four propagating modes?
t that Lcm) = 2.54 x L (inches).
e the cutoff frequency for the TE,, modes in rectangular and
‘waveguides with similar dimensions. For the rectangular
e, assume a rectangular cross section with a =b = 2 cm.
e circular wavegttide, assuine a diameter of 21y =2 cm, Repeat
1séf for the TM;; mode in both,

ns operate near the cutoff frequency for the cylindrical inter-

ty. To understand the frequency spacings involved, con-
spacing in cutoff frequencies for a cylindrical waveguide
radits of 2 cm. (a) First compute the cutoff frequencies for
d TE;, modes. What is the spacing in hertz, and how
igher is the second mode than the first, on a percenta ge basis?

mpute the cutoff frequencies for the TEg, and TEg, modes.
1t is the spacing in hertz, and how much higher is the
de than the first, on a percentage basis?

Many of the findamental concepts introduced in this chapter wilf "
throughout the book. The normal modes of rectangular waveguide
denoted TE,, and TM,,, {and, to avoid inconsistency in notational cor
tions elsewhere, TE,, and TM,,, in circular waveguides), where n and
indices on the field variations in the transverse plane. A normal mog
not propagate through a waveguide below a characteristic frequency,_
as the cutoff frequency. The cutoff frequency scales inversely with the
sectional dimensions of the guide, so that single-mode Ppropagation i
cally confined to relatively narrow guides. High power transmission t
a guide demands a large waveguide cross section and a resulting availab
of many modes above cutoff. This is known as on.

Slow-wave structures support waves with phase velocities less
speed of light. The cross-sectional structure of these modes can: havy
characteristics of the TE and TM modes of a smooth-walled way
although as the frequency and wavenumber vary, the cross-section;
ture of a given slow-wave-structure mode can transition from one TE
mode to another. .

The normal modes of cavities are characterized by an additional
the axial variations of the fields within, e.g., TE,,, (where the ord um allowable field at the wall of 100 kV /em, (a) What
indices is x-y-z for rectangular coordinates and O-r-z for cylindric rectangular waveguide propagate in fundamental mode
nates, by convention). Cavities are characterized by the guality factor 22 (b) What power can a circular waveguide propagate in
measures energy loss per cycle from the oscillating fields in the cavity. frequency TM mode at 3 GHz? Assume that the
loss, and the contributions to Q, comes primarily from two facto iscut off to propagation for modes above the ones des-
coupled out as useful microwave radiation and power lost to paras e;'state the dimensions you use.

tion is i irable in HP . - ) . .
Q opera oo many cases desirable in HPM sources ' reular waveguide carrying 5 GW of power in the TM,,
Resonant interaction at a common frequency and wavenumber : . o
arge must the radius be to keep the electric field at the

the waveguide or cavity fields and an oscillatory mode in a body _(_)fg V/em? At that radius, how many of the TM,, modes
electrons enables the energy transfer from the electrons that generat at te in th veguide?
Beam bunching is crucial to enforcing the coherence of the wave: propagate In the waveguide?
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11.

i2.

13.

14,

15.

otation of the beam about its axis in the slow rotational mode —
elow 500 MHz?

- basic relativistic magnetron, termed the A6 because it uses six
ities in its resonant structure (see Chapter 7), has a cathode and
de radii of 1.58 and 2.1 em, respectively, and operates at 4.6 GHz
oltage of 800 keV. What magnetic field is required to insulate it?

MeV electron beam passes through a wiggler magnet array in

ch"magnets of opposing polarity are spaced 5 cm apart. What is
iggler frequency in this system?

Consulting the formulary, what is the skin depth of aluminum at 10
GHz?
Estimate the lower and upper frequencies of the lowest passband
for an axially varying slow-wave structure with a sinusoidally rip.
pled wall with a mean radius of 4 cm and a ripple period of 1 cm
Estimate the Q of a copper-lined cavity operating at 35 GHz, with
a diameter of 3 cm and a length of 5 cm, with the ends partiall
capped. "
Diode impedance is the ratio of voltage over current. What d;o
impedance is required to produce 5 GW of microwaves from a source
with an efficiency of 20% when the diode operates at a voitage
1.5 MV?

For efficient energy transfer, assume you want to match the impe
ance of a diode to an oil-insulated pulse-forming line with an impe
ance of 43 Q. If the voltage on the diode is to be 500 keV, and
gap must be at least 2 cm to avoid gap closure during the pulse ds
to plasma from the cathode, what cathode diameter do you need

5 the minimum magnetic field required to operate a gyrotron
1<V in a 3-cm-radius cavity?

.__gh power oscillators both have the same 3-GHz frequency
Q = 100, values typical of HPM sources. Their pulse durations
00 nsec, also typical of HPM sources. The bandwidth of each
I‘h_ey are driven in parallel by a pulsed power unit, so they
e simultaneousty. They are to be phase locked together to add
powers before being radiated from an antenna. How well cou-
1o they have to be, i.e., what injection ratio is required if they
ke within 1/3 of their pulse lengths? If their rise time is Q
f the 3-GHz frequency and they are to lock within the rise
it injection ratio is required?

Prove that the expression for the cathode current density in a cylin
drical diode (Equation 4.106) yields the expression for the curr
density in a planar diode (Equation 4.104) in the limit of a nea
planar diode, where 1, approaches r..

Consider a coaxial diode emitting radially from an emitting regi
L =3 cm long on a cathode at radius r, = 1.58 cm toward an anog
at r, = 2.1 cm, with an anode—cathode voltage of 400 kV. These
the radii of the A6 magnetron, but we assume there is no a
magnetic field, so that the current can flow across the gap. Comp
the current flowing across the gap. Compare the value of the cu
to the same current for a planar diode with the same gap an
same emitting area as the cathode in the cylindrical diode.

At what voltage will a 40-kA beam from a diode with a 4-cm ca
radius and a 2-cm anode-cathode gap form a pinch?

A cylindricai electron beam of uniform current density and r
1, is emitted from a planar diode with a gap of 2 cm and an’
erating voltage of 1.5 MV. It passes through a planar, thin-foil a
into a cylindrical drift tube 4.5 cm in radius. (a) If we assun
the beam enters the drift space with the same radius as the r
of the circular face of the cathode, which has a radius 1, what
minimum value of r, to get virtual cathode formation? {b) Wh
the radius of the cathode at which the beam current is twic
space-charge-limiting current in the drift tube?

If we inject a 5-kA electron beam with a radius of 2 cmn from
diode into a drift tube 3 cm in radius, what value of axial ma;
field is required to keep its rotational frequency — the frequen:
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Technologies

elopment of high power microwaves (HPM) during the 1980s
availability of a technology base that had been developed
ations. Figure 5.1 shows the subsystems of an HPM device
HPM facility. Pulsed electrical systems, referred to as pulsed
veloped in the 1960s to enable nuclear weapons effects
ter, i_n_ertial confinement fusion became a driver for pulsed
logy. HPM has largely made use of existing pulsed power
rform initial experiments. The intense beams generated by
vices have been studied in some detail, including beam
eam propagation in various media such as vacuum,
In diagnostics for HPM, the bulk of the devices used
iagnostic techniques with additional attenuation to
s before the diagnostic data are taken. An exception to
. which must handle high electric fields but little total
(_)’Wave components, such as waveguides, have been
onventional microwave technology base. For example,
guides of conventional design can support electric fields
ort pulses. Similarly, antennas have used direct extrap-
ntional antenna design with some care taken to avoid air
the major exception of the Impulse Radiating Antenna
2.5 and 6.3). With the emergence of facilities specifically
HPM effects and develop HPM technologies, the pri-
le. operational and safety constraints for protection of
cillary electronic equipment from the effects of high
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Flow diagram of HPM system in a Facility.
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5.2 PuIsedﬂPower

The short, intense pulses of electricity needed to drive HPM 1y
obtained by a process of pulse compression. The energy taken from
voltage, long-pulse system is compressed in time, increasing bo ]
and current at the expense of pulse duration.! Electrical requii
HPM sources encompass a wide range of voltages, currents, andp
tions.* Most initial HPM source physics questions can be ad
addressed in short-pulse experiments (~100 nsec), which are also
because they are easy to carry out, relatively Inexpensive, and
small. There are also difficulties, such as breakdown, in operating hig
sources for longer durations. Consequently, the key distinguishing
ters of most devices are the voltage, current, and their ratio, inp.
subset of electrical voltage—impedance parameter space into w]
source technologies fall is shown in Figure 5.2, With voltages of <10
impedances of >1000 Q, conventional microwave applications (r;
tronic countermeasures, communications) lie at the low power end
= V*/Z). Most, but not all, present-day HPPM sources cluster af
100. Voltages generally span the range of 0.1 to 1 MV, but some si
been operated up to 4 MV.

The immediate implication of Figure 5.2 is that efficient transfe
energy will require pulsed power technologies that span a substanti
ance range. When circuit elements do not have the same impedance
current, and energy transferred to the downstream element c
different (Figure 5.3). The voltage gain V,/V, and energy transfe
E, for a transmission line transferring power to a longer output
reflections from the output line can be neglected during the main

vy Va
AN ZypTy>T

L O+—(

vy
Vi




upon. the dielectric constant £. Here E is the electric field
he dielectric and V the applied voltage:

Pulsed power systems far
driving high power microwaves

Pulse-
II;/[arlx forming =  HPM v
Pulse line anx line E= — (5.5)
systems Pulse- v
Capacitor [— e T(;sEa -~ forming = HPM "E In a
anstormer line
) ) Jative dielectric constant and b and a the outer and inner
Mo L Peaking L) OPening || oy 1+ For fixed outer diameter and applied voltage, the electric
Maohetic bank inductor switch vely.
St%res e 0of the inner cylinder is a minimum whenb/a=e=2.71.
Opening S _
II;fIarlx . yaécuum | e Ll o energy density Whﬂ(? a_V01c-1mg breakdown. For thlS‘ condi
ank inductor {PEOS) n impedance of an oil fine is 42; an ethylene glycol line, 9.7;
Water line, 6.7. Optimum coaxial impedances are shown along
v axis of Figure 5.2. On the other hand, liquid energy density
I”dlumton Capacitor |} Plfdse | Femdte Ll am or ater (0.9 relative to mylar), intermediate for glycol (0.45), and
aecelemions e core cathode) .06). The solid dielectric mylar has the highest energy density,

I
1 not recover.

»microwave loads will therefore be a better match to water-
pédance loads will better match oil lines. The duration of
an be extracted from a line is determined by the electrical

FIGURE 5.4
Types of pulsed power systems for driving HPFM Joads.

Ey, 44,7,
E [Z,+Z,F
_ _ 2g,L
Efficient energy transfer suffers if impedance mismatch exists, = (5.6)

if the load is of lower impedance than the circuit driving it, so that
like a short. Mismatching upward to a higher load impedance loo
open circuit, but is sometimes used as an inefficient means of increas
voltage (see Problem 1),

The types of pulsed power systems used in HPM are shown in
diagrams of Figure 5.4. The most commonly used system is a cap
driving a pulse-forming line that, when switched into the load,
energy in two transit times at the speed of light in the msulatmg
of the line. Coaxial transmission lines span a large range of impec
voltage depending upon their characteristic breakdown field limits
insulating dielectric between the electrodes (oil, water, glycol, 5F;
impedance depends upon the dielectric constant, ¢

7 = Inb
211;\/_ /a

where b and a are the outer and inner radii of the cylinder, respect
energy density,

tive dielectric constant and L is the line length. Note that
begun by closing a switch at one end, must make ftwo
arge the line,

rﬁ_ing network (PEN), which is designed to gencrate a

E =1/2 eE? ximating the desired waveform. An example of a PFN



Outpat
switch Ballast resistor

> gas as a dielectric insulating medium. Because most microwave
quire precision in the applied voitage, and spark gaps have sub-
riation in pulse-to-pulse voltage output, spark gaps in HPM sys-
"ei'l'ly externally triggered. For repetitive operation the insulating
ed to achieve faster recovery, carry away debris evolved from

/‘_ Pulse-forming line Output line 5, -and remove heat dissipated in the gap. The typical timescale
/ Insulazing y o Of';did_ectfic strength in an uncirculated gas is ~103 msec; arc
nsulator ting at >1 kHz with gas flow have been reported.
o si\gsfﬁpgm‘::f?rrmer Magnetically i sotirces are brought into development, they typically initially
trans miss);m'] s lower than intended. Therefore, they will draw less current
: igher impedance than the experiment has been designed
FIGURE 5.5 : on technique providing a match to a microwave load whose
if;sgla;; of a pulse-forming line system. Many elements are common to other ap ill drop as it is developed is to use a ballast resistor (Figure

stor with adjustable resistance so that the parallel combina-
rowave load provides a match to the pulsed power system.
trical pulse exits the pulse-forming regions (filled with liquid
nters the vacuum region of the microwave source, it passes
d dielectric interface. The typical interface is composed of a
tor rings separated by metal grading rings. The surface of the
inclined 45° to the grading rings. The flashover strength of
i is three to four times that of a straight cylinder. Detaited
y in order to distribute the potential uniformity across the
sghly equal voltage across each element of the insulator. The
field s 100 kV/cm.

sgion, insulation is provided by the magnetic field of the
elf; The typical magnetically insulated transmission linet
n.impedance about three times that of the load, so that
field is produced to confine any electrons emitted from

is shown in Figure 5.6a, and the output pulse from this circuit ig g
Figure 5.6b.,In general, PFNs produce a pulse with voltage oscilj i
typically an overshoot at the beginning of the pulse and an under
the end. Voltage variations always affect the performance of the soi
one of the key features of matching pulsed power to HPM sousces
tivity of the Ioad performance to the applied voltage. The concern is
for voltage flaness during the bulk of the pulse. PFN circuits can
mized for voltage flatness. '

T —!» T Load

@

(b)

of pulsed power system for HPM is the magnetic store device
t in magnetic storage is due to the possibility of producing
ors, since the energy density of magnetic storage is one to
tude higher than of electrostatic storage systems. Typi-
ank charges a vacuum inductor to peak current, then the key
Opening switch — opens and a large transient voltage
load due to the back-EMT (Electro-Motive Force) of the
flux in the inductor. Because the peak voltage appears
- and voltage sets the size of components, the storage device
act without danger of internal arcing and shorting, Despite
dvantages, magnetic storage is not commonly employed for
» the L dI/dt voltage across the load has a triangular

FIGURE 5.6 :
Pulse-forming networks: (a) typical distributed LC {inductor-capacitar) circuit; (b
has fast rise, overshoot, and slow fall time with undershoot. Durations are typi
to 10 psec,

PFLs and PENs into the Ioéa 1susua11y aoﬁé by a. spéf.k gap -



