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KLYSTRON

The klystron is a very successful high-power microwave am-
plifier since it has good gain, over 40 dB; good efficiency,
above 50%; good life expectancy, above 30,000 h, output
power up to 150 MW pulsed for several microseconds, or 1.3
MW CW, and reasonable bandwidth of 5% to 15% (measured
at rates slower than the response times of the cavities), but
the instantaneous bandwidth is generally under a few per-
cent. The klystron can be designed to operate with a center
frequency between 200 MHz and 40 GHz, but the bandwidth
of a single klystron is usually small. The lower frequency
limit occurs only because of the impracticably large size of the
klystron at large wavelengths, and the upper frequency limit
arises from the difficulties in scaling the device with wave-
length. The optimum frequency range for the high-power
(above 100 kW) klystron is from 300 MHz to perhaps 20 GHz,
but a few kilowatts of peak power can still be obtained up
to 100 GHz. Special versions of the klystron—the extended
interaction klystron and the hybrid klystron-traveling-wave
amplifier—can provide several kilowatts power over 100 GHz.

OPERATION PRINCIPLE

The klystron is a vacuum electron device for transforming dc
energy into RF energy, and it may be either an oscillator or
an amplifier. In the past, small reflex-klystron oscillators
were used as local oscillators in microwave receivers, but
these oscillators are not used in modern equipment. Therefore
the amplifier klystron is emphasized in this article. The kly-
stron was invented in 1938 by the Varian brothers (1,2) to
utilize the finite transit time of electrons in motion (which is
a severe impediment to the operation of most electron devices

at microwave frequencies) and thereby obtain previously im-
possible levels of microwave power. The klystron is called a
linear beam device, since the fields that influence the electron
motion are predominantly in the same direction as the elec-
tron motion. As the frequency is raised for all electron de-
vices, the transit time of the electrons eventually causes low
efficiency and poor operation. The basic idea is to start with
an unbunched, moderate velocity electron beam in a magnetic
system such that the beam translates along an axis with min-
imal radial spreading. If two RF cavities are also along this
axis, the first one can be driven by an external RF source (the
input cavity), and the second can serve as a source (the output
cavity) of microwave power. This power is obtained from the
kinetic energy of the electron beam, which comes from the dc
power supply. Figure 1 shows a simplified drawing of a four-
cavity klystron. If we arrange the various cavity voltages and
phases such that the beam is converted in tight bunches that
cross the output gap periodically, we would expect to convert
a significant portion of the electron beam energy into micro-
waves. Tuning the intermediate cavities to frequencies above
the operating frequency makes the induced voltage and phase
correct to maximize the bunching.

The principle of operation is called velocity modulation.
The electrons are emitted in a continuous stream at the cath-
ode, and accelerated to a moderate velocity by the dc fields in
the electron gun. We want the electrons to arrive at the out-
put gap in short bunches, so these bunches can be slowed
down by the fields in the output cavity. In this manner, en-
ergy from the power supply is converted into microwave en-
ergy in the output cavity. In a gridded vacuum tube, the con-
trol grid is used to convert a continuous stream of electrons
from a cathode into bunches, but the grid only works well
when the time the electrons take to move from the cathode to
the grid is small compared to an RF period. The input cavity
in the klystron has an RF voltage that makes a field that
oscillates with time along the axis. The klystron is designed
so that the first electrons in each period are slowed down, and
the last electrons in each period are accelerated, while the
electrons near the center of the period are left alone (the E
field is a cosine wave, in this example). As the initially uni-
form density beam drifts down the axis, the faster electrons
at the rear catch up to the slower electrons from the front,
and, if the dimensions are correct, the fast, slow, and average
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Figure 1. Simplified sketch of a four-cavity klystron. The klystron

body is at ground potential, and a high voltage, negative polarity
power supply is attached to the cathode.
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velocity electrons arrive at the output gap center at the same
time. Of course, with a continuum of electrons in the bunches
cavity, and in the presence of the unavoidable electron repul-
sion (space-charge) effects, the bunched beam is only more
temporally concentrated in the output cavity, and the elec-
trons remain distributed in time. Thus, the beam is density
modulated at the output gap, and a careful analysis (see be-
low) shows that the velocity and density modulation are co-
sine and sine waves, respectively.

Several of the reasons for the klystron’s importance in rf
power generation may be seen from Fig. 1. The major advan-
tage is that the klystron is naturally made of three main com-
ponents: the electron gun (on the left), the RF interaction sec-
tion, and the collector, on the right. Each component has only
a simple function, and can be designed almost independently
of the other parts. Thus, there are essentially no rf fields in
the electron gun region, so it is designed to make a good, lami-
nar, and uniform electron beam. Similarly, the RF section is
comprised of several resonant cavities that are designed to
optimize the gain and efficiency of power conversion. Signifi-
cant heat is developed in the collector area, and this can be
designed to safely dissipate large amounts of heat, since there
are no dc and only minimal RF fields in this region. When
power is expensive, the heat in the collector may be reduced
by designing a multiple-stage depressed collector, so that the
fields in the collector sort the electrons in the spent beam,
and the beam is collected at several potentials, thereby reduc-
ing the heat produced and the power consumed. There are
mechanical problems introduced by the complexity of the mul-
tiple-stage depressed collector, and the power supply becomes
more complicated, so this technique is only used where power
is expensive, such as satellite and airborne applications. De-
pressed collectors are also used in UHF television transmit-
ters, where the electrical power costs can be a significant por-
tion of the annual operating costs, since these transmitters
operate for 24 hours per day with peak output powers at or
above 50 kW.

APPLICATIONS OF THE KLYSTRON

The major uses of the klystron are in UHF television trans-
mitters, particle accelerators, communications systems up-
links, and radar. There are several thousand UHF television
transmitters in the world, and a majority of the higher power
ones, above 50 kW, use the klystron as the final amplifier.
The more modern UHF television transmitters use either
klystrodes or depressed-collector klystrons to save energy.
The latter are discussed subsequently. The most common par-
ticle accelerator is the electron linear accelerator, and about
five thousand are used for tumor treatment and medical diag-
noses in the world. About half of the newer, higher power
medical accelerators are driven by klystrons, while the lower
powered half are driven by magnetron oscillators. Particle ac-
celerators for nuclear science are generally powered by kly-
strons, and a review is given in Ref. 3. Indeed, the modern,
high-power klystron (4) was developed to power the Stanford
Linear Accelerator, which is the world’s highest energy elec-
tron accelerator. The development of the high-power klystron
started at Stanford after Word War II, and the power levels
of pulsed klystrons were increased from 30 kW to over 50 MW
over a few decades. The linear particle accelerators for nu-
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clear physics are usually even more powerful than the medi-
cal accelerators, and klystrons are the most popular vacuum
devices used for these applications. This is especially true for
large, high-power accelerators. The largest linear electron ac-
celerator is the Stanford Linear Accelerator, and it uses 320
of the 50 MW peak power klystrons at 2856 MHz and 3 us
pulses at repetition rates as high as 360 Hz. The highest pow-
ered proton linear accelerator is at the Los Alamos Neutron
Science Center, where 44 of the 1.25 MW peak klystrons oper-
ate at 805 MHz with 1 ms pulses at a 120 Hz repetition rate.

The role of the klystron in radar is diminishing, since the
klystron is best suited for large, high-power transmitters.
However, the air-traffic control system use klystrons in air-
port radar, and klystrons are also used in weather radar.
Thus, there are over 2000 radar klystrons in operation, but
many radar applications now use many small amplifiers,
whose phase can be controlled to electronically steer the radar
beam. This combination can still give moderate to large out-
put powers, and the steering can be done electronically, so it
is very rapid.

Another market is the satellite up-link transmitters,
whose numbers are about 7000. Most of these have klystron
amplifiers, but some of the newer ones use traveling wave
amplifiers as their final amplifier. The traveling-wave ampli-
fier has a greater bandwidth, and it can be smaller, so it is
becoming the amplifier of choice for this application.

DESIGN METHODS

The design methods depend on the klystron component, corre-
sponding to the labels in Fig. 1. Each section of the klystron
may be designed almost independently of the other sections,
which simplifies the design and optimization processes.

Electron Gun

The first section is the electron gun, and its design is a dc
problem, complicated by large space-charge fields. The cath-
ode is space charge limited, so the emission follows a Child—
Langmuir law, with the current proportional to the 1.5th
power of the cathode to anode voltage, and the proportionality
constant is called the perveance, P. Thus, the cathode current
is given by the expression

1=pPV3? 6)

where V, is the anode voltage. The modern electron gun was
invented by J. R. Pierce (5), but his methods provide only a
starting point for the design. A good electron gun has laminar
(noncrossing) trajectories, and a relatively uniform cathode
current density. The gun must also have the correct current
at the design voltage, and the electric fields in the gun must
be low enough so that sparking very rarely occurs. The peak
and average current density at the cathode must be low
enough so the cathode life is satisfactory (see CaTHODES for
more details). The detailed design of the electron gun is ac-
complished with Poisson equation solvers that solve Poisson’s
equation for the electric (and magnetic) static fields, and the
Lorentz force equations with finite-element or finite difference
methods. Three dimensional computations are sometimes re-
quired to account for grids or other nonsymmetric features.
Another constraint on the gun design is that the beam radius



100 KLYSTRON
at the entrance to the RF interaction region must be small
relative to the operating wavelength. For good performance,
the normalized radius of the beam, k,b, must be in the range
of 0.5 to 1.0, where b is the beam radius at the entrance to
the RF region, and the radial propagation constant is

)

kr = — (2)
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where w is the radian frequency of operation, vy, is the relativ-
istic mass ratio for the electron, and u, is the velocity of the
electron beam corresponding to the average beam voltage,
V,. For low beam currents, the average beam voltage is the
anode voltage, but the space charge fields of the beam at
higher currents reduce the beam’s kinetic energy. The mass
ratio is essentially unity for low beam voltages, and in gen-
eral, is given by

Yo=1+—- (3)

where c is the velocity of light, and 7 is the magnitude of the
electronic charge to mass ratio. If we assume that the charge
density in the beam is constant, we can use Gauss’s Law to
show that the voltage at the beam center, V, is
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where a is the radius of the beam tunnel, and ¢, is the per-
mittivity of free space.

The simplest klystron electron gun produces a solid cylin-
drical beam, with the cathode at a negative voltage and the
anode at ground potential. This design is best for short pulse
applications, where the high-voltage pulse comes from a pulse
transformer. An advantage of this design is that the gun is
as simple as possible: it is a diode. This simplicity has two
advantages: first the parts count is minimum, and this helps
cost and reliability, and secondly, the fields in the gun region
can be minimized for any given peak output power with this
design. The second type of electron gun has a modulating
anode, and both types are shown in Fig. 2. This electron gun
may be called a ¢riode type, since there is now a second anode
and a second insulator in the gun. In operation, voltage of the
modulating anode controls the beam current. The modulating
anode is a complication in the design, and it is used either for
long pulse applications for pulses above 0.5 ms (where the
pulse transformer becomes very large), or for high-efficiency
operation, where the beam current is adjusted to optimize the
efficiency for a given operating cathode voltage and output
power. The modulation anode becomes the anode of the gun,
and the voltage between the modulating anode and the anode
forms a lens that must be accounted for in the design. The
modulating anode aperture is made thick enough so that
when it is at the cathode potential, only negligible current
flows in the klystron. The cathode is usually shaped to be a
segment of a sphere for a solid beam, but it can have a conical
shape to produce a hollow beam. This is the magnetron-injec-
tion gun, and it also is shown in Fig. 2. Hollow-beam kly-
strons have some advantages, including higher perveance and
potentially higher efficiency, but the magnetron-injection gun
can be noisy, since the electrons circulate around the cathode,
and influence the emission.
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Figure 2. The three types of klystron electron guns: right, the diode
gun; center, the modulating-anode gun; left, the magnetron-injection
gun. The high-voltage insulators are shown shaded.
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RF Cavities

The RF cavities must be designed for a high R/Q ratio (which
is a measure of the efficiency of the interaction compared to
the stored energy in the cavity), good coupling to the beam,
and the correct resonant and harmonic frequencies. The input
and output cavities are generally tuned close to the operating
frequency, and the remaining cavities are tuned for the de-
sired bandwidth and efficiency, as determined either by ex-
periment, or by specially written, nonlinear, large-signal kly-
stron software. Most of the intermediate cavities are tuned
above the operation frequency to maximize efficiency, and the
detuning increases towards the output cavity. The cavity
shape is called reentrant, since this shape puts most of the
electric fields in the beam region. Typical reentrant cavity
shapes are shown in Fig. 1. The cavities are each designed
for a particular frequency, but mechanical tuners are usually
included to compensate for manufacturing tolerances. Some
klystrons, especially those for UHF TV transmitters, are de-
signed so the tuners may be adjusted by the final customer,
to change the center frequency (TV channel) on demand. An-
other subtlety of the cavity design is that it is unwise to make



the geometry too similar from cavity to cavity. If the cavities
all have the same geometry, the higher order cavity modes
are likely to overlap, and this increases the probability of ex-
citing significant harmonic voltages with the harmonics of the
beam current. The highest R/@ ratio is when the gap is cen-
tered in the cavity, but the gaps are often offset by varying
amounts, which slightly reduces the R/Q ratio, but which also
significantly alters the harmonic frequencies. Remember that
the designer is trying to achieve perfect delta-function
bunches of current, and thus the amplitude of all the har-
monic currents may be up to twice the de component. Thus,
low impedance at the first few harmonics of the beam current
is another requirement on the cavities. Low impedance at the
higher harmonics is not important, since the coupling of the
cavity fields to the beam is generally small for high har-
monics.

The Magnetic Circuit

The magnetic circuit is designed to keep the beam confined.
Most klystrons have an axial magnetic focusing field (sup-
plied by either a solenoid or permanent magnets) that coun-
teracts the radial repulsive force on the electron beam. A fo-
cus solenoid is shown schematically in Fig. 1. The focus coils
and their return circuits can be heavy and rather expensive
in a pulsed klystron, and the power dissipated in the focus
coils can be several kilowatts. Research is under way to make
short-pulsed, high-power klystrons with permanent magnetic
focusing, to eliminate this loss of energy and the weight and
expense of the focus coils and their power supplies. Perma-
nent magnet systems are also used with either a single mag-
net or periodic focusing, and the reader should see TRAVELING
WAVE TUBE for more information on periodic focusing systems.
Permanent magnet focusing is used on several commercial
medium power (up to 5 kW) klystrons in the 1.5 to 3 GHz
frequency range.

At the gun end, the magnetic field is designed to be paral-
lel with the electron trajectories, so the trajectories are un-
changed by the field. The magnetic field balances the space
charge forces, and the magnetic field required by the un-
bunched beam is given by the relation

2w?
2 p
“e = L A-K) )

where o, = 1B, is the cyclotron frequency, B,, is the axial
magnetic field at the entrance to the RF interaction region,
where the beam has a minimum diameter,

NPy
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is the free-space plasma frequency, p, is the space charge den-
sity at the beam minimum, and K is the square of the ratio
of the magnetic flux at the cathode to the magnetic flux at the
beam minimum. The range of K is from 0 to 1, with K = 0
being called the Brillouin flow case, after its inventor, and K
approaching 1 is the confined flow case, where the electrons
follow lines of constant magnetic flux, and no radial motion is
possible. The higher values of K make the beam more resis-
tant to radial spreading, and are used at high frequencies.
The Brillouin case is difficult to achieve, since flux lines from
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the focus magnet tend to link the cathode, but it can be
achieved approximately with a bucking coil whose excitation
is adjusted to null the magnetic field at the cathode surface.
As the beam bunches, the radial space-charge forces grow,
and the axial magnetic field increases by a factor of about two
at its peak near the center of the output gap. The magnetic
field then drops quickly to cause the beam to rapidly expand
into the collector. With careful design, including use of Pois-
son-equation solvers, all these requirements can be realized
with a single set of coils and magnetic pole pieces connected
with a single power supply.

It is also possible to transport the electron beam through
the klystron with an array of electrostatic lenses. Elec-
trostatic focusing was investigated seriously for satellite
transmitters when designers thought that the only solution
for satellite broadcasting to earth was with 500 W to 1000 W
transmitters on the satellite. Several prototype, light-weight,
electrostatic-focused klystrons were designed and built, but
improvements in the receiver noise figure rendered these
higher powered transmitters obsolete before they were ever
deployed in space.

Collector

The collector’s function is to stop the beam and transfer the
heat produced by this action to a cooling media. The most
stressful operation for the collector is the case with no RF
signal applied to the klystron. In this case, the entire beam
power is dissipated in the collector. In its basic form, the col-
lector is a hollow cylinder terminated in a cone, that is part
of the overall vacuum envelope. The exterior has a cooling
jacket, generally with water as the coolant, and lead shielding
is used with the higher powered klystrons, since the electrons
produce X rays when they are suddenly stopped. The maxi-
mum power density must be limited to 500 to 1000
W/em?, depending on the cooling method, with the former
applying to turbulent flow cooling, and the latter for mixed
phase water cooling, where steam is generated at the outside
of the collector, but rapidly condenses in the cooling stream.
Copper, because of its high thermal conductivity, is the most
common collector material, but key parts of the collector are
often made of stainless steel, to strengthen the assembly.

For pulsed klystrons, it is desirable to have the collector
capable of being isolated from the rest of the klystron with a
ceramic joint. This allows the precise monitoring of the body
current, and the body current may be monitored to protect
the klystron. Many klystrons dissipate from 3% to 10% of the
beam power in the body, and this component is not usually
designed to dissipate much power.

The Depressed Collector

Only the kinetic energy of the moving electrons can be con-
verted into microwave energy. After the beam has gone
through the output gap, its remaining energy is converted
into heat when the electrons strike the collector surface. How-
ever, a majority of this energy may be recovered by designing
an array of electrodes at carefully selected potentials to form
the collector. This is called a multistage depressed collector,
and it is used in space-borne and television transmitters to
reduce the energy demands on the power supply. A schematic



102 KLYSTRON

Output
cavity

Insulators

Figure 3. Schematic diagram of a depressed collector with four po-
tentials.

of a depressed collector is shown in Fig. 3. The voltages on
the figure follow the inequality V, < V; <V, < V; < V,, where
V. is the cathode voltage. In practice, V, may be only a few
percent of the cathode voltage, thus, when no signal is applied
to the klystron, all the current is collected on the lowest col-
lector, and the power supply only has to provide a few percent
of the normal beam power. The electrostatic fields in the col-
lector region sort out the electrons by their kinetic energy.
Consider a case with three energy levels in the spent beam.
The electrons with the most energy are intercepted at poten-
tial that is close to the cathode, while the electrons with a
lower kinetic energy are intercepted at a potential that is be-
tween the cathode and the anode, and those with the lowest
kinetic energy are intercepted at the anode potential. The ki-
netic energy of the high-energy electron classes is reduced by
the work done moving to a more negative potential, so the
heat produced at the collector is reduced, as is the power from
the power supply. In this example klystron, the power supply
must produce three more voltages, in between the cathode
and anode potential, so the power supply is more complicated.
However, when energy must be conserved, the depressed col-
lector can save energy. The energy that can be recovered by
the depressed collector increases with the number of stages,
or potentials, in the collector, but so does the complexity of
the power supply.

There are three practical problems of the depressed collec-
tor that should be addressed. First, the collector segments
must have a low secondary emission ratio, since secondary
electron current will travel to a higher potential, and absorb
energy from the power supply. Second, the electrons should
all hit the collector segments where the electric field will push
any secondary electrons back into the emitting electrode.
Third, the insulators and cooling system must be carefully
designed, so only acceptably small amounts of RF radiation
are emitted into the space surrounding the collector. The
beam in the collector is partially bunched, and it can deliver
real RF power to the collector and its circuitry.

High-power (above 50 kW), high-efficiency klystrons have
not been produced with depressed collectors, since in this type
of klystron, some electrons are almost stopped in the output
gap, so if there is a potential barrier in the collector, these
very slow electrons can be returned to the RF interaction re-
gion, and cause the klystron to be unstable. However, de-
pressed collector klystrons are commercially available for the
UHEF television band at the 50 kW level.

Mechanical Considerations

The major mechanical requirements are that the klystron
have a good vacuum, be strong enough to withstand the
stresses of handling and from the water system, and the me-
chanical design must be repairable. The klystron must also
withstand the thermal stresses involved in normal operation
and during the bakeout process, which is a 450° to 600°C bake
for two to three days for a large klystron. To allow repairs,
the klystron often has weld flanges between cavities and at
the collector and electron gun. The design must also have no
trapped volumes, so it can be out-gassed during the bakeout.
Materials consistent with high vacuum must also be used,
such as oxygen-free, high-conductivity copper, stainless steel,
and tungsten and tantalum in the gun area. The RF window
is generally made of high-purity aluminum or beryllium ox-
ides, both of which have low losses, and which can be brazed
to thin metal membranes for attachment to the klystron.

LIMITATIONS OF THE KLYSTRON

Efficiency

The maximum efficiency obtainable with a klystron remains
an open question. For decades, the 58% result mentioned pre-
viously was considered the maximum theoretical limit, but
numerical calculations involving second harmonic cavities,
first published by Lien (6), showed that 70% to 75% efficien-
cies may be obtainable. The early experimental results (7,8)
showed that the new numerical results were essentially cor-
rect, but it was several years before the first commercial kly-
stron with over 60% efficiency was produced. The maximum
efficiency achieved to date is 76%, in an S-band, 100 kW CW
klystron (9) designed for industrial heating. However, for the
highest efficiencies, the klystron’s bandwidth, gain, and even
stability are reduced, due to electrons that are returned from
the output gap. Most of the high-efficiency klystrons have a
second-harmonic cavity to optimize the shape of the bunch,
and the S-band record klystron referred to previously has two
second-harmonic cavities. Unfortunately, space-charge effects
reduce the klystron efficiency, so for high efficiency, the kly-
stron must be designed with low beam current, and low per-
veance, P, which is a geometrical factor of the electron gun.
Based on results of large signal calculations and on experi-
mental data, the optimized efficiency of klystron is estimated
as (10)

ne = 0.82 — 0.228P - 108 (6)

Thus, it is plausible that 80% efficiencies may be available in
the future, provided that the market is large enough to sup-
port the necessary research. There will likely be more than
one harmonic cavity in 80% efficient klystron. Equation (6) is
an expression for the electronic efficiency which neglects the
losses in the output cavity, which are also a function of the
perveance or the operating voltage. While these losses are
usually small, for very low perveance they become proportion-
ately larger, and cannot be neglected.

Power

The maximum power that may be obtained from the klystron
is limited by arcing considerations in the region of the elec-



tron gun, the output cavity, or the output window. At the
highest peak powers, there is an inverse correlation between
maximum peak output power and pulse length, since both
pulse-voltage and rf-breakdown depend on pulse width. In the
sub-microsecond region, klystrons have been made with field-
emission cathodes and up to 15 GW (11) output powers. For
pulse lengths of a few microseconds, the peak power is limited
to about 150 MW (12). In the CW regime, the record peak
power is 1.3 MW (13), and only slow progress has been made
in raising this power from the first practical 1 MW CW Kkly-
stron 10 years ago. The effect of pulse length on the peak
power obtainable from a given klystron often varies as the
pulse length to the —1/2th power. Representative state-of-
the-art peak powers are 150 MW for 3 us, 20 MW for 15 us,
and 5 MW for 1000 us. This is typical of short and medium
pulsed klystrons.

For the highest peak powers, the output cavity electric
fields must be minimized. The first step to reduce these fields
is to round the cavity noses more, but this also reduces the
interaction impedance. Major improvements in the output
fields are obtained by separating the output cavity into two
or more coupled cavities, separated by a short drift space.
With two cavities, for example, the voltage of each cavity is
reduced to 50% of the single cavity value, and so the fields
are reduced also by this same 50%. The ohmic losses in the
output cavity are proportional to the square of the cavity volt-
age, so the losses for the two-cavity system will each be only
be 25% of the original single cavity, and the total ohmic losses
will be 50% for the two-cavity system compared to the single
cavity solution.

Frequency

The beam dynamics allow frequency scaling in the klystron,
so that if all the dimensions are changes by a factor, &', the
klystron will operate with the same characteristics at a new
frequency, f/k’. However, if £’ is less than unity, all the cur-
rent and power densities in the new klystron will be 1/&'? as
high, so this limits the power available at high frequency.
Both peak and average power then scale as f 2 Hence, the
optimum frequency range for the klystron is from 0.5 to per-
haps 20 GHz. Reduced power klystrons are available at up to
100 GHz. The low frequency limit occurs because of the mas-
sive size of a low-frequency klystron. With solid beams of ordi-
nary perveance (between 0.75 and 2.0 X 10°%) the low fre-
quency limit is about 200 MHz. Hollow or multiple beams
may permit a reduction in this lower limit, since with higher
currents we have a slower electron velocity and therefore a
smaller klystron.

The extended interaction klystron uses a set of coupled
cavities to replace each cavity in the klystron. Amplifiers can
be made with the extended interaction technique at frequen-
cies up to 100 GHz. For even high-frequency operation, the
gyroresonant principle must be used, and the gyroklystron is
discussed further in the gyrotron section.

Bandwidth

The bandwidth of the klystron is relatively small, since there
are five or more tuned cavities in the klystron. The loaded
@’s of these cavities depend on their shape, the frequency,
and the beam current, since the beam loading is the most
important factor in determining the cavity loading. The de-
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signer has very little control over these variables: the shape
is always reentrant, with a gap that does not exceed one ra-
dian: the frequency is set by the application, so only the beam
current can be controlled. The beam current follows Eq. (1).
The output power P, depends on the electronic efficiency and
the power in the klystron beam, P, = 1,PV%?. Since the beam
loading is proportional to I, one achieves high bandwidth by
increasing the beam current, for a given power, but this re-
duces the overall efficiency. In practice, klystrons with high
(above 65%) efficiency tend to have 1 dB bandwidths of about
+1%, and if the perveance is increased, the efficiency drops
to under 50%, but the 1 dB bandwidth can be increased to
15% (14), even for klystrons at the 1 MW power level. Large
bandwidths are easier to obtain in the klystron with high-
output powers, since the beam impedance decreases as the
operating voltage increases. The dc beam resistance is given
by the relation, B, = 1/(PP}?), and this is proportional to the
maximum fractional bandwidth. Thus, wideband klystrons
must either have high perveance, or high output power. Up
to 10 cavities may be used, and optimally tuned to increase
the bandwidth, and multiple resonances are designed into the
output cavity and its coupling system. The klystron is not
suited for wide-band low-power applications, and the band-
width, even for high-power devices, is limited to 15% to 20%.
The cluster-cavity concept (15), where each cavity is replaced
by a set of closely spaced cavities, has the potential to make
improvements in both bandwidth and efficiency, and devices
with up to 25% bandwidth should be possible with this con-
cept. A wide-band, cluster-cavity klystron would have as
many as 15 cavities, and it would be more expensive than a
conventional klystron, but the bandwidth could be signifi-
cantly greater.

Gain

The klystron generally has a gain of 40 dB to 60 dB, with
the lower gain corresponding to either a few cavities or wide
bandwidth. In narrow band applications, gains over 60 dB are
possible, but the stability may suffer. At the higher frequen-
cies, above 10 GHz, gain is more difficult to achieve, since the
coupling function to the gap is not favorable.

Noise

The major noise sources in the klystron are (1) shot noise
from the electron beam, (2) resistor noise from the input cir-
cuit, and (3) noise from the cathode temperature. The shot
noise in a diode is given by the relation

(i2) = 2eIBF (9) (7

where e is the electronic charge, B is the klystron bandwidth,
and

F@©®) = 3[92+2(1—0050—9sin0)] (8)

and the transit angle of the diode is

_ 2wLg4
=

0 (9)
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where L, is the distance from the diode cathode to the anode.
This value of the rms noise in the current is reduced by space
charge effects, but the noise is proportional to the klystron
current. Hence, high-power klystrons often have relatively
high noise, with a noise figure of 30 dB being typical. When
the klystron is used as a low-noise amplifier, it must be oper-
ated at low beam current. Even with low beam current, the
klystron typically has a 6 dB noise figure, which is much
higher than the few tenths of a dB that is possible with a
good solid-state amplifier.

KLYSTRON VARIATIONS

Several physical variations of the conventional, solid cylindri-
cal beam klystron have been studied, including the sheet
beam (16), hollow beam (17), and the multiple beam (18) kly-
stron. The cluster klystron (19) is a variation of the multiple
beam klystron for very high output power where several
beams are put in the same vacuum envelope but they feed a
common output cavity. These designs spread out the beam to
reduce the adverse effects of space charge. Both the hollow
beam and multiple beam klystron have been demonstrated,
but the latter is under active development and is discussed
here. The fundamental concepts include: all klystron cavity
gaps have a radial variation of the electric fields, so it is bet-
ter to have all the electrons at one radius; and by spreading
out the electron beam, the potential depression formed by the
space charge will be minimized, so the variation in kinetic
energy in the beam is minimized. In the interaction with the
output gap, only the beam’s kinetic energy can be converted
to microwave power, the potential energy can only be recov-
ered by using a multiple-stage depressed collector (20), which
reduces the energy of the collected electrons. This in turn,
reduces the power from the power supply, but does not in-
crease the output power of the klystron.

Another variant of the klystron is a hybrid of the traveling-
wave amplifier (used as the input section) and the klystron
output section (or vice-versa). This type of amplifier can easily
achieve 10% to 15% bandwidth, high output power, and good
gain. The extended-interaction klystron has an RF structure
that consists of several coupled cavities, rather than single
cavities. With this technology, monotron oscillators can be
built to produce 1 kW at frequencies up to 325 GHz, and am-
plifiers can be made up to 100 GHz.

Relativistic Klystron

Since the electron has a rest mass of 511 keV, relativistic ef-
fects start to appear at only 50 kV, so most high-power kly-
strons have relativistic effects in their detailed design. How-
ever, the term relativistic klystron is only applied to those
klystrons operating at or above 500 kV, where relativistic ef-
fects are extremely important. The relativistic factor for kly-
stron scaling with voltage is y§2, so for a given frequency, the
length becomes very long for high-voltage operation, or for y
significantly larger than unity. Thus, the relativistic kly-
strons often exploit a gating effect of an electron beam that is
very near the space-charge propagation limit. The propaga-
tion limit occurs when the potential depression due to the
beam’s space charge is so high that all the kinetic energy is
converted into potential energy, and the beam stops. This lim-
iting current depends on the geometry of the beam and the

surrounding drift tunnel or cavity. The limiting current for a
solid beam of radius b in a drift tunnel of radius a is (21)

4megme’ (J/02/3 —1)32
e 1+ 2In(a/b)

(10)

Imax =

where m is the rest mass of the electron and the first ratio on
the right-hand side is called the Alfven current, which is 17.1
kA for electrons.

The beam current in the relativistic klystron is generally
a few tenths of this limiting current, while for conventional
klystrons the current is often less than one tenth of the lim-
iting current, but it increases with beam voltage. By op-
erating fairly close to the current limit and carefully control-
ling the transverse geometry, the bunching distances for the
relativistic klystron may be drastically reduced from the clas-
sic formulas given later, which do not include the gating ef-
fect. To obtain such high current, the relativistic klystrons
often utilize field emission cathodes, which limits their perfor-
mance to pulse lengths below 1 us and limits the repetition
rate for the pulse per minute range. The formidable output
power of around a gigawatt can be produced, but the effi-
ciency is generally only 20%, because the beam motion during
the short pulse is not as uniform and laminar as is possible
with lower current beams.

Many variations of the relativistic klystron are possible,
and some of the most successful to date have been the virtual
cathode or vircator family of devices (22).

Reflex Klystron

The reflex klystron has a reflector electrode after the first cav-
ity, so the electrons pass through the cavity, are reflected by
the electrostatic field from the reflector, and traverse the cav-
ity again in the reverse direction. The beam is velocity modu-
lated by the cavity in the first pass, and the beam will be
bunched in n + 3/4 RF periods, where n is any positive inte-
ger, including zero. By varying the potential of the reflector,
we can adjust the time the electrons spend in the reflector
region, and this changes the frequency of the oscillator.
Hence, the device is inherently electronically tunable, so it
has been applied primarily as a local oscillator, at the milli-
watt power levels. High output powers are possible, but the
device has lower efficiency than the conventional klystron,
since the bunch geometry cannot be optimized in the reflex
case.

Monotron Oscillator

The monotron is another single cavity oscillator. The funda-
mental principle is that the impedance that the unbunched
beam presents to a cavity is negative for long transit angles,
and the magnitude of this negative impedance varies linearly
with the beam current. Hence, if the cavity and beam are
properly designed, the real part of the cavity impedance can
be negative and the cavity will oscillate, extracting power
from the beam. One of the pitfalls of klystron design is that a
cavity, or more often, an inadvertent resonator in the electron
gun region, may start to oscillate at the klystron’s design cur-
rent, due to a monotron oscillation. The designer must know
the impedance seen by the beam as a function of frequency,
and remove the oscillation possibilities by reducing the @ of



the unwanted peaks. This is especially important for high-
current beams.

THEORY

There are two different limiting small-signal theories of the
klystron that are each valid in their own small-signal regions.
But the klystron is a very nonlinear device, and one must
resort to numerical calculations to predict the efficiency,
large-signal gain, and the phase and amplitude transfer func-
tions of the klystron.

Small-Signal Theory

There are two simple theories of klystron operation, Webster’s
ballistic theory (23) and the space-charge wave theory (24).
The ballistic theory is valid in the limit of small space-charge
forces. The principal result of the theory, when applied to a
two cavity klystron, is that the nth harmonic current ampli-
tude is

ln

I,

(11)

aMeé,
= 2J, (n 2 )

where I, is the dc beam current, J, is the nth order Bessel
function, « is the ratio of the voltage at the input gap to the
dc beam voltage (V,), M is the gap-coupling coefficient, a num-
ber less than 1 that expresses the efficiency of the RF fields
in the input gap in coupling to the beam, and 6, = wL/u, is
the drift distance (in radians of transit time) between the cen-
ter of the input and output cavities. For the highly idealized
case of a gridded planar gap, M = [sin(L,/2)]/[L,/2], where L,
is the distance between the grids, measured in radians. If we
assume an output gap with its value of M and «, then the
electronic efficiency (the ratio of the RF energy produced to
the beam’s kinetic energy) may be written as

(12)

where the subscript 2 refers to the output cavity. When
Mo, = 1, the effective gap voltage experienced by an electron
equals the dc beam voltage, and electrons will begin to be
reflected from the output gap, and this can cause instabilities
due to the electronic feedback. The first maximum of J1 is
approximately 0.584. Thus, the limiting value of klystron ef-
ficiency is half the current bunching ratio, or 58%. For several
decades after the invention of the klystron, no klystron pro-
duced 58% efficiency, but the modern klystron can have an
efficiency of up to 76%, and even higher with development.
The bandwidth and frequency response of the klystron was
first calculated with the space-charge wave theory. The space-
charge wave theory of the klystron is valid when the gap volt-
ages are small, and space-charge forces are high. The bunch-
ing in the klystron can be explained as a result of two waves
carried by the electron beam, a current wave and a velocity
wave. These waves obey a transmission line equation, and are
sinusoidal with distance and time for the usual case of an
unaccelerated beam (25). The voltage at the input gap modu-
lates the velocity of the electrons as they cross the gap (and
thus initiates a current wave), and in the drift space the ve-
locity modulation is converted to current modulation. These
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modulation waves are a result of longitudinal plasma oscilla-
tions of the electrons, but it is complicated because the mag-
netic field and boundary conditions in the drift tubes also af-
fect this plasma frequency. The result of this theory is that
each cavity gap in the klystron excites a current and a veloc-
ity wave on the beam. The first cavity is driven by an external
source (the drive signal), which excites a current wave plus a
small velocity wave, due to the finite axial extent of the gap
fields. The current wave is a sine wave with distance, so it
grows. This wave interacts with the second cavity impedance
and produces a larger voltage in the second cavity compared
to the input cavity, provided that the second cavity is tuned
reasonably close to resonance. This cavity voltage excites a
second current and velocity wave, which adds to the original
waves from the first cavity, and the process is repeated at
each cavity. If we neglect the small velocity waves and con-
centrate on the current waves, then the standing waves set
up by an input gap are of the form (26)

u aM
u—; =5 cosZ; (13)
and
i oM.
- = Z 14
1, ‘]2wp/a) Sin2q (14)

where Z; = (Rw,2)/(u,) is the axial distance measured in re-
duced plasma radians. The plasma reduction factor R is a
measure of the reduction in the plasma frequency by the com-
bined effects of the drift tunnel and the magnetic focus field.
The plasma frequency is the free-space oscillation of electron
density variations, for a one-dimensional situations. In the
klystron, the space charge fields are two-dimensional, and a
significant fraction of the space-charge electric fields termi-
nate on the drift tunnel walls, rather than on electron scarcity
regions. The net result is that the actual plasma frequency,
o, = Rw,, is usually about one-tenth of the free space value.
The value of w,/w is almost always less that unity, and this
ratio usually is a few times 0.1. Thus, the current wave is
generally from 3 to 10 times larger than the velocity wave,
which is often neglected. The small-signal bandwidth of the
klystron may be determined by calculating the waves that be-
gin at each cavity, due to the voltage produced in that cavity
by the prior cavities. However, the electron beam itself loads
down each cavity with a capacitive and a resistive component
that are in parallel with the usual L, C, and R parallel ele-
ments that represent the cavity at the detuned short plane.
If the gaps were gridded, the conductance G = G, + jB, sup-
plied by the beam to the gap is calculated from the subse-
quent relations.

G, cosL sinL
b1 g _ 28 15
G, L?g 2L, (15)
and

B, sinL, cos Ly

G - Lﬁ 1+ oL, (16)

where G, is I,/V,, the dc beam conductance. These small-sig-
nal equations are easily programmed on small computers,
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and are widely used to estimate the bandwidth of klystron
designs. Note that when designing a wide-band klystron,
there are frequencies at which the response from the current
waves discussed previously is very small. The total response
is the sum of the responses from the current waves and from
the small velocity waves that have been neglected. Under
these conditions, the velocity waves cannot be neglected.

Large-Signal Simulation

Since the klystron is such a nonlinear device, with many pa-
rameters, the linear theories cannot be used to predict the
overall efficiency or the power that is intercepted along the
klystron body, and large-signal nonlinear computer programs
must be used to optimize the efficiency. The first large-signal
klystron analysis was performed by Webber in 1958 (27). For
the next decade, the early klystron simulations were not very
accurate, with about 10% to 15% errors, since the theory was
not self-consistent. The force equations were written for both
gap and drift regions, with approximate expressions for the
space charge. Electrons were tracked through a series of cavi-
ties and drift regions, but the amplitudes and phases of the
gap fields were estimated by circuit equations that basically
came from the linear space-charge wave theory, where the
beam current is assumed to be unaffected by the cavity fields.
These amplitudes and phases were not necessarily correct,
since the beam’s current at large gap fields is altered by the
gap fields. The necessity of iterating this procedure was first
published by Kageyama et al. in 1977 (28). The older methods
were still used to estimate the voltages and fields in each cav-
ity, but in addition, for each cavity, the induced current is
calculated from Ramo’s induced current theorem (29), which
states the equivalence of the electrical energy change in a cir-
cuit to the work done by the particles on fields. For the kly-
stron, the general form of the induced current is

_ Sy d@ -E@)dV

17
D) a7

i;(8)

where the space-charge current is given by ¢/, the electric field
E is only that due to the cavity, V, is the gap voltage, and V
is the entire volume over which there are cavity fields. One
next takes a Fourier component of this time function to get
the appropriate frequency component of the induced current.

Once the last electron leaves a particular gap, the induced
current is finally known, and the gap voltage and phase are
recalculated, using the Fourier component at the appropriate
frequency. The old and new complex gap voltages are aver-
aged, and used for the next iteration of the beam through this
gap. After a few such cycles, the new fields and phase are very
close to the previous estimates, and the cavity parameters are
then established. Then, the next drift space calculation is per-
formed, and the process continues in the next gap, until the
output gap is reached. The output gap is special because the
output gap voltage is often greater than the beam voltage,
and the optimum loading of the cavity is not known a priori.
The difference between the beam current at the entrance to
the cavity and the inducted current in the output cavity is
very large, since the output cavity voltage is so great. The
optimum coupling between the output cavity and the external
load must also be found empirically (with a large-signal com-
puter program), by varying the @ of the output cavity. The

output cavity is a parallel RLC circuit, (when viewed from the
waveguide plane of the detuned short), and the beam is a cur-
rent source, while the load being drives by the klystron is
coupled to the output cavity by an iris, or a loop at low fre-
quencies. This coupling iris can be represented by a trans-
former. The schematic is shown in Fig. 4. For the simple case
where the load is purely resistive, the coupling iris may be
ignored, and the combination of the iris and the load resistor
can be replaced by a resistor transformed to the primary of
the transformer, which is then in parallel with the RLC cir-
cuit. Refinements of the method include using a wave equa-
tion solver to obtain accurate calculations of the cavity field
distributions, and iterating over more than one cavity at a
time when there are reflected electrons. These calculations
must be repeated for each drive level, load on the klystron,
and frequency, and so they are time consuming for large-
bandwidth klystrons.

One of the most difficult calculations of the large-signal
klystron programs is the evaluation of the space-charge
forces. There are basically two methods for calculating these
forces. The earliest method is to calculate the Green’s func-
tion for the charged particle being followed, while accounting
for the particular boundary conditions. For example, the
Green’s function fields at the point r,z for a unit-charged ring
of radius ' and position z’, moving with velocity u, along the
z axis, and contained in a conductive cylinder of radius a are
(30)

o /
Er(r,z; 7'/,2/) — Yo J(Ulr)Jo(Ulr )e(*leo\Z*Z/\) (18a)
2nea? % Jiwa)
sgn(z —z') oa Jo(u;r)d,(ur') L
E,.(rz;r,2) = (=v;v0l2—=2"D
:(nzr,z) Omea? ; T2 (0,a) e
(18b)
and
I Uo ;
By(rz;r'2') = C—zEr(nz; r'z’) (18¢)

where the eigenvalues are the roots of J,(v,a) = 0. A finite
approximation to the infinite series is only calculated once, at
the start of each problem. There are two major difficulties
with using these equations in a computer code. The first is
that the space charge fields are added in a point-by-point
manner, so the time spent calculating the fields grows with
n, the number of particles, as n2 This places a practical limit
of around 100 to 300 particles with this method, for a per-
sonal computer. The other problem is more fundamental:

all
o
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Figure 4. The equivalent circuit for the output cavity (the passive
elements on the left of the transformer), the coupling transformer,
the klystron’s load impedance, and a modulated beam (the current
generator) in this cavity.
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these equations were derived by using a Lorentz transforma-
tion of the static fields of a moving charge into the laboratory
frame. The v, and u terms in the equations depend on this
velocity. For most of the klystron, the particles move with an
almost constant velocity, so this approximation is not bad, but
in the penultimate and output cavities, there is a large spread
of velocity, and Eqgs. (18) lose their accuracy.

An alternative method of calculating the space charge
fields is to directly integrate Maxwell’s equations, with the
bunched beam as a driving force. This method is called the
particle-in-cell method, and a grid is set up over the klystron
interaction area. The beam currents are averaged over the
grid, and discretized versions of the curl equations are inte-
grated to find the time derivatives of the fields. The major
advantages of this method are that the method is valid for
any distribution of particle velocity, and the computation time
grows much more slowly, only as n log(n). A recent reference
to the particle in cell method as applied to klystrons is Ref.
31, and a general reference to the particle in cell method is
Ref. 32.
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