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Objective

• Learn how to operate a reflex klystron

• Measure the relationship between reflector voltage, Vref, and the 
frequency and power output from the klystron
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How Does a Reflect Klystron Work?

• See online materials

• Read "Reflex-Klystron Oscillators," by E.L. Ginzton and A.E. 
Harrison, Proceedings of the IRE, 34(3), (1946), pp. 97-113;  
http://doi.org/10.1109/JRPROC.1946.233883 

• Read Data Sheet for Reflex Klystrons 2 K 25 and 723 A/B (on line)
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How Does a Reflect Klystron Work?
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Operating Parameters
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Typical Power and Frequency vs. Repeller Voltage
(For Week #1, you are to make these measurements…)
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Reflex-Klystron Oscillators* 
EDWARD LEONARD GINZTONt, ASSOCIATE, I.R.E:., AND 

ARTHUR E. HARRISONt, SENIOR MEMBER,.I.R.E. 

Summary-A comprehensive analysis of reflex klystrons is de-
veloped by considering the electrons as particles acted upon by 
forces which modify their motion. The analysis is similar to earlier 
explanations of electron bunching in a field-free drift space and pre-
dicts a similar current distribution when bunching takes place in a 
reflecting field. The effect of the bunched electron beam is treated 
qualitatively by considering the effect of the beam admittance upon a 
simple equivalent circuit. A quantitative mathematical analysis based 
upon oscillator theory is also derived and the results are presented in 

• a series of universal curves which are used to explain the operating 
characteristics of these tubes. Power output, efficiency, starting cur-
rent, electronic tuning, and modulation properties are discuued. 
Some general remarks on reflex-oscillator design considerations are 
also included. 

INTRODUCTION 

REFLEX-klystron oscillators are an important 
member of an extensive family of velocity-modu-
lation tubes invented independently by R. H. 

Varian and W. W. Hansen at Stanford University, 
W. C. Hahn and G. F. Metcalf at Schenectady, and 
0. Heil in Germany. Velocity-modulation tubes are now 
quite generally known as klystrons, and perform the 
same functions at frequencies in the microwave region 
that triodes and pentodes do at lower frequencies. The 
mechanism of energy conversion is different, but analo7 
gies between klystrons and the electrical circuits used 
with conventional tubes are often useful. Klystrons with 
one or more resonators are used as oscillators, and multi-
resonator klystrons often replace conventional vacuum 
tubes for other applications. 

A reflex klystron utilizes a single resonator, and ob-
tains feedback by reflecting the electron beam so that it 
passes through the resonator a second time. This type 
of oscillator was described briefly by Hahn and Metcalf ,1 
and has been discussed in greater detail in other 
papers. 2- 4 The operation of these tubes can be explained 
by a ballistic or kinematic analysis; i.e., the electrons 
may be considered as particles which follow Newton's 
laws of motion. An understanding of the application of 
such a kinematic analysis to the principles of operation 
of the ordinary two-resonator klystron will be assumed. 
These principles have been presented in papers by 

• Decimal classification: R355.9. Original manuscript received by 
the Institute, August 3, 1945. t Sperry Gyroscope Company, Inc., Garden City, Long Island, 
N. Y. 

1 W. C. Hahn and G. F. Metcalf, "Velocity-modulated tubi:s," 
PROC. I.R.E., vol. 27, f,P· 106-117; February, 1939. . 

2 A. E. Harrison, Klystron Technical Manual," Sperry Gyro-
scope Company, Inc., Great Neck, Long Island, New York, 1944. 

3 A. E. Harrison, "Kinematics of reflection oscillators," Jour. 
Appl. Phys., vol. 15, pp. 709-711; October, 1944. 

'J. R. Pierce, "Reflex oscillators," PROC. I.R.E., vol. 33, pp. 112-
118; February, 1945. 

Varian 6 and Webster, 6 •7 and a similar analysis will be 
developed for the reflex-klystron oscillator. 

The analysis has been subdivided into two parts. The 
first section derives the transit-time relationships for the 
reflex type of klystron from the laws of motion. Then 
these relations are expanded to explain electron bunch-
ing, and the similarity between reflection-field bunching 
and bunching in a field-free drift space is shown. A 
second section applies these relationships to a derivation 
of the efficiency, P.ower output, and electronic tuning of' 
a reflex-klystron oscillator. The dependence of these 
characteristics on the beam current, beam voltage, re-
flector voltage, load, and other klystron design factors 
will be shown. 

OPERATING PRINCIPLES OF A REFLEX KLYSTRON 

A simplified drawing of a reflex klystron is shown in 
Fig. 1. The tube is a figure of revolution about the axis 
AA. The cathode surface K provides a source of elf'c-

,. 
Fig. 1-Cross-section view of a reflex klystron. 

trons when it is indirectly heated by F. The electrons 
are accelerated by the voltage Eo, which is known as the 
beam voltage, or as the acceleration voltage because it 
determines the velocity which the electrons have ac-
quired when they reach the anode plane. The emission 
current is controlled by the voltage Eu which is applied 
to the grid G. The cylindrical portion of the control-grid 
structure acts as a focusing element and gives a col-
limated beam which continues along the axis of the 
tube past the anode plane. In many klystron designs, 
the grid is not used and this electrode is only a focusing 

1 R. H. Varian and S. F. Varian, "A high-frequency oscillator 
and amplifier," Jour. Appl. Phys., vol. 10, pp. 321-327; May, 1939. 

6 D. L. Webster, "Cathodesray bunching," Jour. Appl. Phys., 
vol. 10, pp. 501-508; July, 1939. 

7 D. L. Webster, "The theory of klystron oscillations," Jour. Appl. 
Phys., vol. 10, pp. 864-872; December. 1939. 
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element. Fig. 2 shows the reflex klystron connected 
to the proper power supplies. The standard diagram for 
velocity-modulation tubes has been used, and the 
operating voltages have been labeled with the designa-
tions which will be used throughout this discussion. 

This electron-gun structure is quite similar to a triode 
tube; it has a cathode, a control grid, and an anode. In 
a klystron, however, the electron gun is merely ·the 
source of an electron beam and the radio-frequency por-
tion of the klystron is independent of the electron source. 

Fig. 2-Circuit diagram for a reflex oscillator and power supply. 

The beam travels along the axis of the tube beyond the 
anode plane with a uniform velocity corresponding to 
Eo, the acceleration voltage, until it reaches the resona-
tor gap. A radio-frequency voltage across the resonator 
gap will modify the velocity of the electrons in the beam. 
Some electrons will be speeded up when the field has a 
direction which will accelerate the beam. Other elec-
trons will be slowed down during another part of the 
radio-frequency cycle, and the velocity of some electrons 
will not be changed because they pass the gap when the 
resonator voltage is zero. The velocity variation will be 
assumed to be small, and the average velocity of the 
electrons in the beam will be identical to the velocity 
corresponding to the acceleration voltage, since an equal 
number of electrons will be slowed down and speeded 
up during one radio-frequency cycle. 

Beyond the resonator gap, the electrons encounter a 
retarding electric field produced by the potential be-
tween the reflector and the anode (Eo+Er)• This re-
flecting field brings the electrons to rest and returns 
them to the cavity resonator. The shape of the reflector 
electrode is designed to preserve the focus of the beam. 
The beam current is constant when the beam leaves the 
resonator gap, but electron bunching takes place while 
the electrons are in the reflection space, and the beam is 
density modulated when it returns to the cavity resona-
tor. 

If space-charge effects and the focusing action of the 
reflector shape are neglected, the bunching action is 
analogous to the motion of objects in a gravitational 
field.3 An Applegate diagram, in Fig. 3, is a convenient 
method of illustrating the bunching action. This dia-
gram represents the resonator-gap voltage as a function 
of time, and plots the position in the reflection space of 
a number of electrons which pass the resonator gap at 
selected intervals during a complete cycle. The opposite 
action of the radio-frequency field on the electrons leav-
ing the resonator and those returning to the resonator 
after bunching has been shown on the diagram. 

An electron which has been speeded up by the action 
of the radio-frequency field will travel farther into the 
reflecting field and will take longer than the average 

Fig. 3-Applegate diagram for a reflex-klystron oscillator. 

time to return to the resonator. This behavior is similar 
to throwing a ball in to the air; the harder the ball is 
thrown, the longer it takes to return to the ground. 
Reference to Fig. 3 will show that an electron which 
passes the resonator gap early in the cycle at time t,. is 
accelerated and requires a longer time to return than an 
electron leaving at time tb when the radio-frequency 
field is zero. The electrons which leave at time t. later 
in the cycle require less than the average transit time 
and all of these electrons return to the resonator in a 
bunch at time t,. Bunching of the electron beam is the 
result, and the uniform flow of beam current is con-
verted into an equivalent direct current with a super-
imposed alternating component. 

The arrival time t, of a group of electrons returning to 
the resonator depends upon the physical dimensions of 
the klystron, and also depends upon the acceleration 
voltage and the reflector voltage. In general, the transit 
time for the electron with average velocity, leaving at 
time tb, may correspond to _any number of cycles of the 
radjo-frequency field, and this number need not be an 
integer. But in order to sustain oscillations, the electron 
bunch must arrive during the time when the radio 
frequency is retarding the returning electrons, so 

Klystron
Power Supply

Beam Voltage, E0

Repeller 
Voltage, Er
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thrown, the longer it takes to return to the ground. 
Reference to Fig. 3 will show that an electron which 
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result, and the uniform flow of beam current is con-
verted into an equivalent direct current with a super-
imposed alternating component. 
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GENERAL THEORY OF OSCILLATORS 

The basic principles of electron bunching discussed in 
the preceding sections can be used to derive the typical 
electrical characteristics of reflex-klystron oscillators. 
The analysis is quite similar to the analysis of oscil-
lators in the more familiar radio-frequency region. 
Certain outstanding differences will be apparent; the 
most important is the dependence of the frequency of 
oscillation on the input voltages. These differences are 
the result of the dependence of the bunching action on 
transit time, and emphasize the fact that analogies to 
conventional vacuum tubes cannot always be used to 
describe the behavior of klystrons, although some of the 
concepts and terminology are equally useful in discus-
sion of velocity-modulation tubes. 

There are several methods which might be used to 
analyze the operation of a reflex-klystron oscillator. All 
of these methods are essentially the same and merely 
represent differing viewpoints in approaching the prob-
lem. Pierce 4 has described a method which equates the. 
admittance of the resonator of a reflex oscillator and the 
transadmittance of the bunched electron beam. A varia-
tion of this method, using impedances instead of ad-
mittances, was used in an analysis of double-resonator 
klystron oscillators. 11 This variation of the analysis is 
desirable for a double-resonator klystron oscillator be-
cause the relation between the output current and input 
voltage in tightly coupled tuned circuits is usually given 
in the form of a transfer impedance. A reflex-klystron 
oscillator is much simpler to analyze because a single 
resonator is used. 

The effect of the reflected beam in a reflex-klystron 
oscillator can be explained quite easily by assuming that 
the radio-frequency component of the bunched beam 
introduces an admittance Y2 in parallel with the reso-
nant circuit. This method reduces the analysis to a 
simple circuit problem in which a change in the value 
of Y2 may change the resonant frequency or losses in the 
circuit. The results are correct; in fact, it can be shown 
that the various methods of analysis are mathematically 
identical. The advantage of the method to be used here 
is primarily convenient in visualizing the problem, since 
the effect of varying components in a circuit is often 
more easily understood than the effect of varying param-
eters in an equation. 

THE EQUIVALENT CIRCUIT OF A REFLEX-
KLYSTRON OSCILLATOR 

An equivalent circuit for a reflex-klystron oscillator 
based on the method outlined above, is shown in Fig. 8. 
The cavity resonator and its coupled load are repre-
sented by the parallel resistance-inductance-capacitance 
circuit. The copper losses and other resonator losses 

11 A. E. Harrison, "Klystron oscillators," Electronics, vol. 17, pp, 
100-107; November, 1944. 

such as loading caused by the beam itself or secondary 
electrons, are represented by an equivalent shunt re-
sistance Rs, and the coupled load or output circuit con-
sidered as another parallel resistance RL. Then the ef-
fective resistance RsL would be given by the expression 
for two resistances in parallel 

RsRL 
RsL = ----

Rs+ RL 
(27) 

The equivalent capacitance C represents the capacitance 
of the resonator gap. The value of this capacitance can 
be estimated to a satisfactory approximation from the 
formula for a parallel-plate capacitor, using the area 
and spacing of the resonator grids forming the gap. The 
value of the equivalent inductance Lis chosen to make 
the resonant frequency of the equivalent circuit equal 
to the resonant frequency of the cavity. 

If the reflex klystron is oscillating, or if energy is 
coupled into the cavity resonator from an external 
source, then a voltage will exist across the resonator gap. 
This voltage is represented by the voltage E across the 
capacitance C in the equivalent diagram in Fig. 8, and 
the value of Eis given by 

E = E1 sin wt (28) 

Fig. 8-Equivalent circuit for a reflex-klystron oscillator. 

where E 1 is the peak value of the voltage across the 
resonator gap, and w and t represent the angular fre-
quency of oscillation and time. 

The bunching action produces a radio-frequency cur-
rent i2 which depends upon the beam current Io and the 
bunching parameter x, as shown in (23). 

i2 = 2Iol 1(x) sin (wt - 21rN). (23) 

N represents.the number of oscillation cycles during the 
time an electron is in the reflection space. A current 
{3i2 is shown flowing out of the "fictitious" admittance 
Y2 , which represents the effect of the bunched beam 
current in the equivalent diagram. This direction for the 
current is chosen because Y2 represents the source of 
power. The beam coupling coefficient /3 is introduced in 
order to include the effect of the decreased energy trans-
fer from the beam to the resonator when the gap transit 
time is large. This factor must be included in each step 
of the derivation in which it should appear; but a value 
of unity, corresponding to negligible-gap transit time, 
will be assumed in most cases in order to simplify the 
discussion of this analysis. 
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voltage is made large enough to give a negative value 
of ] 1(x), then the beam conductance defined by (35) 
is also negative. Oscillation would not be self-starting, 
but might be maintained if the beam current was suf-
ficiently high and the correct value of resonator voltage 
was obtained by overdriving the resonator. 

If any of the variables other than current are changed, 
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Fig. 13-Universal curve for the efficiency of a reflex-
klystron oscillator. 

such as the load resistance or the phase angle cf,, the use 
of curves to show the effect of each variable becomes 
quite complicated. Fortunately, all of the variables can 
be combined into dimensionless parameters and the 
characteristics can be presented in a universal curve as 
illustrated by Fig. 13. The transreduction factor 
x/2J 1(x) in (38) is one example of a useful dimensionless 
parameter and the efficiency parameter to be derived 
below is another example. 

The power delivered by the bunched beam, defined 
by (41), is not all useful power since some is absorbed 
by the resonator losses. We are more interested in the 
power delivered to the load, which will be designated 
PL. Then 

Rs RsEol o cos ,t, 
PL = --- P2 = - ~xl1(x). (42) 

RL + Rs 1rN(RL + Rs) 

If we divide the power output by the beam power input 
we obtain the efficiency of the klystron oscillator. Equa-
tion (42) can be rearranged so that the efficiency (ab-
breviated "Eff.") and the other factors involved are 
related to a dimensionless efficiency parameter xl1(x). 

1rN RL + Rs 
xl1(x) = -- --- Eff. 

cos cf, Rs 
(43) 

Fig. 13 combines these two dimensionless param-
eters in a single curve which relates the output char.:. 
acteristics of a reflex-klystron oscillator to the design 
factors which may be varied. The vertical co-ordinate 
is xJ 1(x) and x/2J1(x) is the horizontal co-ordinate. 

EFFECT OF VOLTAGE, CURRENT, AND LOAD ON 

KLYSTRON OUTPUT 

Most of the output characteristics which are typical 
of reflex-klystron oscillators can be predicted by in-
spection of Fig. 13. Consider the case when the load, 
beam current, and acceleration voltage remain fixed, 
but the reflector voltage is varied. Assume that the 
phase angle cf, is 1r/2 for zero reflector voltage; i.e., when 
the reflector electrode is at cathode potential. Cos cf, 

will be zero, corre~ponding to an operating point at the 
origin in Fig. 13. Increasing the negative reflector volt-
age will decrease cf, and cos cf, will vary from zero to a 
maximum of unity and then decrease again. The value 
of N will also vary, but if N is large this variation is not 
important in a qualitative analysis, and N will be as-
sumed a constant for the range of each voltage mode. 

When cos cf, is zero, the transreduction factor x/2J1(x) 
is also zero, since the value of x/211(x) is determined by 
(38) or (38a). 

(38) x fJ21rNI0RsL 
--- =----cos q,. 
2J1(x) Eo 

Oscillation will not occur until cos cf, has increased until 
the value of x/2J1(x) is unity. As cos cf, increases beyond 
this point, the output will increase as shown by Fig. 
13. When cos cf, is unity, x/2J1(x) will have its maxi-
mum value and the output will also be maximum. This 
is true for the region where the efficiency curve is de-
creasing because the cos cf, term increases faster than the 
efficiency parameter in Fig. 13 decreases. As the reflector 
voltage is increased beyond the value giving maximum 
output, the phase angle becomes negative, and cos cf, 

decreases until the output is again zero. 
As the reflector voltage is increased further, the sign 

of cos cf, will become negative and the beam-conductance 
term in (35} has a positive value. This positive beam 
conductance represents an additional loss, therefore 

REFLECTOR VOLTAGE 

Fig. 14-Power-output and frequency characteristics when the 
reflector voltage of a reflex klystron is varied, 

oscillation does not occur. When the transit time has 
changed by an amount equivalent to one complete cycle, 
the phase is again correct for oscillation and another 
output mode will occur. Normally, there are several of 
these voltage modes, and oscillation does not occur in 

8

slower
faster

slower
faster

slower
faster

E r
f w

he
n 

el
ec

tr
on

 @
 g

rid



Arrangement of Waveguide and Detectors
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Meter

Crystal
Detector

High Voltage 
Klystron Power

Klystron

Sweep (x10)
Amplifier
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Frequency Meter/Cavity

~ 9.4705 GHz

10



Modulating the Repeller Voltage

External Modulation 
Voltage Input

Crystal Detector 
(A.U.)
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Modulating the Repeller Voltage

Crystal Detector 
(A.U.)

Er Modulation 
(÷ 10)
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Frequency Resonance



Summary: Week 1

• Learn how to operate a reflex klystron

• Measure the relationship between reflector voltage, Vref, and the 
frequency and power output from the klystron

• Use the six data sets to examine the power output and frequency of 
the reflex klystron
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