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ABSTRACT 

Design considerations and performance characteristics of a 150 MW pulsed 

klystron amplifier at S-Band are described. One of the main problems encoun- 

tered in generating such high power at microwave frequencies is the extremely 

high voltage gradients developed across the output gap of the klystron which may 

cause RF breakdown. A double-gap &r-mode output cavity is used successfully 

in the present case to generate a peak output power of 150 MW at a frequency 

of 2870 MHz with an efficiency of 51%, saturation gain of 59.3 dB and a pulse 

width of one microsecond. A reduction in gap voltage of at least 25% as com- 

pared to a similar klystron with a conventional single-gap output cavity at the 

same voltage and at their respective maximum efficiency points is theoretically 

predicted. Examination of the gaps after an extended period of operation shows 

that they are smooth and without signs of erosion, indicating that the fields were 

uniform and not excessive. Extrapolating from the gradient which exists in this 

present tube, it appears feasible to generate still higher powers (of the order of 

700 MW) efficiently with a single klystron at S-Band with a pulse width of one 

microsecond, if the need arises. 
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1. Introduction 

The multi-cavity klystron amplifier is a well-established device and has a good 

record of achievement in efficiently generating large amounts of CW and pulsed 

powers at microwave frequencies. The ever-increasing demand for more power 

(hundreds of megawatts per tube) for contemplated new particle accelerators 

has given the klystron a new challenge to show its versatility. The following is a 

description of the development of a klystron producing a peak output power of 

150 MW with an efficiency of 51% and a saturation gain of 59.3 dB at S-Band. 

2. Design Considerations 

2.1 ELECTRON GUN 

The electron gun is a simple Pierce-type solid beam gun designed with the 

SLAC Electron Trajectory Program to operate at a voltage between 450 and 

500 kV with a microperveance of 2.0. The radii of the focus electrode and the 

anode electrode are made rather large in order to minimize the gradient. Some 

pertinent parameters are as follows: 

Design voltage 450 kV 

Beam current 603 A 

Pulse width 

Uniformity of cathode loading (from edge to center) 

Maximum cathode loading 

Maximum electric field (on anode surface) 

Maximum electric field (on cathode surface) 

Cathode radius 

Area convergence ratio 

Type of emitter 

1 psec 

1.44 to 1 

8.24 A/cm2 

222 kV/cm 

208 kV/cm 

5.26 cm 

16 to 1 

oxide-coated 

The voltage-current operating characteristics of the gun are shown in Fig. 1. 

It is seen that the microperveance at 200 kV is slightly above 2.0 but falls to 1.92 
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at a voltage of 450 kV, a little short of the design value of 2.0. The reduction 

in perveance can be explained in part by relativistic effects. The approximate 

relativistic correction factor for perveance is+ 

k = 1 - (0.107); + (0.024) 
n 

2 

- . . . (1) 

where 

V V (in kV) 
v,= 511 . 

According to the above correction factor, the drop in perveance should be 

3.9% when the voltage is raised from 200 kV to 450 kV. The actual drop, how- 

ever, was 7%. The additional decrease may be due to non-uniformity of cathode 

emission or measurement errors attributed to non-ideal current pulse waveform. 

Except for the slightly lower than design perveance, the gun worked satisfactorily. 

There were no gun oscillations or serious arcing. 

2.2 RF CAVITIES 

The design of the bunching section is rather conventional and we will not 

discuss it at length except to say that it is comparatively long because of the 

highly relativistic velocities involved. A schematic drawing of the interaction 

region is shown in Fig. 2. The spacings of the four bunching cavities and their 

resonant frequencies were optimized by computer, using a one-dimensional disk 

model code. The output cavity, however, requires some special attention. A 

double-gap extended-interaction cavity is used to reduce the high fields expected. 

The main objective is to design an output circuit which has the lowest gap fields 

consistent with good efficiency and stability. The important parameters to be 

considered are listed below: 

1. Choice of operating mode. 

2. Optimum d.c. transit angle between gaps. 
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3. Optimum gap impedance amplitude and phase angle. 

4. Optimum distance between output cavity and penultimate cavity. 

5. Stability. 

When two cavities are coupled inductively through slots in the common wall, 

the modes which are of greatest concern to us are the r-mode and the 2r-mode. 

In dealing with very high powers, the choice of which mode to use for ampli- 

fication is important for reasons of field uniformity. In the early stages of this 

development program we had used a n-mode two-gap output cavity operating 

at a voltage of 270 kV (40 MW output power level) and encountered serious 

problems with output gap erosion due to asymmetry in the azimuthal direction 

of the longitudinal electric field caused by the coupling slot. The electric field 

was always higher on the side of the slot (as much as 2:l) with the result that 

the beam was deflected, hit one side of the noses of the cavity, and seriously 

damaged them. Of course, this serious non-uniformity of the gap fields nullifies 

the potential advantages of a multiple-gap cavity. The explanation for this field 

distortion can be found in the fact that in the r-mode there is a net current 

flowing into the slot.2 In the 2x-mode, on the other hand, there is no net current 

flow into the slot and the fields are more uniform. This has been verified both 

in cold test and in the actual operating klystron using a 27r-mode double-gap 

output cavity at the 150 MW level. For extremely high powers, it is therefore 

desirable to choose the %-mode for amplification. 

The critical parameters listed above in points 1, 2 and 3 have been studied 

with a computer program to be described below which can handle multiple-gap 

cavities as well as conventional single-gap cavities. The output gap voltages are 

calculated by the following relation: 

where ,%‘ij are the complex gap impedances of the output cavity which can be 

measured by cold test methods and 11 and 12 are the induced currents in each 
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gap. So, a set of physically realizable output impedance matrix parameters can 

be input into the program to study tube performance. Computer results indicate 

that optimum efficiency is obtained when the d.c. transit angle between gaps 

falls near the point of maximum negative beam-loading conductance (see Fig. 3). 

The beam coupling coefficient and the beam-loading conductance of the output 

cavity used are shown in Figs. 4 and 5. This optimum transit angle between gaps 

corresponds to about 280 degrees at 450 kV. 

The optimum values of gap impedance amplitude and phase as calculated 

are shown in Figs. 6 and 7, based on the assumption of equal [<ijl’s and &. = 

412 = 421 = 0. We found that an impedance amplitude of between 500 and 

600 ohms for both gaps gives the best efficiency and that the phase angles of 

the impedances should be close to zero degrees. When the phase angle of the 

impedance of the first gap, #rr, deviates from zero, the efficiency starts to fall 

and the resulting gap voltages no longer remain equal to each other. In practice, 

it is difficult to make all the phase angles zero. If the second of the two coupled 

cavities (i.e., the downstream one with the output waveguide attached) is made 

resonant at the signal frequency, 422, 412 and 421 will be zero. The phase angle, 

$11, however, may not be zero, depending on the degree of coupling between the 

cavities and their relative resonance frequencies. In a conventional single-gap 

klystron, the output gap impedance can be obtained by separate measurements 

of R/Q and Qest, and the impedance is defined as the ratio of the voltage across 

the gap to the current by which the voltage is induced. In a two-gap cavity, the 

beam passes through two gaps sequentially and the ac components of current 

differ both in amplitude and phase. Moreover, the current will not only induce 

a voltage on the gap it passes but also induces a voltage on the other gap, so 

there are at least three impedances which we have to deal with (i.e., 211, 222 

and 212 which is the same as 221 due to reciprocity). A method of measuring 

these impedances has been developed by Zhao,3 who used a three-port microwave 

network to represent the system. One of the ports is the output waveguide and 

the other two represent the two gaps of the cavity. An impedance matrix is used 
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to characterize the system and the six independent impedance parameters can be 

found by measuring the input impedance seen from the output waveguide when 

the two gaps are in different conditions, viz., either open, shorted, or perturbed 

with an added capacitance. The gap impedance matrix measured this way at a 

frequency of 2870 MHz for the double-gap output cavity used is as follows: 

zii =I cii 1 ej4ii , i,j = 1, 2 

Cl1 = 457i-& $11 = 16’ 

522 = 565fl, ~$22 = -18’ 

521 = 512 = 510n, &2 = 421 = -18’ 

These impedance values are near, though not exactly equal, to the optimum 

values calculated by the computer program. 

The optimum distance between the middle of the first gap of the output 

cavity and the penultimate cavity has a rather broad range between 20’ and 40’ 

of a reduced plasma wavelength as indicated in Fig. 8. Twenty-four degrees was 

actually chosen. 

It is well-known that tubes with multiple-gap cavities are subject to the 

possibility of self-oscillation because of the existence of a region of negative beam- 

loading conductance. For stability in that region of operation, it is necessary 

that the absolute value of beam-loading conductance be less than the circuit 

conductance for both modes of the circuit. The frequencies of the various modes 

are shown in Fig. 9, which was obtained with a swept frequency source. At the 

2x-mode, the maximum negative normalized beam-loading conductance is -0.29 

(see Fig. 5), which is less than the measured circuit conductance and should not 

(in fact, did not) lead t o self-oscillations. At the z-mode frequency of 2472 MHz 

the calculated normalized beam-loading conductance is +0.388 and there is no 

danger of self-oscillation there, in spite of the fact that the & is rather high. The 

slot mode resonates at 3445 MHz which is very close to the frequency at which 

the two narrow coupling slots are l/2 wavelength long. For the slot mode, the 
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measured axial electric field in one gap is very much weaker than the other and 

stability is not a problem. 

3. Experimental Results 

3.1 GENERAL TEST RESULTS 

Figure 10 shows the power output, saturation gain, and efficiency versus 

beam voltage at a signal frequency of 2870 MHz (the performance at 2870 MHz 
is slightly better than at 2856 MHz; data elsewhere in this paper refer to 2856 

MHz). As indicated in the figure, the peak power output at 450 kV is 126 

MW with an efficiency of 48.2% and a saturation gain of 57.3 dB. When the 

beam voltage was raised to 475 kV, the power output reached 150.4 MW with a 

corresponding efficiency of 51% and saturation gain of 59.3 dB. The pulse width 

was 1.0 psec and the repetition rate 60 pps except for 465 kV, 470 kV, and 475 

kV points where the pulse repetition rate was reduced to 40 pps due to modulator 

limitations.The repetition rate can be increased to 180 pps with correspondingly 

higher average power output if the beam voltage does not exceed 450 kV. The 

single output window, which is of the pill-box type with a 99.5% AZ203 ceramic 

disk of 3.33 inch diameter and 0.125 inch thickness, is capable of handling the 

peak and average power generated in this tube without any difficulty. Beam pulse 

shapes and RF output pulse shapes at various voltages are shown in Fig. 11 and 

a transfer characteristic curve is shown in Fig. 12. The modulation seen on the 

beam voltage pulse in Fig. 11 is due to noise picked up by the capacitive voltage 

divider in the viewing circuit and is not inherent in the klystron. The tube 

operated stably as a function of drive level. Figure 13 shows RF pulse shapes 

at saturation drive, -2 dB below saturation drive and +4.4 dB above saturation 

drive at a voltage of 425 kV, 2870 MHz signal frequency. The tube operated 

for about 1000 hours, most of which were at a power level of 100 MW, before 

it was finally removed from test and cut open for examination. The purpose 

of opening up the tube was to observe the condition of the output gaps after 
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extended operation and to measure the output cavity gap impedance parameters 

more extensively. First of all, it was re-assuring to find that the output gaps 

were smooth and in good shape (no arc marks or erosion) after 1000 hours of 

operation, indicating that the RF fields in the output cavity were fairly uniform 

and not excessive. Recall that the reason we chose to design the cavity to operate 

at the 2x-mode rather than the z-mode was to avoid the non-uniformity of axial 

electric field in the azimuthal direction due to the presence of the coupling slot in 

the common wall. Experimental evidence proved that this choice was a correct 

one. 

3.2 COMPARISON WITH COMPUTATION 

The computer program which was developed in the course of this work4 has 

been useful in the design of the klystrons, although it is a relatively simple one- 

dimensional, time-stepping disk model with space charge and relativistic effects 

taken into account. A comparison of the calculated results using the actually 

measured parameters of beam current, cavity frequencies, cavity spacings, gap 

impedance values, etc., with the experimentally measured results at 425 kV is 

shown in Fig. 12. The agreement in maximum efficiency attained is very good, 

while the discrepancy between calculated saturation gain and measured satura- 

tion gain is 1.5 dB. 

3.3 COMPARISON WITH A SINGLE-GAP KLYSTRON OF SIMILAR POWER 
LEVEL 

In the course of this work, we have also built a klystron with a conventional 

single-gap output cavity. The test results for this tube are shown in Fig. 14. 

Note that the efficiency obtained from the 27r-mode double-gap output tube is 

higher by 5 percentage points at 450 kV and by 8 percentage points at 475 kV. 

In addition, the RF voltage gradient across each gap in the two-gap cavity is 

lower than that of the single-gap output klystron. Although we have no easy 
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way of experimentally measuring the gap voltages in the output cavity during 

operation, our calculations indicate that a reduction of 25% in gap voltage is 

obtained at the maximum efficiency point. The calculated output gap voltages 

for the two-gap tube at 450 kV are shown in the computer printout in Fig. 15, 

and they are 367 kV and 373 kV respectively. A similar calculation for the single- 

gap case gives a gap voltage of 492 kV at the same operating voltage, but its 

efficiency is lower by about 4 percentage points. The reduction in gap voltage 

would be more than 25% if compared at the same power output level. This 

reduction in the voltage gradient across the gap is very important if one wishes 

to obtain even higher powers from a klystron, as for example in future particle 

accelerator applications. The distance versus time plot in the computer printout 

of Fig. 15 also shows the desired property that the first gap of the two-gap output 

cavity gives further bunching to the beam while extracting a portion of its energy 

and the second gap doing the remainder of the energy extraction. It should be 

pointed out, however, that this particular comparison is not meant to imply that 

a double-gap output klystron is, in general, superior in efficiency to a single ouput 

gap klystron. A single output gap tube can be made just as efficient if its design 

is properly optimized. Also, a single gap tube can probably generate 150 MW of 

peak power, although it would be close to the limit of permissible gap gradient. 

A double-gap output cavity klystron has shown that it can easily handle this 

level of power and offers the possibility of generating even more, if required. 

4. Measurements of Harmonic Content of the RF Output 

It is interesting to obtain some idea of the harmonic content of the output 

signal from a very high power klystron. Quantitative measurements have been 

made on the single-gap klystron reported above at a beam voltage of 450 kV 

by the multiple-probe method.5 The method consists of placing four calibrated 

electric probes on the broad wall of the output waveguide at each of two different 

waveguide cross sections and one calibrated electric probe on the narrow wall at 
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each of four different waveguide cross sections to measure the electric field com- 

ponents of all the possible propagating modes at the second and third harmonic 

of the signal frequency for the size waveguide used and then feeding the mea- 

sured data into a computer for final calculation of the harmonic contents. The 

multiple-probe assembly used and a block diagram of the test set-up are shown 

in Fig. 16. The results of this measurement are tabulated below. 

As shown, the second harmonic is 32 dB below the fundamental and the third 

harmonic is about 39 dB below. These values are of the same order of magnitude 

as found in ordinary klystrons operating at lower voltage levels. Thus it appears 

that the basic mechanisms of klystron bunching are essentially the same up to 

the highly relativistic region of 450 kV. 

Multimode Harmonic Power Output (Peak power in Watts) 

150 MW Klystron No. 1 (saturation conditions) 

Beam Voltage = 450 kV, Beam Current = 555 A 

Propagating Fundamental 2nd Harmonic 3rd Harmonic 

Mode (2856 MHz) (5712 MHz) (8568 MHz) 

T&o 
T&o 
TEol 
T&l 
TM11 
T&l 
TM21 
T&o 
T&l 
TM31 
T&o 

108 E06 W 

Below Cutoff 

Below Cutoff 

Below Cutoff 

Below Cutoff 

Below Cutoff 

Below Cutoff 

Below Cutoff 

Below Cutoff 

Below Cutoff 

Below Cutoff 

Total 108 E06 W 67,425 W 

(0 dB, Ref.) (-32.0 dB) 

13,287 W 3,052 W 

48,648 400 

1,748 2,580 

960 3,082 

2,782 975 

Below Cutoff 74 

Below Cutoff 790 

Below Cutoff 1,407 

Below Cutoff 761 

Below Cutoff 906 

Below Cutoff 360 

14,387 W 

(-38.75 dB) 
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5. Conclusions 

The concept of multiple-gap or extended interaction cavities is not new.6-Q 

The significance of this work is that it applied this concept successfully to a new 

level of power output and provided a viable option for the generation of even 

higher powers at microwave frequencies. The average gradient across each out- 

put gap at 450 kV in this development is only 177 kV/cm and the calculated 

maximum field is 275 kV/cm. A gradient at least twice this value at one mi- 

crosecond pulse width should be feasible, based on work done at SLAC on high 

gradient accelerator structures. Hence, peak powers of the order of 700 MW 

could be generated at S-Band with one microsecond pulse width from a single 

klystron if the need arises. 
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Figure Captions 

1. Electron gun characteristics. 

2. Electrical parameters, 150 MW klystron. 

3. Calculated efficiency versus transit angle between gaps, 2r-mode double- 

gap output cavity. 

4. Square of beam coupling coefficient versus beam voltage, 27r-mode double- 

gap output cavity. 

5. Calculated beam-loading conductance versus Pep, 2x-mode output cavity 

with space charge. 

6. Calculated efficiency and gap voltage versus gap impedance, 2r-mode double- 

gap output cavity. 

7. Calculated efficiency and gap voltage versus phase angle $11, 2r-mode 

double-gap output cavity. 

8. Calculated efficiency versus distance between penultimate cavity and mid- 

dle of first gap of double-gap output cavity. 

9. Mode spectrum, double-gap output cavity. 

10. Measured performance, 150 MW klystron with double-gap 2r-mode output 

cavity. 

11. Beam pulse and RF pulse shapes at various voltages. 

12. Measured performance and comparison with computation, at 425 kV beam 

voltage. 

13. RF output pulse shapes at various levels of drive. 

14. Measured performance, single-gap output klystron. 

15. Computer printout of tube characteristics, 450 kV beam voltage. 

16. Multiple-probe method of harmonic content measurement. 
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Fig. 15 
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Fig. 16 


