1. Historical Background and Applications

The klystron was the first vacuum tube invented to overcome transit-time effects in triodes and tetrodes.  Klystrons are the most efficient of linear beam microwave tubes and are capable of the highest peak and average powers. They are useful over an extremely broad frequency range, from low UHF (200 MHz) to W-band (100 GHz).  The gain of multi-cavity klystrons can be very high.  Gains of 60 dB, or even higher, are not unusual. 

Maximum peak power in klystrons is by RF breakdown, which may be a function of the pulse duration.  At 1-2 microsecond pulse lengths, 75-MW has been attained at X-band and over 150 MW at S-band.  Average power is a function of body cooling, since klystron collectors, in principle, can be made arbitrarily large.  At X-Band, a CW power of 1-MW has been attained.
On the minus side, klystrons are narrow-band devices, compared with traveling-wave tubes,.  For many radar applications and for all electronic countermeasures (against radar), only TWTs are suitable.  Klystrons are useful for some communication applications, since some klystron broad banding is always possible.  A wide bandwidth in a klystron requires a low-beam impedance (i.e. high perveance, and/or high power).  At very high powers, or high frequencies, lower perveance beams are used for better electron optics. In these circumstances, 1% bandwidths for CW klystrons may be difficult.  At a few megawatts pulsed, at S-band, 10% bandwidth is possible.  
Low-power klystrons, particularly reflex oscillators, lost the battle to solid-state replacements in radar and communication equipment some time ago.  However, millimeter-wave klystron amplifiers, producing several tens of watts of average power, however, are not likely to be replaced by solid-state devices, which cannot produce competitive power at these frequencies. 

It is instructive the follow progress in vacuum tubes and their applications in the 20th century. (The figures corresponding to the text below are available, in color, in the DVD appendix to this book).

 1.

The triode was invented in 1906 (DeForest), but arc-based Morse-code transmitters were still in use as late as 1912.  Wireless was available in WWI, but the superheterodyne receiver was not invented until 1918 (Armstrong).  By 1930 it was clear that higher frequencies were desirable and that transit-time limitations would prevent triodes and tetrodes from providing adequate power for new applications. The search for new RF sources began.

Prior to WW2 the total available rf spectrum was about 100 MHz. (approximately 10 TV channels).  Today, rf sources exist to take advantage of a spectrum 1000 times wider.  The invention of radar sparked interest in microwaves and gave birth to the magnetron, which made possible airborne radar and helped win WWII.  Only low-power, mostly “reflex” klystrons were used in WWII.  High-power klystrons owe their initial development to particle accelerators, which caused the first megawatt klystron to be designed and built at Stanford.

 Radar led to Electronic countermeasures and TWTs. Magnetic Fusion required millimeter wavelengths and caused gyrotrons to be invented in Russia. 

Klystrons are now in use, or in development, over the entire spectrum above.  This is not the case with any other microwave power source.

2.
The invention of the klystron was the work of several people, the first of whom was D.A. Rozhansky, a Professor of Physics at the Leningrad Polytechnic Institute. He proposed a method of producing electron beams of “varying density” in 1932.  As far as we know, Rozhansky did not construct apparatus to test his theory, nor did he publish.  However, he worked with a very bright young physicist at his Institute, Agnessa Arsenjeva, who later became Mrs. Oskar Heil.  The Russians consider Rozhansky, along with the Heils, the inventors of velocity modulation. 

3.
Oscar Heil, who studied at Goettingen University, probably met Arsenjeva there.  They were married in Leningrad in 1934.  That year, Heil applied for an Austrian Patent on “A Procedure and Apparatus for Producing Short Waves.”  Subsequently, they both studied with Rutherford at the Cavendish Laboratory in Cambridge, England.  In 1935, while Arsenjeva was recuperating in the Italian Alps from illness, they both published in the Zeitschrift fur Physik the classic paper on velocity modulation and electron bunching. 

Arsenjeva returned to Russia and Heil went to work at Standard Telephone and Cables (STC) in England.  STC developed a line of Heil tubes, called “Coaxial-line Oscillators.”  The operation of the Heil tube is based on a short beam traversing, at right angles, a coaxial line with such a transit time as to launch a coaxial wave to a load.
 4.
Heil left STC the day before England went to war and continued his work at Standard Lorentz in Berlin.  His tubes were used in WWII.  After the war he was brought to the US by the military and worked at Wright Patterson AFB before being hired by Eimac and moving to California.  He died in 1994.  

Arsenjeva returned to Russia and Heil went to work at Standard Telephone and Cables in England.  STC developed a line of Heil tunes, called “Coaxial-line Oscillators.”  The operation of the Heil tube is based on a short beam traversing, at right angles, a coaxial line with such a transit time as to launch a coaxial wave to a load.  Agnessa Heil never left Russia again and died in St. Petersburg in 1991.

5.
During the same pre-WWII period at Stanford, W. W. Hansen, Associate Professor of Physics, was investigating “a scheme for producing high-voltage electrons,” for use in X-ray spectroscopy.  In the process, he invented the microwave cavity, i.e. a resonator that did not depend on inductors and capacitors to store energy, and consequently was capable of developing a high voltage at high frequencies, with low losses.  He also developed the theory necessary to treat resonators as circuit elements, and derived the first analytical expressions for the eigenvalues in cavities of various shapes.  His resonators were named “rumbatrons,” presumably because of the back-and-forth travel of electromagnetic waves inside them. 
6.
The invention of the klystron would not have been possible without Hansen’s rumbatrons.  His original UHF resonant cavity survives and is shown in this picture.  Hansen published a paper titled “A Type of Electrical Resonator” in the Journal of Applied Physics in 1937.  His experimental cavity resonated at 380 MHz and had a Q0 of 50,000.
7.

Working with Professor Bill Hansen at the Stanford Physics Department, as Research Associates, were the Varian brothers, Russell, a physicist, and Sigurd, a former barnstormer and Pan-American pilot.  “Sig” Varian believed that high-frequency transmitters could be used aboard airplanes to make “blind” landings possible.  The missing component was a source of high-frequency power.  Hansen and the Varians investigated a number of ideas for a microwave source.  They were apparently not aware of the Heils’ 1935 paper on velocity modulation.  Russ Varian conceived of it qualitatively and on June 15, 1937, he applied for a patent. On July 21, 1937, Russ Varian entered in his journal the sketch of the 2-cavity oscillator, and the following month he and his brother built one.  The use of the resonant cavities invented by Hansen made the Varian patent much more useful than the 1934 Heil patent.
Both Varian brothers died in the 60’s.  Varian Associates, the company they founded, sold its tube business to an investment concern in 1996.  It was renamed “Communications and Power Industries”, or CPI.  the former Varian Associates is now three independent companies, the largest of which  manufactures medical accelerators for cancer therapy.  CPI was sold to another investment concern in 2003.

 8.
The figure shows “Model A”, the original Stanford klystron.  With help from the Stanford Classics department, the device was named “klystron” after the ancient Greek verb (κλύζω) for wave action on the seashore.  This picture and the next are reproduced from “The Inventor and the Pilot,” a book written by Russell Varian’s wife, Dorothy.
9.
An MIT-Civil Aeronautics Administration blind landing system is demonstrated for the first time at Boston Airport, on February 29, 1939.  A 40-cm (750 MHz) transmitter using a Stanford klystron is in the army truck and a triangular Barrow horn is used to direct the beam.  The plane is following the beam for a landing.

10.
Work on klystrons became very intensive during WWII.  Radar was independently invented in Germany and Britain before the war, and was initially implemented at UHF frequencies using triodes as sources.   The 1941 invention of the magnetron by Randall and Boot in Britain provided a power source suitable for airborne high frequency radar transmitters.  The same year, (and before Pearl Harbor) a visit by British scientists to America launched an extraordinary collaboration between Britain and the US, which resulted in magnetrons and klystrons being manufactured for the war effort in Western Electric, Sperry, and other American factories.  The reflex version of the klystron, perfected at Sperry and in British laboratories, served as the local oscillator in super heterodyne radar receivers.  Together, the magnetron and the reflex klystron made possible airborne S-band radar, a major factor in securing air superiority for the RAF.  “Power” klystrons did not exist during the war.  It would appear that the primary reason was lack of adequate beam optics.  Klystron amplifiers were mostly of the 2-cavity type, usually without focusing magnets, often with gridded gaps.  Beam transmission below 50% was common.  In these circumstances one could not expect average power above a few watts, and that made klystrons unsuitable for transmitter use.  In early 1944, Ed Ginzton, then at Sperry, visited Britain to exchange information on Doppler radar and “to become acquainted with the development of velocity-modulated tubes in England.”  He was very impressed with an EMI two-resonator, external-cavity klystron, the CV (Common Valve) 150.  Ginzton was very impressed. He writes:

“…I saw a klystron of a remarkably simple design which produced 20,000 watts of power, well beyond any klystron made in the United States at that time.  The fact that it was so simple and so beautiful impressed me enormously, and led me to develop a still bigger tube a few years later.”

11.
A page from Ed Ginzton’s diary (visiting EMI in the UK in 1944) 

“…A two resonator klystron, using grids, and operating 12,000 volts has been designed and built for 9.1 cm.  It was intended for an airborne system but due to changing circumstances will probably not be used.  It differs from other pulsed klystrons developed in Britain in that it uses a very large beam cross-section, a very large current density and grids to improve the modulation coefficient of the gaps.  Although the grids are large in diameter, the RF losses in these are made small by using large grid spacing.  The effect of the latter are made small by the high acceleration voltage.  As such, this tube represents the furthest deviation from standard klystron design that I have ever seen.  The cathode focusing and/or grid interception losses are poor.  Only 50% of the current passes through the short, stubby channel and one would think that this should be much better.  But in spite of this, the overall-efficiency at 12kV, and 150 kW input is 20%.  This means that the actual efficiency is about 40%, that being the highest efficiency for a klystron that I have ever heard of.  The tube uses a slot for coupling.  It has a waveguide output, and it is tunable by means of plungers over 5%.  The starting time is not larger than 0.1 – 0.2 microseconds.  The tube is small, light, very easy to make, is easily tunable, can be used as a power amplifier.  It is this tube that makes me think that the klystron may yet rival the magnetrons.  The life of the tube seems to be about 250 hours at present.  It is thought that Ba is being evaporated from the cathode which finally ruins the tube.  Experiments are now being conducted with lower cathode temperatures and longer life is indicated.  The tube is now in preproduction stages”...

12.
Ginzton did build a much bigger tube a few years later.  Along with Hansen and Chodorow, he returned to Stanford after the war, and began work on an S-band accelerator.  It was based on a newly invented disk-loaded waveguide slow-wave structure, which was much lighter and more compact than existing lower frequency devices.  As would be the case with many others to follow, this first microwave linear accelerator required a power level more than 1000 times higher than the CV-150.  Recent improvements in electron beam optics, made possible by J. R. Pierce’s work at Bell Labs, were essential to this endeavor.  Other components also had to be designed for the first time, such as high-voltage modulators and insulators, and high-power microwave windows.  In 1948, the Stanford klystron for the S-Band Mark III electron accelerator, with its three cavities and wound-on beam-focusing electromagnet, eventually reached a power output of 30 MW with 1-microsecond pulses.  It was the first multi-megawatt microwave source of any kind.  In the next 50 years, there would be many more advances, but none as impressive or as widely imitated.  Klystrons could now be designed to power transmitters for radar, UHF television, and space communications.  
13.
It was then, and has been the case ever since, that new klystrons had to be developed before significant advances could be made in particle accelerators.  Shown above is Bill Hansen with three of his students and a piece of the first coupled-cavity linear accelerator at Stanford in 1948.  The picture was taken to illustrate the reduction in size possible at S-band with coupled cavities, compared to the induction machines available up to that time.

Russell Varian liked to explain velocity modulation as follows, (from a book his wife wrote):   “Just picture a steady stream of cars from San Francisco to Palo Alto; if the cars left San Francisco at equal increments and at the same velocity, then even in Palo Alto they would be evenly spaced and you would call this a direct flow of cars.  But suppose somehow the speed of some cars, as they left San Francisco, was increased a bit and others retarded.  Then, with time, the fast cars would tend to catch up with the slow ones and they would bunch into groups.  Thus, if the velocity of the cars was sufficiently different or the time long enough, the steady stream of cars would be broken and, under ideal conditions, would arrive in Palo Alto in clearly defined groups.  In the same way an electron tube can be built in which the control of the electron beam is produced by this principle of bunching, rather than by the direct control of the grid of a triode.”

 14.
 The “Applegate” diagram in this picture shows electrons from an electron gun traversing a gap in the first cavity, and having their velocity modulated by the voltage across that gap.  As a result, they arrive in bunches at the second, or output cavity. Bunches form around the electrons crossing the first gap when the sinusoidal voltage there crosses from negative to positive (from decelerating to accelerating). The bunches arrive at the second cavity with a period T0, which corresponds top the period of the sinusoidal power input to the first cavity.   The bunching action shown in the Applegate diagram is entirely ballistic (or kinematic), i.e. the charge of the electrons does not come into play as their trajectories come very close and intersect.  In an average klystron, space charge will modify these trajectories and the interaction between cavities and beam will be better described by “space-charge wave theory”, which treats space charge as an elastic medium and describes electron motion in terms of waves.

15.
The top diagram is a MAGIC simulation of the build-up of rf current in a PPM klystron. Bunches form gradually, but get quite pronounced as they approach the output cavity.  At that point they are much like mathematical “unit impulses.”   If they are idealized that way, they can be represented by a train of pulses, spaced by T0 seconds, where T0 is the inverse of the frequency of operation for the klystron, as shown in the previous slide.  That train of pulses has a frequency content given by its Fourier transform, shown in the third sketch.  It consists of the fundamental and all its harmonics.

The resonant circuit of the output cavity selects just the fundamental (if it is tuned there) and power at that frequency is fed to the load.

16.
This viewgraph shows the growth in klystron power in the 60 years since WWII.

The broad trend line for S-band pulsed CW klystrons cannot be expected to go through points represented by actual tubes, but nevertheless shows a definite pattern, where output power increases 10-fold every 14 years.  Notice how far ahead of its time was the Stanford MK III klystron.  The scaling used to put on the chart an X-band pulsed klystron recently developed at SLAC follows the Pf2 law, which does not strictly apply to pulse tubes since it relates frequency to the surfaces available for cooling.  This SLAC klystron produces 75 MW at 11.4 GHz, with 1.6 microsecond pulses.  It shows on the graph as 16x75 = 1200 Megawatts (plotted as 1 GW).

17.
The next few viewgraphs will illustrate both the limits of power and frequency of existing klystrons, and some of the applications for the devices.  In almost every case, except the first one, there are no real or potential solid-state alternatives to the use of klystrons for these applications.  

BMEWS:  As a result of plans laid in the late 1950s three huge radar stations, each with a range of 3,000 miles, were built to give the US administration early warning of Soviet trans-polar nuclear missile attack.  Only one of these radars, at Clear, Alaska, was built on American soil.  The others were sited at Thule in Greenland and on Fylingdales Moor in Yorkshire, England.  As these radars were in many ways the pivots upon which US nuclear strategy revolved their presence in Greenland and the UK rendered the host countries dangerously vulnerable strategic targets in their own right.  The original FPS50 'billboard' radars and the FPS49 parabolic radars were replaced in the early 1990s by solid-state phased-array systems which have much the same range but are far less susceptible to jamming.

The first klystrons were made by Eimac in the late 50’s and replaced the tetrodes that were initially designed into the system.  The Eimac klystrons (X626s) were external cavity tubes and did exhibit some ceramic charging problems, which led to a contract to Varian for a large quantity of the integral cavity klystrons (VA812s) shown in the picture.  In the end Litton ended up with most of the business, which was considerable.  Integral cavity klystrons were specified when Litton won the contract.  Notice that these tubes all had modulating anodes and were operated in floating-deck long pulse modulators.

The BMEWS klystrons operated at 150 kV and produced 1.25-MW peak and 75- MW average power at approximately 450 MHz.  At that average power, these klystrons were the most powerful ever produced.  The term “superpower” was coined to describe them.  These klystrons are no longer in service and the fact that they have been replaced by transistors in a phased array configuration illustrates the trend of solid-state incursions in microwave transmitters wherever power or frequency is low, or if parabolic antennas can be replaced by phased arrays.

18.
UHF television was one of the early klystron applications.  The bandwidth required is relatively small, the power is too high for transistors to be practical, and the most important requirement is high efficiency.  The original klystrons were Eimac external cavity tubes, at about 30-kW output, mostly in GE transmitters.  Subsequently, Varian, working with RCA,  introduced a line of integral cavity tubes.  Shown above, are the results of Eimac-Varian collaboration in developing modern high efficiency versions of the original klystrons.  On the left is a “Klystrode,” invented at Eimac, (or IOT when it was re-invented at EEV), in which a gridded gun is part of the input cavity circuit and the beam current is a function of the rf drive, as it would be in a tetrode.  On the right is shown an external cavity klystron equipped with a multi-stage depressed collector (MSDC).  The MSDC klystron has an output power of 60 kW, 46 dB gain, and a 70% peak synch efficiency.  The efficiency for the klystrode has to be defined differently:  its average efficiency over a normal TV spectrum 135 per cent of its peak synch efficiency.  The gain for the klystrode is lower, 22 dB, but the peak synch power is 80 kW.
19.
Medicine is a major and socially important klystron application.  Shown above is a radiation therapy facility employing a Varian Clinical Accelerator or Clinac.  In a Clinac an S-band standing-wave accelerator allows the generation of high output, stable X-ray modes at widely separated energies, providing a full range of treatment capability.  The accelerator is located inside the rotatable gantry.  It is driven by a 5-MW pulsed klystron, the only Varian/CPI klystron that is painted hospital-white, rather than red.

There are probably 4000 medical accelerators in operation around the world.  Most are powered with magnetrons but higher energy modern machines require klystrons.  In societies with health-care services comparable to the US or western Europe, the average person has a one in eight chance of being treated on a linear accelerator in his or her lifetime.

20.
This is the Varian 3030A, an experimental X-band klystron, which in 1969 produced an output of 1030 kW.  The tube is about 80% collector, illustrating the point that klystrons are not nearly as limited in their average power by frequency, as crossed-field tubes are. They just require large collectors.  Nevertheless, ohmic losses in the output cavity do limit the output.   At these frequencies, the circuit efficiency of a conventional single-cavity output circuit, as well as the surface are of that cavity are not sufficiently high to handle the I2R losses associated with the output power desired.  A 99 percent circuit efficiency associated with a desired output of 1-MW CW would require that 10-kW watts of power dissipation would have to be removed from the klystron’s output cavity to prevent it from overheating and drifting in frequency.  Such a cavity would have the approximate surface of a matchbox. 

The solution was an extended interaction output cavity, i.e. a larger, essentially overmoded cavity, designed to be  “synchronous” with the beam for the mode chosen.  Such a cavity has not only a larger surface from which to remove the heat, but also a higher R/Q, which leads to a lower Qext and a higher circuit efficiency.

The extended interaction concept, was originally demonstrated by Tore Wessel-Berg at Stanford.  Wessel-Berg’s objective was a wider bandwidth.  He also contributed to the design of the X-3030.

21.
Interplanetary communications.  The NASA Deep Space Network is an international network of antennas that supports interplanetary spacecraft missions and radio and radar astronomy observations for the exploration of the solar system and the universe.  The network also supports selected Earth-orbiting missions. The DSN currently consists of three deep-space communications facilities placed approximately 120 degrees apart around the world:  at Goldstone, in California's Mojave Desert; near Madrid, Spain; and near Canberra, Australia.  This strategic placement permits constant observation of spacecraft as the Earth rotates, and helps to make the DSN the largest and most sensitive scientific telecommunications system in the world.

At the center of this 70-meter (220-ft) antenna are three cones, one of which one is shown above.  They house a 500-kW CW S-band klystron, two 150-kW X-band klystrons operated in parallel, and a 25-kW klystron.  S-band is used for communications with orbiting spacecraft.  The high power X-band tubes are used in a radar mode. The 25-kW klystron is actually the tube currently used to send commands to the Mars orbiter and Spirit.   All these tubes, except for their exceptionally high power, are more or less conventional, and were designed about 30 years ago. 

22.
Linear Accelerators.  Scientific Particle accelerators continue to set the pace for the development of very high-power klystrons.  The “Next Linear Collider” (NLC) is compared in the picture on the right above to the existing 100-GeV center-of-mass collider (SLC), a 2-mile long e+e- machine.  The NLC is being designed, initially, as a 500-GeV collider and ultimately a 1-TeV e+e- machine.  Its full length will be approximately 30 kilometers (18 miles).  Current design for the 500-GeV version calls for as many as 5000 X-band klystrons, each delivering 75 MW, with 1.6 microsecond pulses and an average power of 14.4 kW.

These 11.4-GHz klystrons operate at 500 kV, with a perveance of 0.7x10-6 .  Beam confinement is by Periodic Permanent Magnet (PPM) focusing because, given the number of klystrons, the NLC power budget does not permit the use of electromagnets.  The detailed design of this klystron will be presented in a later lecture.

23.









This the SLAC B-factory klystron (BFK).  It operates at 90 kV, with a microperveance of 1 and produces 1.25-MW CW.  It has 7 cavities which are tuned capacitively by moving on flexible cavity wall and changing the gap length.  Overall efficiency is 60 per cent, gain 50 dB and the nominal bandwidth is 10 MHz.  The collector is capable of dissipating full beam power. The klystron is operated horizontally.

The BFK design was a joint undertaking between SLAC and Varian and was funded by a “CRADA.”  In a later lecture the experimental gain response of the BFK  of the klystron will be compared to analytical calculations, as well as one- and two-dimensional simulation codes.

24.
 Communications:  Millimeter-wave communications, military and commercial, are well suited to klystrons, because of the high Pf2 factor, which makes the application difficult for solid-state devices (or traveling wave tubes).  At these frequencies (Ka band in this example) the modest percentage bandwidth of a 750-watt fairly low power klystron, 0.4 per cent in this case, still produces 125 MHz per channel and the tube is tunable over 1 GHz. 

25.
Shown is the TESLA Linear Collider multibeam klystrons TH1801 produced by Thales Electron Devices (Formerly Thomson Tubes Electroniques).  Seven beams (one of which is centered), each of micropervance 0.5 are launched into independent drift tubes but common cavities.  After their energy is extracted at the output, they are directed to a common collector.

The MBK design was adopted because of the extraordinary power and efficiency requirements of the TESLA superconducting Linear Collider.  The tube frequency is 1300 MHz, the peak power output 10 MW, the average power 150 kW and the efficiency “goal”  70 per cent.  The operating voltage is 110kV.  The pulse duration is 1.5 milliseconds and the PRF 10 Hz.  The long pulse places severe thermal requirements (which are exacerbated by an elevated voltage) and the high efficiency calls for low perveance.  The MBK design addresses both issues.  Thales has reported an efficiency of 65%, so far.

Also shown is a sketch of the CPI VKL-8301.  It is also an MBK, but its design is fundamentally different and is based more on life cycle cost than on initial price.  It employs 6 beams, on a larger “bolt circle” than the French tube, and without a center beam.  This arrangement (which also results in individual intermediate cavities) makes possible larger cathodes and lower cathode current densities.  Hence the life of the VKL-8301 can be expected to be substantially longer than the TH, and the life-cycle cost lower, even if the initial cost is higher.  

26.
An alternative to the pencil-beam 75-MW PPM klystron is an SBK, a 75-MW sheet-beam klystron (which with a double beam could be operated at 150 kW) has been in development at SLAC for the last several years.  Sheet beam klystrons have beams of much lower current density, employ overmoded cavities and can be easily PPM-focused.  Furthermore, their fabrication is much simpler than conventional klystrons and requires considerably fewer parts.  Finally, since their cathode loading is much lighter, they can be expected to have a much longer life as well.  The SLAC Klystron Department will soon be completing an intensive simulation program on the SBK before proceeding to the manufacture of a prototype 75-MW tube. 

In the sketch on the left, the cavity body and collector of the SBK are fabricated from a single block of copper.  The cavities appear as lines, but the drawing on the right shows the detail of half the 5-cell output cavity.  Cooling passages are shown at the bottom.  Magnet and polepiece racks are placed at either side of the tube body and are shown on one side only in the cutaway sketch.  The water passages are between the tube body and the magnet racks, and provide much more effective cooling than is available in the pencil-beam tube.  This suggests that the SBK design can make possible a higher duty, or longer pulse NLC klystron.

A 3-D MAGIC simulation is being prepared on a 24-Beowulf CPU cluster for the entire 8-cavity SBK.  It is considered that completing such a simulation would have required 15 days on a single CPU, but should be possible in 36 hours on the cluster, approximately.

