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Summary 

This paper will review the evolution of high 
power klystrons and their applications in supplying 
rf energy for linear accelerators. Other types of 
possible rf sourc2s were conside,.ed for SLAC. and 
the reasons for the selectioa of klystrons will be 

_ gcven. A brief revir-5 of klystr 1 typr in j :e fo-. 
various accelerators will also be given, but tht 
emphasis will be on the work done by Stanford and 
its subcontractors in developing klystrons capable 
of achieving peak powers in excess of 20 ?.%4 and 
average powers of 20 kin for use with the two-mile 
Stanford linear accelerator. 

Selection of RF Sources 

Three main types of rf sources were considered 
for use at SLAC: the magnetron, the amplitron, and 
the klystron. Even though Slater and his collee&ues 
were able to demonstrate the us2 of a large numbe: 
of magnetron oscillators in an operating machine, 
the system is complicated and inefficient. The 
main difficulty arises from the relative instabil- 
ity of heavily loaded oscillators and the problems 
of accurate phasing between oscillators. In addi- 
tion, it was felt that the rather short life ex- 
pectancy and reasonably low peak power of magnetrons 
would make the tube unsuitdole for use in a large 
accelerator. 

The amplitron has the advantages of extremely 
good efficiency and low phase sensitivity to input 
voltage. Its main disadvantages result from very 
low gain and low isolation between input and out- 
put, requiring the us2 of complicated amplifier 
chains and of many high power isolators. The added 
cost and complexity and the lowering of the effi- 
ciency by the additional amplifier chains require- 
ment made the amplitron solution unattractive for 
use with the SLAC accelerator. 

The klystron amplifier has been used on almost 
all linear electron accelerators having multiple 
power sources and operating at microwave frequen- 
cies. It appears most suitable for the following 
reasons: (1) it is a high gain amplifier, which 
simnlifies phasing and driving problems, partic~J- 
lariy in a very long machine; (2) the necessary 
average and peak powers can be easily obtained; (3) 
the efficiency is reasonable, although not as high 
as that of other tube types; (4) the high degree of 
isolation between input and output makes it more 
stable under conditions of load mismatch; and (5) 
experience on the Stanford Mark III accelerator 
over the past ten years and use in many radar ap- 
plications indicates the potentially long life of 
this device. 

*Work supported by the U.S. Atomic Enerm Commission. 

Evolution of High Power Klystrons 

The use of high power klystrons for generation - 
of peak powers in the megawatt region in the fre- 
quency range of 3000 Mc/sec was initiated at 
Sta;lfcrd rs .% power source for the first multiple 
source scanfor-d iinesr accelerator. In 1944, E. 
L . r 'nz' Qn srgg-sic, that it would be possible to 
build klystron amplifiers each delivering 15 to 
30 MW of pulsed power. 3y 1948, the basic design 
of a three-cavity high power klystron had been es- 
tablished, and tests confirmed the general valid- 
ity of the theory and ass,umptions made. The 
Mark III accelerator at Stanford still uses kly- 
strons which are basically the same as those de- 
signed by the Stanford group over 15 years ago.2 

In 1951, work was started at Stanford on the 
fur-"her development of high power pulsed klystrons 
for pra.ti.cal applications. 3 This work resulted 
in the development of sealed-off tubes capable of 
approximately 2 MW pe-.k power at S-band (approxi- 
mately 3000 MC), 2 M+! at L-band (approximately 
1300 MC), and 1 MW at X-band (approximately 9000 
MC). This work was undertaken in conjunction with 
tube manufacturers, so that the results would be 
directly applicable by industry in the manufacture 
of high power pulsed tubes for both radar and lin- 
ear accelerator applications. 

During the 1950's, deveiopment work on high --- 
power klystrons was carried on at Sperry, Varian, 
Eimac, Litton, and General Electric in this coun- 
try; at CSF and CFTH in France; at EM1 and AFI in 
England. The work resulted in the production of 
tubes capable of 3 MW peak power and 50 kW average 
power at C-band, 20 MW peak and 54 kW average at 
L-band, and 10 MW peak and 20 kW average at S-band 
in this country. The French development work re- 
sulted in tubes capable of between 20 and 30 MW 
peak power at S-band, with average power capa- 
bilities in excess of 20 kW. 

Use of Klystrons for Linear Accelerators 

At the present time klystrons are used as the 
rf energy source for linear accelerators operated 
for resee:-?>, industrial, and medical applications 
in this country, in Western l&rope, in Russia, and 
in Japan. 

The following is a partial listing of klystron 
types used in accelerator applications. It is not 
intended to be all-inclusive and any omissions 
should not be considered as intentional, but rather 
as reflecting the ignorance of the author of all 
possible applications. 

(Submitted to IEEE Particle Accelerator Conference, Washington, D.C., March 10-12, 1965) 
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Litton Industries has supplied L-band klystrons 
for accelerators which are in service at Yale Uni- 
versity, Rensselaer University, The National Bureau 
of Standards, and General Atomics, among others. 
The tubes used are the L-3250, or the more modern 
version, the L-3944. These tubes are capable of 
10 ?&! peak, 15 kW average, 30dB gain, 6-microsec- 
ond rf pulse length, and maximum efficiency ap- 
proximately 32s. Also in service at General Atom- 
its is another Litton tube, the ~-3661, which is 
capable of delivering 20 !44 peak and 30 kW average 
at 10 microseconds pulse length, with a gain of 
45 dB and an efficiency of approxim tely 37%. 

Sperry Electronic Tube Di;-ision is also buila- 
ing klystrons for linear accelerator operation. 
The SAL-321 is in use at the NASA Langley Research 
Center. The tube is capable of 20 MW peak, 54 kW 
average at 1300 MC with a gain of 34 dB and an ef- 
ficiency of 33% at a pulse length of 30 micro- 
seconds. Sperry is also building the SAC-214 which 
is used in accelerator service at the University of 
Florida, University of Alabama, and Polytechnic In- 
stitute of Brooklyn. This tube is rated at 3 MW 
peak, 50 kW average, with a frequency range of 
5400 to 5900 MC, operating at a pulse length of 6 
microseconds with a gain of 28 dB minimum and an 
efficiency of 25% minimum. 

Thompson-Varian is supplying tubes for acceler- 
ators built by Varian Associates. Among these are 
accelerators in Darmstadt, Germany; Hill Air Force 
Base; Boeing Radiation Effects Laboratory; and the 
University of Saskatchewan. These accelerators use 
the TV-2011 tube with typical power outputs of 20 
MW peak and 20 kW average, at pulse lengths of 3 
psec with a gain of 50 dB and an efficiency of 35%. 
The ~~-2014 tubes are used in accelerators at 
Frascati, Italy and Bonn, Germany. These tubes 
are rated at 25 MW peak and 30 kW average, 4 psec 
pulse length, 50 dB gain, and 40% efficiency. The 
above tubes are built with a double output sys- 
tem to ease the window problem at high peak ana av- 
erage powers. The TV-2019 tube, which is used on 
an accelerator in Karlsruhe, Germany, is rated at 
10 MW peak, 15 kW average, 5 psec pulse length, 
with 50 dB gain and 40% efficiency. 

RCA, which has undertaken the development of 
klystrons specifically for Stanford Linear Acceler- 
ator Center use, is also supplying klystrons of the 
same design for other accelerators such as that at 
Coi,nell University. 

T'l,e first U.S. linear accelerator designed for 
medical use was powered by a 2 MW S-band klystron 
built by Stanford, and Stanford also contributed 
the klystrons used on the medical accelerators at 
both Michael Reese Hospital, Chicago and the Uni- 
versity of Chicago. 

CSF has built both the machine and the kly- 
strons which power the accelerator now used at 
Or-say, France. These klystrons are rated at ap- 
proximately 25 MW peak, 5 kW average, with a gain 
of approximately 43 dB and an efficience of 37%. 

Klystrons are also used in Zapan at the Insti- 
tute of Nuclear Study, University of Tokyo, as 
drivers for a linear electron accelerator used as 
injector for an electron synchrotron. The Russian 
electron accelerator at tiarkov is also powered by 
klystrons which are similar in general design and 
characteristics to those used in the Stanford 
Mark III accelerator. 

Klystrons for Stanford Linear Accelerator Center 

The experience acquired in operation of the 
Stenl.rd b!^r-k TII a(:-?lerator indicated the de- 
si-;l7ili'y cf .%:-'her improvements in the klystron 
des<pn al:d ; -;rfor,na.lce characteristics. For ex- 
ample, both theory and experiment indicated that 
for the Stanford two-mile accelerator it would be 
necessary to have a maximum phase deviation not 
exceeding 6' from theoretical at any of the 
960 feed points of the machine. This phase devia- 
tion can be caused by any of the rf components be- 
tween the main drive source and the feed point of 
the accelerator, including the main drive Line, the 
preamplifier (booster and sub-booster) klystrons, 
the wa?egl>ide system from the final amplifier to 
the accelerator, frequency instability in the stable 
-dai-ce, ana : hase variations within the final smpli- 
fier tubes. As a result, extremely tight specifi- 
cations had to be imposeG on the phase modl;lation 
within the final amplifier. Similarly, amplitude 
modulation on the rf output pulse would result in 
spectrum broadening, and the maximum allowable 
amplitude modulation had to be specified. 

Although the simplified theory indicates com- 
plete isolation between the amplifier stages in a 
klystron, in practice some oscillation or feed- 
back mechanisms are possible, either due to re- 
flected electrons or to a tendency for cavities to 
oscillate at higher than the driving frequency. In 
addition, in many klystrons operating at this pow- 
er level, oscillations in the gun structure have 
been observed which can cause phase and amplitude 
instability in the output. 

The number of klystrons involved in the SLAC 
operation necessitated some deviations from the 
normal practice. For example, a careful study of 
the focusing problems indicated that there was a 
potential saving in eliminating the electromagnets 
and their power supplies and water cooling require- 
ments. Hence,. it was decided to design the tube in 
such a way that it could be focused by permanent 
magnets. Following the Stanford Mark III practice, 
it was deemeii dezirzble to evacuate the waveguide 
runs between the klystron and the accelerator. 

Another deviation concerns the method of mount- 
ing the tube. Because of the length of the acceler- 
ator and the necessity of accurate alignment, it is 
expected that the feed points may move with respect 
to the building by several inches. To maintain 
phase stability in the waveguides, the whole wave- 
guide system must be moved with the accelerator; 
hence, it was necessary to attach the klystron to 
a movable frame. The solution has been to hang up 
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the klystron and pulse transformer tank to minimize 
the tolerance problems in making the waveguide-to- 
klystron vacuum joint. This system has the addi- 
tional advantage of allowing variations in overall 
klystron length without having to change the mech- 
anical installation system. Hence, flexibility is 
left for future improvements in the klystron design 

The following table gives the objective speci- 
fications of the klystrons for SLAC, and a com- 
parison of these specifications with those of the 
klystrons used at Stanford on the Mark III accelcr- 
ator. 

In addition, contracts for the delivery of 6 tubes 
and magnets have also been signed with Eimac and 
Litton. 

In the following review, the various compon- 
ents of the klystron will be considered separately. 

Electron Gun 

Stanford's klystron initial1 used a gun de- 
signed by J. picquendar of CFTH. x95 This gun, de- 
signed as a field-free gun, tack advantage of the 
fr .ngi;.s -i;.:eLic r‘ield to reduce the beam diameter - _ --- --- 

CCWARGCN OF MARK 1.11 AND SLAC i(i;,I'3<,',: SFFZlPiC~1ICNS 

MARK III 
KLYSTRON 

SLAC 
KLYSTRON 

(Objective Specs) 

Operating Frequency 

RF Pulse Width 

Repetition Rate 

Peak Power Output 

Heater Power 

Beam Voltage 

Beam Current 

Microperveance 

Peak Drive Power 

Gain 

Amplitude Modulation 

Pnase Modulation 

Noise 

Focusing 

Mc/sec 

psec 

PPs 
Mw 

watts 

kV 

amperes 

kW 

dB 

% 
degrees 

i856 2556 

2 2.5 
60 60-36~ 

20 'L -y 

600 2 io 

325 250 
185 250 

1 2 

10 .24 

33 50 

Electro- 
magnet 

i 
1 (heater hum) 
8 
1 t 

per '$ beam voltage variation) 
any other cause) 

- 40 dB in 1 MC band up to 5000 MC 

- 25 dB in 1 MC band over 5000 MC 

Permanent 
magnet 

* Acceptance specs: 21 bnd at 250 kv, 12 MW at 200 kV 

Design Considerations and Development Work at the entrance to the anode. Although the results 
observed at Stanford with this gun were in general 

The following summary of the design considera- satisfactory, some gun oscillation problems were 
tions and development work done on the klystrons 
f,:- SLAC will be primarily concerned with the 
Stanford development; parallel work has been done 
in industry and the main differences between the 
various approaches and results will be pointed out 

Research and development subcontracts had ini- 
tially been negotiated with RCA and Sperry, with 
the main purpose of establishing the feasibility of 
permanent magnet focusing and of demonstrating a 
tube design which could be manufactured in quanti- 
ties. Production contracts for the delivery of 72 
tubes and permanent magnets, with add-on option 
features, were signed later with these companies. 

encountered after a modification of the pnyslcal 
length of ';hr anode enclosure. As a result, 
G. Merdinian of Stanford designed a gun specifi- 
cally for use with the Stanford klystron. 

This new gun (Merdinian gun) was designed by 
following Pierce's theory, with the introduction of 
an additional correction factor to compensate for 
the presence of a large anode hole. The design of 
electrode shapes was carried out in an electrolytic 
tank, after which the gun was analyzed on an IBM 
7090 computer, where Laplace's and Poisson's equa- 
tions were solved simultaneously. The electi-o- 
statically focused minimum beam diameter is 



approximately 0.9 inch. After the beam passes 
through the magnetic pole plate, the beam diameter 
converges to approximately 0.8 inch. It was also 
found experimentally that this gun operates ex- 
tremely well under partially confined flow condi- 
tions, and that some of the permanent magnets which 
we have procured exhibit the proper field shape in 
the gun region for partially confined flow opera- 
tion; it is believed that the beam diameter is re- 
duced to approximately 0.7 inch by this method. 

With this gun, gun oscillations have 'oeen vir- 
tually non-existent, and it turned o.*t tha:: the 
entrance conditions in the magnetic ,ield were not 
ar-cr!AicaA as expected. The result -ras a gen- 
erally more satisfactory operation 0: the tubes in 
permanent magnets than had been observed with the 
Picquendar gun. 

Like Stanford, RCA started their development 
program by using Picquendar's gun. Unlike Stanford, 
RCA has found practically no oscillation problems 
with the gun, and has gradually been dole to im- 
prove the entrance conditions to the point where 
the tube performance using their gun is very simi 
lar to that of the Stanford tube using the Mer- 
dinian gun. 

Sperry is using one of their own guns, which 
is designed to operate in a field-free region and 
to achieve Brillouin focusing for the beam. Origi 
nally, many oscillations were observed with this 
gun, but the problem was cured by the use of ju- 
diciously placed one-half wave-long slots in the 
focus electrodes. 

Eimac initially was planning to use a gun 
which they had designed specifically for operation 
under partially confined flow conditions. The ad- 
vantage of a confined flow gun is the potential 
improvement in efficiency. Unfortunately, heavy 
oscillations were observed with this gun, and lack 
of time to determine the cause and cure of the os- 
cillations forced Eimac to use the Merdinian gun. 

Litton is using the Merdinian gun. The first 
tube they built showed heavy gun oscillations. The 
cause of these oscillations was traced to a change 
in the geometry of the gun support structure. The 
structure has since been modified to duplicate that 
used at Stanford, and no f-Jrther oscillation prob- 
lems have appeared. 

Interaction Space 

hith the beam diameter given at 0.8 inch, a 
drift tube diameter of 1-l/8 inches was chosen as 
a compromise between optimum coupling and low in- 
terception. The conventional plasma theory for 
operation at 250 kV with a microperveance of 2 
gives, for these c nditions, a reduced plasma fre- 
quency of 160 X 10 8 cps or a reduced plasma wave- 
length of 55 inches. The normalized drift tube 
and beam radii are y, = 0.775 and y 

1 
= 0.551. 

Ontimizing gain and efficiency woul require a 
total interaction length of between 20 and 24 
inches. However, the condition of permanent magnet 
operation requires a compromise in length because 

it is not possible to obtain magnets with substan- 
tially uniform and adequately high fields over the 
desired length. 

Computations indicated that by using a total of 
five cavities fixed tuned, spaced apart approxi- 
mately 3-l/2 inches or 23 degrees (reduced plasma), 
the small signal gain should exceed 70 dB if all 
cavities are tuned synchronously and 60 dB with the 
penultimate cavity detuned for optimum efficiency. 
The total length gap-to-gap under these conditions 
is 14 inches, and permanent magnets giving an ade- 
quate field to frcus the beam over a total length 
71‘ i6$ ir,,'ie: ?~'.ve- '.-ken o'ztained. 

E-cause Jf the smail drift distances between 
cavities, there was the potential problem of cou- 
pling at higher order mode frequencies within each 
cavity. Hence the cavities were designed with dif- 
ferent aspect ratios to avoid oscillations caused 
by drift tube coupling at frequencies of the sec- 
ond or third resonant mode of the cavity. Subse- 
quent tests showed higher order mode oscillations 
to be still present in the tube, but it was found 
that these were caused by a TM12 type mode, which 
can bz el.i,llinated by making the cavities asym- 
metrical (different nose length). 

Another method to eliminate cavity oscillations 
is to introduce losses in the cavity, either by 
plating the whole cavity with lossy material 
(Litton technique) or by introducing frequency 
selective losses, such as pins or loops, into the 
cavity (RCA technique). 

In addition, it has been found that if the 
anode drift tube is not long enough, there may be 
coupling from the input cavity to the anode-cathode 
housing which may result in unwanted modulation and 
variations in performance of the tubes as a function 
of drive and beam voltage. 

Further design work indicated a potential im- 
provement in efficiency by increasing the drift 
distances in the output stages of the t'ube. By 
slight modifications in the design, it was possible 
to increase the total interaction space without 
changing the permanent magnets, and tubes were 
built with the modified spacing between cavities. 
The results are given below. 

The drift distances used by Sperry were ini- 
tially the same as those used by Stanford (standard 
tube), and there appeared to be difficulties in 
achieving full power specifications. Work done by 
Sperry in modifying tne drift distances indicates 
an improvement in performance similar to that seen 
at Stanford. The improvement in performance through 
drift distance modification has not been as spec- 
tacular in the case of RCA tubes, but their drift 
distances were initially closer to the optimum. 

Additional work in further improvement of ef- 
ficiency is being contemplated. The use of hybrid 
tubes, where the high gain stages are designed as 
klystron, and the output stages have circuits ap- 
proximating those of traveling-wave tubes, indi- 
cates the possibility of higher efficiency. 



Specific attention in the use of such structures 
must be given to the possibility of oscillations 
in the output circuit, which would easily produce 
phase variations in excess of our specifications. 

Collector Design 

The design of a collector for operation with 
permanent magnet focusing required some special 
attention due to the high stray magnetic fields 
existing in the collector region. Because of the 
focusing caused by these stray fields, it was de- 
sirable to reduce the collector diameter below 
what would normrlly be called optimum for nor,[lal 
electr.aagneL operation. In addi+ion, loc,sirg of 
secondary electrons by thi- stray field migh+ alqo 
have caused unwanted reactions with the main beam 
in the output section of the klystron. 

Collector oscillations can exist because of 
the ability of the collector and drift tubes to 
propagate waves above the cut-off frequency corres- 
ponding to their diameter. As a result, there can 
be regeneration of the cavity oscillation mode 
described previously. However, it was found possi- 
ble to change the phase of the reflected waves to 
the cavity, and thus to eliminate the oscillations, 
by adjusting collector length. 

Although Stanford has never observed oscilla- 
tions which were demonstrably caused by the collec- 
tor, both Sperry and RCA have been troubled by un- 
wanted collector phenomena. These may appear as 
regeneration at the drive frequency, resulting in 
an output pulse length independent of the drive 
pulse length, or in spurious outputs at frequencies 
other than the drive frequency. 

Output Window 

The output window used by Stanford consists of 
a thin A1203 disk brazed in a short section of cir- 
cular waveguide with abrupt t ansitions into the 
rectangular S-band waveguide. g Parameters for this 
window were chosen to give maximum bandwidth and 
low VS4R. The ghost modes in the S-band frequency 
range are at 2768 + 5 MC and 3620 k 5 MC. The 
VSWR of this window is below 1.1 between these 
ghost modes and drops to between 1.02 and 1.04 at 
the operating frequency (2856 MC). 

Because one of the more likely sources of fail- 
ure of high power klystrons is the window, it was 
decided to connect the window to the tube by use of 
all-metal, demountable, copper-to-stainless-steel 
5LEllS, so that replacement of the window in case of 
failure could be performed without the necessity of 
mac:hining on the tube. 

One of the main differences between normal 
klystron output window operation and that for the 
Stanford accelerator operation is that the output 
window is exposed to the accelerator vacuum rather 
than to a pressurized gas. 

Three types of window failures have been ob- 
served: (1) punctures coupled with internal 

damage, (2) simple cracking with no other damage 
present, and (3) local melting of the ceramic ma- 
terial by excessive heat. All three types of fail- 
ure have been observed on one window which failed 
on a klystron. 

(1) Punctures are thought to occ.% as a result 
of initial internal breakdown which takes place 
within the ceramic (this mechanism was first sug- 
gested by Dr. Nergaard of RCA Laboratories, 
Princeton, New Jersey, while working under sub- 
contract with Stanford University). The internal 
fmlt gradually extends to the surface and produces 
a 'i~cu"?~ l&s&g+ oath across the window. 

LLlmi.,atioil of this t;rpe of failure requires 
operation with the maximum E field applied to the 
window reduced by a reasonable safety factor from 
the published values of the dielectric strength of 
the material. Because the E field may be doubled 
temporarily by faults in the waveguide and its load, 
it is essential to operate the system in a very 
good vacuum, taking all. possible precautions to 
prevent load arcs or at least not permitting them 
to last more than one pulse. 

The wide variation in power levels at which 
lnteinal u:eakdown occurs probably stems from a 
lack of homogeneity in the ceramic materials. We 
suspect that improvemeL,c in fabrication techniques 
of the ceramics to increase the density will at the 
same time decrease the range of powers over which 
ceramics fail internally. 

(2) Failure by cracking is associated with 
heating of the window. The heating is caused not 
only by the dielectric losses within the material, 
but also by surface losses associated with multi- 
pactor action. Coatings reducing the secondary 
coefficient of the window have been found effective 
in reducing the multipactor and the tendency of the 
window to run hot at power levels of a few magawatts 
peak. 

At the present time, all windows on Stanford 
tubes are titanium-coated by sputtering in an argon 
atmosphere, and tests have indicated that some 
coated alumina windows are capable of passing 150 
kW average power without overheating. Zowever, re- 
peated surface arcing will remove the coating and 
the window will again run hot. The system must 
therefore be designed to prevent such continuous 
breakdowns. 

(3) The melting observed on the surface can be 
caused oniy by a lscaiized arc moving to t‘he surface 
of the window. This type of failure can probably be 
eliminated by adequate protective circuitry to turn 
off the power within a few pulses after the initia- 
tion of the arc. 

RCA is using a thin alumina disk window, but 
instead of brazing techniques they are using a com- 
pressed seal technique, which has proven to be very 
satisfactory in making vacuum seals. They have ex- 
perienced some heating problems which resulted in 
cracking windows, and which also have been resolved 
by evaporating titanium on the window surface. 
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Sperry has been using an alumina window, 
approximately one-half wave-thick with what ap- 
pears to be good success. Litton is using alumina 
windows, titanium coated to prevent excessive heat- 
ing and eventual cracking. Eimac uses alumina thin 
disk windows in the pillbox configuration, and are 
coating the windows to prevent excessive heatins. 
To date the windows have performed satisfactorily. 

Permanent Magnet 

The magnets used to focus the Stanfcrd kly,tro-i 
are barrel shapea and are designed for a gap length 
of 1.6-l/~ inches with Ln inside rii -?eter of ap 
proximately 8-l/2 inches, wnich provides space boLh 
for insertion of lead shielding and for easy re- 
moval of the tube from the magnet. The maximum 
outside diameter is approximately 18 inches, and 
the total weight is nearly 800 pounds. 

The typical reversal of the magnetic field on 
either end of the magnetic barrel was a problem in 
designing the magnets, because the gun design re- 
quires a reasonably accurate field shape in the gun 
region. Field shaping has generally been accom- 
plished by using a magnetic shield to reduce the 
reverse field and incorporating a series of bar 
magnets in the gun area. These bar magnets are 
polarized in the same direction as the main field 
to compensate for the inverse field remaining in 
spite of the shield. By careful adjustment of the 
location and number of these bar magnets, the de- 
sired field for proper electronic beam forming can 
be obtained. 

One of the main potential problems remaining 
with permanent magnets is that of cross or trans- 
verse magnetic fields. The transverse fields can 
be reduced by very careful magnetizing, or by mag- 
netic shunts which consist either of thic magnetic 
plates normal to the main field axis or of thin 
steel cylinders coaxial to the main field axis. 
Even so, it is still possible to produce permanent 
transverse fields in an initially well behaved 
magnet by local demagnetization on the surface 
caused by contact of magnetic objects with the side 
of the magnet. The magnet can usually be restored 
to proper operating condition by judicious loca- 
tion of small magnetic pieces around the pole 
plates. In addition, Stanford has built a magne- 
tizer to bring magnets back to full specifications 
if they are accidentally weakened beyond the useful 
range of magnetic fields. 

RCA is procuring magnets to Specifications 
which carefully limit the maximum amplitude of 
transverse fields, as well as the range of accept- 
able magnetic fields. Sperry uses magnets which 
match the requirements for a Brillouin focused 
beam. 

Satisfactory magnets have been obtained from 
Arnold Engineering Co., Crucible Steel Co., Cen- 
era1 Electric Co., and General Magnetic Corp. 

Klystron Performance 

As a standard test procedure, all klystrons 
built at Stanford are given an initial test in an 
electromagnet prior to the final test in one of 
several permanent magnet structures. This allows 
complete and thorough analysis and comparison of 
the klystron behavior under different magnetic 
focusing conditions during these tests, in addition - 
to monitoring beam voltage, current, and rf output 
Dower (both by crystal detector and calorimetric- 
all:r\. ?rob?s are ::sed to monitor any unwanted 
radiated s-gralq in the pulse transformer tank, 
an5 t.. ' f--ward arid rtflected drive power are 
monitored by directionai couplers. 

Essentially three types of tubes have been 
built and tested at Stanford during the develop- 
ment work on this problem. 7 The first type uses 
the Picquendar gun and a standard body (approxi- 
mately equal spacing between cavities). The sec- 
ond type uses the Merdinian gun and the standard 
body. The third one uses the Merdinian gun and 
the -3-I; body, in which the drift distances in the 
outp-uL sertion have been increased. Figures 1, 2, 
.%d 3 giv; the average performances measured for 
the three types of tubes when operated in electro- 
magnet. The improvemen:. in performance at high 
voltages is particularly borne out by Fig. 4, 
which shows a direct comparison of the latest and 
the earliest Stanford design. 

Having achieved satisfactory performance with 
tubes in electromagnets, a comparison of the opera- 
tion of tubes in permanent magnet is now of inter- 
est. Figure 5 shows plots of the electromagnetic 
field which, in general, was found to be optimum 
for Stanford-designed tubes, and a plot of typical 
permanent magnet fields which have been achieved. 
PM-8 was an experimental magnet, and tube perform- 
ance in this field is not as good as in the field 
of PM-9. All permanent magnets obtained during the 
past months produce fields which are within a few 
percent of PM-9, and we have been able to duplicate 
performance from tube to tube and magnet to magnet. 

Flgures 6 and 7 show the comparison in perform- 
ance obtained in a given tube under different focus- 
ing conditions, and Fig. 8 compares the performance 
obtained with two tubes of similar design in dif- 
ferent permanent magnets of the PM-9 field. These 
tlubes have drift distances of approximately 3.5 
inches between cavities. Except for a slight dif- 
ference in gain, the performance of the two tubes 
is identical within the accuracy of the measure- 
ments. All tubes built with the Merdinian gun and 
tested in PM-9 fields have produced in excess of 
19 f4w at 250 kv. 

The first tube built in which the drift dis- 
tances were increased to approximately k-3/4 inches 
and 3-314 inches between the 3rd and 4th and 4th 
and 5th cavities (XM-3 body) demonstrated the per- 
formance shown in Fig. 9. All other tlubes of the 
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same design have given substantially the same 
power output. Only one tube exhibited output pow- 
er of less than 21 MW in permanent magnet at 250 kV, 
and it is suspected that the field of that parti- 
cular magnet had been degraded at the time the tube 
was tested. In general, the performance in per- 
manent magnet is somewhat lower than that obtained 
in electromagnet with cptimum focusing; however, 
the degradation is very small, of the order of 3% 
at 200 and 250 kV. 

Although the Stanford tubes do not show any 
evidence of oscillations, there is occasional 
amplitude and/or phase modulatio. which appears to 
result from ;,eater hum. The heater parka& w"s re- 
designed in an attempt to eiiminete the trouble 
completely; although a very great improvement has 
been observed, there are still occasional tubes 
where heater hum modulation is just outside of the 
acceptable limits. 

As of now, the results obtained by RCA have 
closely dupiicated those of Stanford. RCA has 
gradually introduced improvements in their tube 
design and fabrication, and are now able to deliver 
tubes which meet all acceptance test specifications. 
They also have had to pay very close attention to 
small details which can cause unwanted jitter, 
making the tubes unacceptable. 

Sperry has spent considerable time and effort 
to bring their tubes to full specifications, and 
again attention to detail was necessary to elim- 
inate both gun and body oscillations, and to allow 
the achievement of required power output. An im- 
provement in power output similar to that ex- 
hibited in Fig. 4, although not quite as pro- 
nounced, was achieved by Sperry by changing the 
drift distances in a manner similar to the Stanford 
changes. As a result, Sperry has now delivered 
tubes meeting acceptance test specifications. 

Litton and Eimac have both been able to deliver 
tubes which meet the acceptance test specifications; 
these tubes are very close cousins of those built 
by Stanford, except for obvious differences in 
techniques in the fabrication area. 

Conclusions 

In the process of developing high power kly- 
strons for accelerator use, Stanford has been able 
to achieve substantial progress and to demonstrate 
that focusing by permanent magnets is practicable 
at power levels in excess of 20 MW. Figure 10 is a 
photograph of a cutaway of the tubes built initially 
b:* Stanford for use on the Mark III accelerator. By 
comparison, Fig. 11 shows a cutaway view of the 
Stanford design tube which can be used on the two- 
mile accelerator of the Stanford Linear Accelerator 
Center, and Fig. 12 is a photograph of a Stanford 
klystron installed ready for use in a mock-up sec- 
tion of the linear accelerator. 

The tubes using the Merdinian gun design have 
been free of gun oscillations, have shown power 
outputs in excess of 21 MW at 250 kV, and efficien- 
cies approaching 40% at 200 kV, in permanent mag- 
nets. Klystrons and magnets are interchangeable. 

Similar results have been achieved by industrial 
firms who have worked on cur problems. 

With additional work to further improve the 
performance, it appears reasonable to predict that 
tubes can be designed to operate in permanent mag- 
nets at efficiences of approximately 40$, which 
would correspond to power output of 85 MW at 
250 kv. 

One of the main concerns in operating an 
accelerator of the size of the SLAC machine is the 
cost or maintenance of tubes. Hence, all tubes 
ha 'e barn li-Firsned so they can be repaired at a 
f,-act'on ,f tl.= cost c)f a new tube. Also of prime 
~rnmpo~~a,~~~ is ilie d:velopment of a long-lived tube. 
Only experience can tell when such long life has 
been achieved. Preliminary indications from life 
tests give a promise that the life will initially 
exceed 1000 hours, and experience with the Mark III 
accelerator at Stanford indicates that it should 
then be possible to predict a life exceeding 3000 
hours after a few years of operation. Experience 
with klystrons used in the radar field also indi- 
cates that such predictions are realistic. 
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Stanford 2422 klystron, standard body, Picquendar gun, electromagnet 
focusing. Average performance for tubes tested between September 27 
and December 31, 1963. 
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Stanford 2422 klystron, standard body, Merdinian gun, electromagnet 
focusing. Average performance for tubes tested between October 1, 
1964 and January 1, 1965. 
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FIGURE 6 
Stanford 2422 klystron, standard body, Merdinian gun, electro- 
magnet focusing. 

Top curves: Field optimum at each Eb. 

--- Bottom curves: Field optimum at 250 kV only. 
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FIGURE 8 
Stanford 2422 klystron, standard body, Merdinian gun, permanent 
magnet focusing. Comparison of different tubes in different 
magnets. 
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