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Abstract

A 500 kW cw klystron operating at400 MHz was 1 INTRODUCTION
developed and constructed jointly by CERN and SLAC fopLAC already constructed a500 kW cw klystron for
use as a high-power source at CERN for testiig/RF CERN in 1980. At that time this was a PEP-I tube with
components such as circulators, RF absorbers & operatingfrequency of353.2 MHz, which at CERN
superconductingavities with their input couplers. TheWwastuned t0352.2 MHz, the LEP/RRrequency. This
design is a modification of th853 MHz SLAC PEP-I Klystron servedfor many years as RF power source,
klystron. More than 80% of the original PEP-I tymerts required for the conditioning of LEP RF cavities.
could thus be incorporated in the LHC test klystedtich Since a similar RFpower source would beequired in
resulted in lower engineering costs as well reduced 1997 for the testing of LHC/RF equipment, such as
developmentind construction time. The physical lengthcavities, windows, couplers, circulatoasd absorbers, it
between cathodeplane and upper pole plate was keptWwas proposed by the first author, while on sabbatical leave
unchanged sothat a PEP-I tube focusing solenoidat SLAC, to redesign the PEP-I klystron so  thataitild
available at CERN, could be re-used. With & of the be operated a400.8 MHz, the LHC/RF frequency. The
klystron simulationcodesJPNDISK and CONDOR, the redesigned PEPHIystron, in the followingreferred to as
design of the LHC tube was accomplished, whigsulted LHC tube, wasmanufactured bySLAC and shipped to
in a tube with noticeably higheefficiency than its CERN in 1996. More than 80% of the original PEP-I
predecessothe PEP-I klystron. Théntegrated cavities tube partscould be incorporatedamong themmajor
were redesigned using SUPERFISHand the output Ccomponents such as the collector with its water jacket, the
coupling circuit, which alsarequired redesigning, was €lectron gun assembly, parts of the five stainless steel RF
done with the aid of MAFIA. Details of the tube cavities, and the coax-to-waveguidetput transition with
development and test results are presented. the cylindrical ceramic window. The first two
componentscould be usedwithout any modifications
Figure I: 500 kW, 400 MHz LHC Klystron ~ Whereasthe two latter oneshad to bematched to the
higher operatingfrequency. The re-use of auxiliary
equipment of the PEP-I tube, stiivailable atCERN,
such ascathodeoil tank with HV plug, beam focusing
solenoid and main support girder, resulted in lower
engineering costs too.

Prior to shipment the LHC tube was high-power tested
at SLAC. The test resultsere in good agreementith
thoseobtained atCERN, wherethe high-power test was
repeated. As predicted by computer simulations the DC-to-
RF conversion efficiency ahe LHC tube, an important
parameter for high power sources, was measureband
to be noticeably higher than that of its predecessor.

Il DESIGN

As mentioned above, the PEP-I electron gun assembly and
collector have been incorporated in tidC tube without

any modifications. Thesathode is ofthe dispenser type
which is less susceptible to poisoning by metabours

and gases than an oxide one.

With a coolingwaterflow = 400 I/min the collector
can dissipate up to 770 kW. Thisrresponds tahe DC
input power required when the tube is operataditad RF
output (500 kWcw). Consequently there is nmeed to
switch the HV off or toreduce it incase of an RFlrive
trip.
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The output transition, consisting of a 86 coaxial
line, acylindrical ceramic windowand a reduced-height
WR 2100 waveguide, followed by &ull-height one, had
to be matched tdhe higher operatindrequency. After

having repositioned an existing inductive post in the fulkuned,

height waveguide section and properly terminatedoboth

that theefficiency would dropfrom 70 to 45% when the
resonant frequency of this cavity iiscreased bytessthan

1% above its optimum value. Computer simulations also
indicate that the 2nd harmonic cavity, whencorrectly
contributes approximately 3% to the tube
efficiency.

line ends, the input reflection (S11) of the assembly was The output cavity resonarfitequency ancexternal Q

measured to be -44 dB (VSWR = 1.01) at 400.8 MHz.

could not be directly determined using SUPERFISH. The

Since the operating frequency of the LHC tube is onlgesonantfrequency is due tdhe presence ofthe PEP-I

13.5% higher than that of itpredecessorthe drift tube

diameter of 7 cm could be maintained as well. At nomingthat of an uncoupled cavity.

operating voltage (=63 kV) and afocusing field of
B = 210 Gauss, which is 2.7 times the Brillouin
induction, the beardiameter is4.5 cm, yielding afill
factor of 0.64 for both tubes. Th@ormalized drift tube
radii, the product ofadial phase propagatioconstantsy,
and drift tube radius, of the PERahd LHC tube, are 0.5

output coupling loop typically about 2.5% lower than
This was takeninto
consideration wherthe output cavityfrequency of the
LHC tube was calculated. SUPERFISH calculations
indicated that the gap widthhad to be increased by
16 mm. Unfortunately, when the PEP-I loop
configuration was kept unchanged, theasured @ was

then 123, much higher than tdesiredoptimum of 83.

and 0.57 radians respectively. Both values in combinatidxt an external Q 0fi23 CONDOR simulationpredicted

with the given fill factor result in a high coupling
coefficient between beaand cavity fields, aprerequisite
for a good tube efficiency.

The unusually shorrift tube betweenanodehousing
and input cavity of the PEP-1 tube wasplaced by a
longer one in order to reduce the risk of Rekage from
the first cavity into the cathode region. 3% mm longer
input drift section, already incorporatedfor the same
reason inthe B-Factory prototype Kklystron [1], was
chosen. Inorder to preserve, however, thebove-
mentioned interchangeability of

an abundance of returning electrons from the output gap, a
high electron interception by the outpdrift tube and an
11% decrease of tube efficiency.

It was decided that theso-calledKroll-Yu method [2]
would be used to determirtbe requiredchanges in the
output loop configuration irorder to achievethe desired
external Qand resonantfrequency.For this nethode,the
cavity with its coaxialoutput isshortedand modeled on
MAFIA. The resonantfrequencies ofthe cavity are
calculated for severgdositions of the short. Frorthese

the beam-focusingesults the external Q and resonant frequency of the cavity,

solenoid both tubes must exhibit the same physical lengtihen terminated by a matched load, can be determined.

between cathode plane and upper pole platerefore the

The Kroll-Yu methodepredicted arexternal Q of 83

section between input and output cavity gap, constitutinghen the portion of the loop which is parallel to the tube

the RF interaction spacbad to be madshorter in the
LHC tube.

With the aid of the one-dimensional Kklystron
simulation code JPNDISK and the two-dimensional
CONDOR codethe lengths of thalrift sectionsbetween
the five cavitiesand the cavity frequenciesrequired for
optimum efficiency,were determined.The geometries of
the cavities, whichare all of the re-entranttype, were
established byising SUPERFISH. lappearedhat all
but one of the cavity shellsould be re-usedwithout
modifications; only the gap widthsad to be widened by
shortening one of the twdrift tubes insideeachcavity.

In the penultimate cavity, however, the original gap wassatyration Gain, g

relatively wide and its width could not be furthiecreased
without sacrificing tube performance. Keeping the
diameter ofthis cavity unchangedut reducingits length
by 65.3 mmresulted inthe desiredgap transit angle of
0.78 radians.

For optimumefficiency all fundamentakavities have
been tuned tdrequenciesvhich arehigher than the tube
operating frequency. The 2nd harmonic cavity,
(cavity#3),howeverhad to betuned 0.5% below the
secondharmonic of the operatinfyequency in order to
achieve maximum tubeefficiency. JPNDISK predicted

axis ismoved by10 mm towardsthis axis. The output
cavity was then built amodeledgiving ameasured @

of 85, and the desired resonantfrequency was obtained
with a small change in the upper nose length.

Table I: Main Design Parameters

Operating Frequencyg f 400.8 MHz
Beam Voltage, Y 63 kv
Beam Current, 118 A
Beam Perveancgp 0.75uA/V 3/2
RF Output Power, Bt 506 kW cw
Efficiency at rated Output Powaer, 0.68

42 dB
RF Drive Power, 4 20 W
Focusing Magnetic Field, B 210 Gauss$
Reduced Plasma Wavelengkl, 469 m
Number of Cavities (incl. 2nd Harm. 5
RF Interaction Length 1.962 m
Normalized Drift Tube Radiuga 0.57 radiang
Normalized Beam Radiugh 0.37 radiang
Beam Fill Factor, b/a 0.64

All design parameters, whiclare a compromise
between using as many original tube parts as possible and
yielding optimum tubeperformancearelisted in tables |
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andll. Wheninserting theseparametersthe efficiency IV TEST RESULTS
calculated by means of the JPNDISKde is 70% and by The [ HC tube was first higlpower tested aSLAC in
using CONDOR 61%. Both valuese 1.13 timeshigher 3 o 1996. In less thathree days of HV and RF

than the correspondingones for the PEP-I tube. conditioning an output power &03 kW was achieved at
Consequently there was good reasoragsume that an an gperating voltage d85.5 kV and abeam current of
LHC tube efficiency of approximately 68%could be 14 g A

achieved,since that of the PEP-I tubes was 60% in From these values result a beaperveance andube

average.T ble II: | on S b efficiency of 0.71pA/V3/2 and 64.5% respectively. As
able ll:_Interaction Space Parameters both parameters were 5%elow their design values a

CavityFrequencylR/Q | Qext [Gap TransfDrift Lengths|  nigher operating voltage than the design one reasired
No. ((MHz) Q) Angles |(m; Aq at saturatecbutput power. A tube gain of 42 dB was
(Radians) |angle) measured, which corresponds to the value predicted by the

1 401.1 911000 (0.47 simulation codes.
0.442; 34 When the high-powetestswere repeated afERN a

2 402.4 108 o« [1.14 slightly higher efficiency, n = 65%, was achieved by
0.142; 1% optimizing the focus coil currents. After about 100 hours

3 797.5 84 o |1.27(@2F) of operation the beam perveance dtsweasedslightly to
0.870: 67 0.72pA/V3/2 5o that an outpupower of 504 kW was

4 407.9 100 « [0.78 attained at iy = 65 kV. The -1 dB outputbandwidth
0.508; 39 was measured to b&50 kHz with the -1 dBfrequency

5 401.5 94 83 ]0.78 points situated at 250 kHz beloand 400 kHz above the

operating frequency.
I KLYSTRON  MANUFACTURING During high powertests at SLACand atCERN no

The LHC Kklystron incorporated many of the signs of instabilitywere observed irthe output signal.
manufacturing practices used at SLAC in thenufacture Possiblecauses ofinstabilities are returning electrons,
of high peak power pulselllystrons. Theincorporation which usually manifest in an amplitude modulatisite
of some of these more stringent techniqueshaalsa clear bands) of the output signal,and multipacting which
benefit on the tube performance. results most likely in an unstable output amplitude.

The SLAC klystron manufacturinghilosophy is to The absence ofmultipacting and the short time
obtain as high a vacuum as is economicaltjpievable. required for the high-power conditioning are very probably
Therefore, tube materials are carefully selected and testedipde attributed to the stringent manufacturi@chniques
high degree ofcleanliness is maintained throughout thevhich were applied.
manufacturing process and the entire gun assemlpyeis
processed atemperatures up to 1100 by vacuum V. ACKNOWLEDGEMENT
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applying power to the cathode.This outgassingorocess leader atCERN and G. Caryotakis,head ofthe SLAC
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the tube. For this reason, silver, which is knowrhdawe the output cavity with its loopand H.V. Taylor who
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Anotherfeature isthe application of anti-multipactor
coatings on suspected surfaces inside the klystrons. In the :
case ofthe LHC tube a fitanium nitride coating was!l V', Fowkes, G- Capaiais, T. 6 ree, € Pearson, and
applied by evaporation technique tioe output window 1261.
andelectrongun ceramic. In additiontitanium coatings % ’B"'\z"éfro" and D.U.L. Yu, ParticleAccelerators,1990, Vol 34,
were applied tothe input cavity with couplingloop, o
cavity 2, the output cavity and output coax areas.
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