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Abstract possible among cells(quasi-constant gradient) to
minimize the field gradient. Four TW klystrons haween
In this paper, we summarize our activities ¥rband built andtested. All of themsharethe same gun (1.2
klystron development for the Japan Linear Collider (JLCinicropeaveancandthe beamareaconvergence 0110:1)
project. Our goal is t@roduce al20-MW class klystron andthe buncher (onénput, two gainand one bunching
at 11.424 GHz with a pulse length of 1uS andwith an cavities). Only the output structures have bestesigned
efficiency better than 47%. For this end, we have advancedchtime at BINP.XB72K No.8 (5 cellTW) attained a
three programssimultaneously. First, weadopted the power of 55 MW at500 ns, but theefficiency is only
particle-in-cell (PIC) code, MAGIC, for a realistic 22%. The last tube, No. 9 (4 cellgproduced 72 MW at
simulation of klystron and for a better design of 520 kV for a short pulse of 200 ns so far. Hificiency
Traveling-Wave (TW)output cavity. Simulation results is increased td@31% and nosign of RF instability has
for the XB72K No. 8 and No. 9 klystrorendthe SLAC been observedThe limitation in the pulse length
XL-4 klystron show excellent agreementswith attributes a poor conditioning of the klystron. Testing for
measurements. A nesolenoid-focusedklystron, XB72K  a longer pulse is still in progress. MAGIC simulations
No.10, is the first klystron designed by using the MAGIGredictthat No.9 will sustain 75 MW at a longer pulse
code. Itspredictedperformance isl26 MW outputpower length (1-1.ps). A newly designed XB72K No.1énd its
(efficiency 48.5%) with peak surface field ofbout 77 predicted performance are described in detail in Section 3.
MV/m, low enough to sustain a 115 long pulse. It is
now in manufacturing and the high power testing is Table 1: Specifications ofsolenoid-focused X-band
scheduled to start from November 1998. Second, new RFystron for JLC.
windows with 100-MW power-handlingcapability have

beendesigned andhe cold modeltest is about to start. Operating frequency 11.424 GHz

They utilize TWmixed modeqTE11 plus TE12nodes, RF pulse length 1.hs

or TE11 plus TM11Imodes) toreducethe surface field at Peak output power 75MW

the brazingedge ofthe ceramic, instead of single TW Repetition rate 120 pps

TEO1 mode window that needs expensive mode RF efficiency 47%

converters. Third, the Blumlein modulator upgraded to Band-width 100 MHz

produce a pulse with 2s flat top and 200 ns rise time at Beam voltage 550 kV

550 kV output voltage. Details of the Kklystron Perveance 1.2

development are presented. Solenoidal focusing field 6.5 kG (max.)
Gain 53-56 dB

1 ACTIVITY HISTORY

Apart from the solenoid-focused XB72K series, a PPM

The 1-TeV JLC (Japan & Linear Collider) project[l] (periodic permanentnagnet) focusingX-band klystron
requires about 3200 (/linac) klystrons operating at 75 MWas designed and build by BINP in the collaboratidth
output power with 1.5 us pulse length.  The main KEK. It has a gun with bearareaconvergence 0#00:1
Ear%nlw(letetrs oklystron aretaﬁléited n Tzﬂe 1. T(;‘ef X- for the micropeaveance 00.93. The PPM focusing
andklystron program a » originaidesigned 1or - gy stem with 18 poles (Periods) producethe constant
S?oc,i\ﬂ\é\é dp%i:(ygt%vr?sr av?ﬁ)r? rs]f)lgr?ésigallepogctgéir?sgtaggny peak magnetifield of 3.8 kG. Thefield in the output

"_ structure isstill periodic, but tapered down t®.4 kG.

The first five klystrons in thisxB72K series employed a S
single-gap output cavity. Theyepeatedly showed RF There are two solenoicoils located atthe beamentrance

discharge athe output structurdue tothe highelectric  for @ smooth transport of a beam to the PPM section. It
field there. Aoutput power of 9OMW could be sustained achieved 54 MW at 430 ns, but there is a clear sign of RF
only for a short pulse of about 100 ns (only 30 MW ainstability at higher frequencies. The @Grrentmonitor
200 ns). Toreducethe maximumsurface field in the in the collector shows about 20% loss ptrticle when
output cavity, the traveling-wave (TW) multi-cell RF is on. MAGIC simulationsndicates a larg@mount
structure has beealoptedsince theXB72K No. 6. The of particle interception in the outpustructure and
design of TW output structure has complex tasks: a higRereafter due to a lack of focusing for particles thap
efficiency requires a good synchronization between t the stop-band voltagefter losing energy to the

traveling-waveand the beam for arextendedperiod of 4.\ eling-wave. A more detail of BINP PPM Klystron and
interaction. The electromagnetic energy density in the

output structure must be alsiistributed asuniformly as measurement results will be published somewhere.
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2 MAGIC SIMULATION 70

After a series of disappointingerformance of XB72K T 60 o
series, several lessons had been learnedFirst, KEK = 50t s @OO
should have its own team to specialize the klystron desi ol g
andoverhaul the design process. Second, a new Kklysti % A g
simulation code waseededor a more realistic design of & 30} Oogp
klystron, particularly, that of a TW output structure. Th §. 20 B o
one-dimensional disk model code, DISKLY, had beenus & A 2 MAGIC simtation
by BINP for design of the TW structure frolB72K 10 oo 4 DISKLY simulatior
No.5 till No.9. This code uses an equivalent cireaddel 0 ‘ ‘ i i ‘
(port approximation) to simulate a TW structure #embs 300 350 400 450 500 550 600

Beam Voltage [kV]
Figure 2: Simulation results of MAGIC and DISKLY and
the measurement data for XB72K No.8 klystron.

to predictthe efficiency much larger (nearly twicdarger)
than the experimental results. For ttlesign of a new
klystron, XB72K No0.10, wehave developed a technique
to use the MAGICcode[2] to simulate a Klystron.
MAGIC is the 2.5-D or 3-D, fullyelectromagnetic and 3 XB72K NO.10 DESIGN
relativistic  particle-in-cell code for self-consistent ~ XB72K No0.10 is the lassolenoid-focusedlystron in
simulation of plasma. It solves the Maxwalbuations the XB72K series. Theelectric power of several 10 kW
directly at particle presence by the finid#ference method necessary for the magnetic field of 6.5 kG is prohibitively
in time. It requiresonly the geometrical structure of the high for JLC. The next klystron to be developed would be
cavity and assumes no model for thé&eam-cavity PPM focused.
interaction.  In 2.5-D simulations, two-armutput Main changes from the previodB72K klystrons are
couplersare approximated by a conductshich has the the bunchersectionandthe TW output structure. The
same complex scattering matrix with the actual 3-D oneeperational experience with the previous klystrpnesved
Advantages ofMAGIC areits accuracy andgenerality. that the gun portion of XB72K has sufficigmerformance
Even an electron guoan be simulated with results in (1.2 microperveance at (5 pulse length)and no
good agreements with those of EGUN. Simulation resulisterception of particles has been observ@étde old
can be imported/exportédom one section of klystron to buncherhas two gain cavitieand only one bunching
another, allowing a consistent simulation of taetire cavity. The shortdrift space prevents capturing of the
klystron without loss of physics. Onlgisadvantage is Second harmonic component of RFcurrent in the
that it is time consuming. bunching cavity. As the result, it has a poor pdwer
Figure 1 shows the simulation result of MAGIC andgeneration capability: the Réurrent/DC current isonly
the experimentatiatafor the saturatedoutput power vs. 1.2 at theentrance ofthe output structure. IXB72K
beam voltage for SLAC XL-4 Klystron[3]Excellent No.10, one more bunching cavity waddedandthe drift
agreements can be seen. Similar agreementsokéaimed space was lengthened to 16cm. The stagger tuning of gain
betweenthe MAGIC simulationsand the measurements cavities was also adopted to increase the band-width to the
for XB72K No.8 and No.9. For XB72K No.8, see Fig. 2.current specification ofl00 MHz. Figure 3 shows the
frequency response of the RF current at the entrance of the

100
output structure. It stays almost constant.$8 x DC
& current) inthe range of+50MHz around the operating
S 80 A 1 frequency.
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Figure 1: Simulation results of MAGICand the Figure 3:Frequencyresponse of the RF current at the
measurement data for SLAC XL-4 klystron. entrance of the output structure in XB72K No. 10.
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The most challenging part ®B72K No. 10design is larger. In XB72KNo.10, the fairly constangradient is
a high efficiency andlow gradient TWoutput structure. achieved in the output structure. This comparison
SLAC hasalready developed auccessful XL-4 klystron indicatesthat theXB72K TW output structure can attain
which producesrf5MW at 450 kV, but the pulse length 120 MW power at a longer pulse than XL-4 at 75 MW
can go only upto 1.21s beforethe RF breakdown in the without cavity breakdown. At 75MW, XB72K can
output cavity. MAGIC is quite useful for getting antolerate an even longer pulse. It is hownianufacturing
accurate estimate d¢dystron performanceput thedesign and testing will begin in November 1998.
of an effective TW structure is another matter. A 1362
systematic design method was needed to avoid géttsig
in the freedom of too many parameters.

For this end, we have developed a simple-minded theory
of a constant group/phase velocity TW structure. itlika
is to let thepowerflow with a constant group velocity
throughout the structure, while evolvimiye to merge of
the extractedpower from a beam. Th&-value at the
output port ismatched tothis group velocity so that the
power exits at the same speed as it flows in the structure.
This smooth flow ofpower prevents congestion lkaical
spots and thus the electromagnetic energy densityoie
equally distributed in the structure

It is also better to keep the phase velocity constant
(approximatelyequal tothe averagebeam velocity)from
the first to the last celliatherthan beingmatchedwith
the declining beam velocity. When the perfect
synchronization of traveling-wav@ndthe beam istried,
the beam losesnergytoo quickly to the waveand its
velocity becomes too slow to Imeatchedwith the wave
after a few cells (XB72K No. 10 has four cells). The beam
then moves to thacceleration phase dhe wave and
starts to get energy back. The energy extraciticiency
of each cell does not have to be too good. Only the total
efficiency of all cells matters. It is more important to
keep the beam in thdeceleratiorphase of thewave all
the time. In our method, the traveling-wave travsgind
the beam at firstandcatches it upwith in the middle of
the structure. It then moveshead ofthe beam, but exits
from the output portbefore the beam slips into the
acceleration phase of the wave. Figure 5: Saturated powewersus the maximunfield

We also demand that each cell is operated im 28de gradient inthe outputstructure for XB72KNo.10 and
at 11.424 GHz. The cell length is also constant except REAC XL-4.
last cell (slightly longer taeducethe field gradient). As ) .
the result, the cellbecome almost identical. We then Table 2: Predicted performance of XB72K No. 10.
tapered uphe iris apertureslightly to equalizethe field
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Figure 4: MAGIC simulation oXB72K No. 10 at the
output structure.
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gradient among the cells. In this methodce the group gg::(n?/lgﬁ):ég ower 55102ﬁVMW

andthe phase velocitieare chosen, the geometry of the Efficiency 48.5%

structure are almost uniquetieterminedThe structure of Maximum field gradientin TW 77 MV/m

output portcan be adjusted taontrol the reflection of Pulse length 1.is or longer

power to maximize the output power. Band-width 100 MHz
Figure 4 shows the MAGIC simulation aB72K No. Gain 53dB

10 at the output structure. Thmedictedperformance is

summarized in Table 2. Figure 5 shows comparison

between XB72K No.10 an8LAC XL-4 for the saturated REFERENCES

power versus the maximuriield gradient inthe output [1] JLC Design Study, KEK, April 1997.

structure. Both have similagfficiencies ofabout 48%, [2] MAGIC User's Manual, Mission Research

but the maximumgradient of XB72KNo0.10 is about
20% lower than that of XL-4, though thpewer is 67%

Corporation, MRC/WDC-R-409, 1997
[3] G. Caryotakis, in Proc. of RF96, KEK Proc. 97-1.

1896



