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Abstract quadrupoleRFQ) produces a CWL00-mA beam at 6.7

. MeV. The RFQ output beam matchedinto a 700-MHz
The design for the RF systems for the AfACcelerator  coypled-cavity drift-tube-Linac (CCDTL) that accelerates it
Production of Tritium) proton linac will beresented. 5 100 MeV. Acceleration to an energy of 217 M&Mes

The linac produ.ces a co_ntinuous beam_power of 130 MW ace in a coupled cavity Linac (CCL) that ug€9-MHz
at 1300 MeV with the installed capability fwoduce up  sjge-coupled cavities.

to a 170 MW beam at 1700 MeV. The linac@mprised [ Normal-Conducting ——— Superconducting ———]

of a 350 MHz RFQ to 7 MeYollowed in sequence by a [HSSOMHZH mlM“Z ! l 700 MHz 100mA
700 MHz coupled-cavity drifttube linac, coupled-cavity REQ 1 CCOTL —CCL — par j_

| 100 ma | | samvim | 43-64MV/m

linac, andsuperconductingSC) linac to 1700 MeV. At v 7w 1over  217mev PR S

the 1700 MeV, 100 mA level the linaequires213 MW  Figure 1. APT Accelerator Schematic.

of continuous-wave (CW) RF power. Thswerwill be

supplied by klystrons with a nominal output power of 1.0 The SC Linac is composed of cryomoduldsat
MW. 237 Klystronsare requiredwith all but three of contain 5-cell 700-MHzacceleratingcavities. There are
these klystrons operating at 700 MHz. The klystrotwo kinds of cryomodulesgach designedor efficient
count includes redundancy provisions that will be acceleration in a different proton energy range. Cavities in
describedwhich allow the RF systems to meet arthe medium-energy section, from 217 MeV to 469 MeV,
operational availability in excess of 95 percent. Thare optimized aB = 0.64, and inthe high-energy section
approach to achiewvéhis redundancywill be presented for atf3 = 0.82.

both the normal conducting (NGnd SC accelerators. The RF system requirements by sectima presented
Because of the large amount of CW RF povegpired for below in Table 1.  The justification for thgenerator
the APT linac,efficiency is veryimportant to minimize selectionand power capacity is presented in subsequent
operating cost. Operatioand the RF systemdesign, sections. The table serves to illustrate the scope of the
including in-progressadvancedechnology developments APT RF system. 237 1-MWktapacity klystrons are
which improve efficiency, will be discussed. RF systemequired for the desired level of Tritium production.
performancewill also be predicted. Because of the

simultaneous pressures itwrease RFsystem reliability, | siryctur | Freq. No. of | Total RF | Klystron

reduce tunnel envelope, and minimize RF system cost, fhe (MHz) RF Required Size

design of the RF vacuum windows has become pn Systems|

(iiced o four equal parts to minmize the svess on fheREQ_| 350 | 3 1 2.0 Mw] 1.2 MW

RF vacuum windows. Even with this reduction, the R ~CCDTL 700 21 16.6 MW| 1MW

power level at the window is at the uppundary of the CCL 700 27 19.7 MW] 1 MW

power levels employed abther CWacceleratofacilities. sC 700 30 29.1 MW| 1MW

The design of a 350 MHz, coaxial vacuwmmdow will 3=0.64

be presented asvell as test resultsand high power SC 700 156 151 MW 1 MW

conditioning profiles. The transmission of 950 kw, cW_3=0.82

powerthrough thiswindow has beememonstratedvith Totals 237 219 MW

only minimal high power conditioning. Table 1. RF systemrequirements by accelerating
structure.

1 ACCELERATOR DESIGN

The APT Linac design ibased oncopper,water-cooled, 2 RF SYSTEM DESIGN

NC, acceleratingcavities thatacceleratethe beam to an The magnitude of the RF systerquirementsresult in
energy of217 MeV andinject it into SC accelerating the RF system being the one of the predominant cost
cavities. Final outpuenergy can bearied from 1300 factors forthe APT facility. The RF system DC-to-RF
MeV to 1700 MeV. Thishybrid Linac architecture is conversionefficiency has a primary influence on the
illustrated in Figure 1. During operation, @-keV  operating costs for the APT facility. The size of the APT
injector housing anicrowave-driverion sourcegenerates RF system makes component failures a statistical
a continuous proton beam at 110 mA nominairent. certainty. The RF system must Besigned to imimize
From this input, a 350-MHz, 8-mradio-frequency the number of single point of failure components to
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insure high availability.  Anadditional requirement dissipated inthe klystron collector. The 350 MHz
imposed by theend user of the facility is that the RF klystron designhas demonstrated during acceptartests
system bebased onexisting, proven technology or low the ability of the collector to take the full begower for
risk extensions of existing technology. more than two hours. Two of the 350 MHz klystrons
have been testemhdboth have achievedall performance
requirements. Twd@00 MHz klystrons, oneach from
The RF generator size has the single biggest influence tp vendors,are scheduledor test in Juneand July of
the RF system cost. The RF system dosteases by a 1997. The 350 MHz klystronare being supplied by
factor equal toapproximately thesquareroot of the ratio English Electric Valve (EEV) and the 700 MHz klystrons
of a 1 MW generator divided by the power capacity of thare being supplied by EEVand Communication and
reducedgeneratorsize. This relationship wagenerated Power Industries (CPI, formerly Varian Associates).
from point designs of RFsystem architecturesbased
around different generat@izes spanning 125 kW to 1
MW. The scaling relationship is qualitatively justified byThe requiredDC-to-RF conversiorefficiency ofthe APT
considering how the costs of various RF systenklystrons is 65%. Thigfficiency has beedemonstrated
componentsscale with generatorsize. High voltage in acceptance test for the 350 MHz klystramd hasbeen
power supplies,power conditioning, crowbargesonance predicted by large signal analysis for the 700 MHz
control and RF window costs are weak functions of klystron. However, klystron physidaictatethat the high
generatorisize. Waveguide, wateload, fast RF controls, efficiency is only realized atthe saturated output-power
RF reference,computer interface, circulatorsafety level. At any level below saturation, thedficiency is
interlocks, klystron support electronia@nd RF generator decreasegroportionally to thereducedoutput power. In
costs are strong functions of RF generator size. acceleratorservice, wemust provide high bandwidth
Based onthis data, previous experience atCERN and control of the accelerating-cavity-field amplitude and phase
KEK, andconversations with klystron vendots2 MW by modulation of the RFdrive to the klystron. This
was selected aghe generatorsize for the 350 MHz forces us to operatbelow the saturatedoutput level to
klystronsand1.0 MW wasselected ashe generator size allow margin for control. Control system modelibgsed

for the 700 MHz klystrons. Based experience at other C@h the expected cavitfjeld perturbations indicates a 10%
acceleratorfacilities, klystrons with modulatingagnodes margin should be sufficient tprovidethis control. This
have beenselected asthe baseline approach. Theresults in a nominal operationeffficiency of 58.5% for
operatingparameters othese 350 MHzand 700 MHz the klystrons.

klystrons are similar. Both klystronshave asaturated The high voltage DQoower supply is required to
efficiency of 65 %, a maximum beam voltage of 95 kV, arovide an AC-to-DC conversion efficiency of 95 %. The
gain of 40dB, amodulatinganode,andcan takethe full design goal for the APT power supply is 97 %.

beam power in the collectand operateinto a 1.2:1 The other source of inefficiency in the RF system is
VSWR at any phase. The 350 MHz tube has the insertionandreturn loss from the Rkvaveguide and
maximum outputpower capacity ofl.2 MW and 1 dB8 waveguidecomponents, including the R®indow and
bandwidth of .1 MHzawhile the 700 MHz klystron has a coupler. The allocation forthis loss is 7.5%.
maximum power capacity of1.0 MW and a 1 dB Combining theseefficiency allocations theconversion
bandwidth of 1.4 MHz. efficiency of AC power from the grid to RF power to the
These klystrons have oneadditional requirementthat beam and cavity is 51.4 %. Thisefficiency is also
differs from the historical requirement for this class of CVélightly reduced by the AC power required for the klystron
klystrons. The APT klystron collectoare required to support electronics.

dissipate the full klystron beam power for a duration ia 3 Availabilit

excess of one hour. Thigquirement is driven by the = y
demand load that thePT RF system places on tlecal The RF system isrequired to met an 11 month
utility. The APT RF system AG@emand is inexcess of availability of 95 %. Because ofthe size of the RF
10% of the generating capacity tfe localutility. At systemandthe number of RF systemquired, it is
this fraction of the totalsystem-wide ACdemand, the impossible to achieve the availability requirement without
turn-onandturn-off transientsandresulting imbalance of installed redundancy. Wehave chosen to implement
supply and demand aret manageablavithout expensive redundancy athe RF system levehtherthan designing
infrastructure changeandenergy storage additions to theredundancyinto the RF component level to minimize
local grid. The respongate ofthe localgrid would also cost. The NCand SCsections of theacceleratomtilize
significantly impactrecoverytimes from shortduration different approaches to provide the redundancy. Inthe SC,
faults (faults lasting 30 minutes or less). Consequently, tiflgher-energy portion of the Linac, it is possible to detune
the full RF power isnot requiredfrom the klystrons for cavities, disablethe associated RFBystem,and coast the
intervals of up to one hour, thexcess energwill be  beam through thedetunedcavity. Five percentspare

2.1 RF System Cost and Generator Size

2.2 Conversion Efficiency

2890



cavities and RF stations are installed on the SC Linac. Idapending orenergy. Therange spans four toseven
single cavity or a Kklystron that powesgveral cavities klystrons per supermodule.

fails, the beam phadeeyondthe failure point will be Voo | | Yoo Uhoe | | Udtiwe | | Udhoe | | Ushhoe
different than what would have been otherwjg®vided Suoply | [ Seely ey | [ Segy | Lowey | [ Swey
and, unless corrected, would generally result in poor Lomw

acceleration efficiencyand poor longitudinal focusing in

the cavities downstream ofthe failure. Such an  croaor

uncorrectedsituation could also ultimatelylead to radial

loss of beam. However, rephasing the lifmyond the sw e

point of failure is a simple operatiomherethe RF phase

in the SC cavities isshifted by calculableamounts,

setting the new injection phases to the correct values.
For NC accelerating structuréghe RF system is

arrangedinto what werefer to assupermodules. The

supermodule conceptses theacceleratingcavity as the CCoTL

power combiner where, if n klystrorse required tomeet Figure 2. RF Supermodule

the RFrequirements othe acceleratingcavity, then n+1

klystronsare connected tthe cavity, providing aeadily The RF windows pose a challenging reliability problem.
available spare. During normal operation, the n+f order to maximize window reliability a nominpbwer
klystronsare operated at asutput powerreduced by the |evel of 210 kW has beeselectedfor the CCDTL, CCL,
fraction of n/(n+1).  This operatingscenario is andthe high beta SC cavities, 140 kW for theedium
recommended byube vendors to increasihie operational peta SC cavities, and 250 kW for the RFQ. Themeer
life of the klystrons. If a failure disables one of the n+jevelsare marginally higher than thexperiencebase at
klystrons or associated Klystron electronics, therfdlied  other highaverage power accelerators world wide. To
RF station is removed from the accelerating structure bycamplicate matters, APT requires over 1000 RF couplers.
waveguideswitch positioned to show thaccelerating Even if the coupler windows have a vdong life, the
cavity an effective short circuit at the coupling point. Thearge number of windows results in a failure rtat is
output power of the remaining klystronsirereased, and unacceptablyhigh. To addressthis potentialsource of
the supermodule still meets all operational requirementsynavailability, we are implementingual windows on the
The supermodule RF architecture is illustrated iSC couplers that will allow thaccelerator tacontinue to
Figure 2. The figure showssupermodule where sevengperate inthe event of avindow failure. With thedual

klystrons are connected to a CCD@tcelerating structure SC windowsthe APT RF systentan meet the 95 %
while only six of the klystronsare needed tomeet the availability requirement.

operational requirements. The Kklystromase protected
from high VSWR with Y-junction circulators. The power 3 ADVANCED DEVELOPMENT

from eachklystron is splitbefore being delivered to the

lerati tructure to minimize RE wind " dAIthough one of the APT RF systedesign requirements
acceleraling structure to minimize Window SIress anidi ot the RF technology be based on existing technology

Wa\:egwdeﬁS\lmtch |stErOV|dedtto ftakefa?y Of. the sevefntllj is easy to justify advanced development activities which
s%/st.ems OTh mle ml eI ;\I/:en c; ? allure tm hone 0 ¢ crease efficiency (reduce operating cogdsjreasénitial
stations. the low leve controls are not shown in r‘h'E'Onstructions costs, or insure high availabilityThree

figure. : i . such developments are discussed below.
There argwo primary costincreases associatedth

the improved reliability of the supermodule concept. Thg.1 Advanced RF Generator Development

most obviousincrease iscapital costs of thepare RF Since the RF power required for APT is laaralthe AC

stations. There isalso an impact on operating cost. . : )
When n+1 Klystronsare operated at anutput power powerreqwredfrom thegrid to produceghe RF power is
the single largest component of the APT Aw®wer

reduced by the fraction of n/(n+1) an operatiogfétiency demand, even small improvements in efficiency can have a

penalty must be pald.. o . significant effect on the operating cost for the APT
The supermodulesize is limited to a maximum of :
. o o L accelerator. A reasonablestimate based on the
200 acceleratingcells to maintain stability within the . - -
: . . operational availability and the cost of electricity suggests
levels required bythe beam dynamics. Since thral . .
that the operating costeeduce by approximately $1

estate" gradient is fixed, whethe cell sizes vary with ... th .
energy, the number of Klystrons per supermodalevary million per year foreach pe_rcentagqaolnt increase in RF
! generator DC-to-RF operating efficiency.

with beam energy. There isalso a practical uppdmit Efficiency improvements can be realized in two ways:

on the supermodulesize dictated bydifferential thermal %by increasing saturated generator efficiency, and (2) by

expansion and alignment issues. Therefore some variatﬁI . . - .
) . changing the saturation to eliminate #fficiency penalty
in the number of klystronsper supermoduleexists

RFWindow == FTFTT TTTT TTTT TTTT TTTT TTTT
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that must bepaid with klystron technology tcexercise 5

accelerator field control. The inductieaitput tube(IOT) S B /—f-‘rﬁ\
family of generatorshas demonstrated &oft saturation \bl*
characteristic with a relatively constant efficiency over the | j/ﬂ

upper 20% of output powerDemonstratedsaturated
efficiencies are oithe order of 70 - 75%. Unfortunately,

the current state of art in CW 10T generators is 250 kW at
267 MHz. Thisdevicealso has a very lowperveance
and correspondingly high beam voltage, a poor reliability
record, andow gain. Los Alamos isfunding CPI to
develop a high order mode (HOM) IOT. The HOM-IOT is
shown in Figure 3.

The HOM-IOT is an annular beardevice. The
annular beam isformed by anumber of segmented
cathodes. The portions of the segmertdatthodestructure
which do not contain active material allows for the
inclusion of radial fins to support the interior structures of
the device and to break up the propagation of @axial
mode along thedevice longitudinal axis. Theannular
beam allows for a very lowper unit perveancewhile
achieving a very higllevice perveance aridw operating
voltage (-45 kV). Thepredictedgain of the device is
moderatelyhigher than the gaiachieved inconventional
I0OTs (24 dB vs. 21dB) and the predicted efficiency is e
comparable tothe demonstrated efficiency irprevious Solleciog .

.

o .
I0Ts (73%). | 4.0
The operatingparameters ofhe 10T ascompared to T-Bar Tfansmﬂp':‘é-lmﬁﬂ
the 700 MHz klystronunder development forAPT are L !
shown in Table 2. From the table it abservedhat the P

saturatecand operationalefficiency aswell as thereduced |
beam voltage are the primary advantages whileethgced

gain is the primary disadvantage. However, because of the

substantial amount of Ripower requiredfor APT, the

operational savings resulting from the improefficiency Figure 3. Cross-sectional view of HOM-IOT.
dominate the economitadeoff between aklystron and
HOM-IOT with a high-power driver. The savings and Klystron 10T
reliability improvements from a lower voltagpower Efficiency at Saturatiof > 65 % > 73 %
supply are also substantial. Efficiency at 90 % of >585% | >73 %
3.2 Stacked Inverter Power Supply Saturation

) ) ) Beam Voltage 95 kv 45 kv
The baseline design for the A%celer.ator ione, SCR  ['Beam Current 17 A 31 A
regulated, 12pu|se_ power supply with crowbar Per  "Gain 20 dB >4 dB
klystron. Operatlng several klygtrons from a single Filament Power <900 W < 4000 W
supply hasbeenconsidered and rejectdoecause of the
impact on operational flexibilityand reliability. This Magnet Power <144 kW <10 kW

Collector Full Beam| 40 % Full

baseline technology is currentiynder test at Maxwell
Laboratories. An alternate technology is alsoder
development at Continental Electronics. This technologyYSWR_At Any Phase| 1.2:1 1.2:1
utilizes seriesconnectedsolid state modules which are Table 2. Comparison of 700 MHz HOMT and
switched on to providehe high voltage DC. The klystron requirements.

switching is accomplishedwith Insulated Gate Bipolar minimal stored energy in the output low pass filter. This
TransistorgIGBT). A low pass filter follows theseries combinedwith the IGBT switching speedallows for the
connectedmodules which remove the switching signal®limination of the crowbar while limiting energielivered
and allows the DC to pass to the RF amplifier. Ato a klystron arc to an acceptable value.

schematic of the IGBT supply is shown in Figure 4. The The solid state module control circuitry allows for
topology in the figure results in a 24 pulse supply witldditional modules to be included in the desmym] failed

Power Beam Power
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modules can be switched diifie. This feature provides | 24 Separate

fc_)r graceful degradation of_the pomanpplly. Inaddition, 1024 Separate

since most modules are either fully utilized or off for anyeo primary Lowpass | —SKV
ine Voltage — ; ’a‘ggtl‘if‘n‘ Filter

Series

(97 %) over a variable voltage range. Tabledinpares
the baseline 12 puls8CR powersupply with thelGBT crai | | Sepsat
regulated powesupply. Requirementsiot listed in the ciroutry
table are comparable ftwoth powersupply approaches. .
Details of the solid state modutkesign can be found in
Reference [1] Four High Voltage

Transformerswith - Series
24 Secondaries Each ¢

voltage setting, thefficiency ofthe supply isvery high t

Stack of 24
. ModulesIn

b | [bod | [l

—— stackof 24 [
< | Modulesin
. Series |
.

3.3 RF Vacuum Windows

The APT design is baseatoundsplitting the power from ] } {
individual klystron 4 or 6 ways resulting in eequired )
window power capacitgpanning 140 to 250 kW. SinceFigure 4. Solid state power supply topology.

Stack of 24 [
ModulesIn Return
Series

=

this power capacity is in excess of the conventiona

experiencebase at other CWaccelerators of comparable SCR Regulated| IGBT Regulated
frequency andextensive effort isunder way to insure Power Supply | Power Supply
window reliability and designrobustness. Oubaseline | Efficiency 97 % 95 %
approach is tautilize coaxial windows as illustrated in| Power Factor .99 .93

Figure 5. The window in Figure 5 has beested to 950 | Crowbar Yes No

kW CW on a tesstandwith two windows in a back to | Required

back configuratiorseparated by g&acuum region. Only | Footprint Small Large

20 hours of conditioning were required to achiévie 950 | HV Insulation Mostly Oil Mostly Air

kW of transmission. Thaletails of this testing are [ Normalized Cost| 1.0 5

described in Reference [2].

Table 4. Comparison of SCR regulated power supply and
4 CONCLUSIONS IGBT regulated power supply
An RF systemdesign forthe APT acceleratohas been

presented. The desidrasis wasdescribed. All major

components of the baselikesignare currently intest or

have completedcceptanceéesting andthe prototype RF

system for APT will be operational at Los Alamos at the —_—
end offiscal year1997. Advanceddevelopments for RF AIR SIDE |

generators and power supplies were presented and

-

discussed. Theseomponents will beconsidered for ; N ‘
inclusion in the baseline oncthey demonstrate their ALUMINA WINDOW [ i T
capabilitiesand undergolong term testing on the Low T U ‘I—LL
Energy Demonstration Accelerator at Los Alamos. -
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