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The salient features of a new high power linear 
accelerator systemare described. Thismachine combines 
a 300kVdc accelerator, constructed for operation with 
pulsed currents in excess of 2A, with a single section 
10 MeV accelerator waveguide so that given levels of 
high peak current may be maintained over a wide range 
of beam energies. (Previous technology required RF 
phase and/or power adjustment to a second accelerator 
section.) The accelerator waveguide incorporates a 
suppressed phase oscillation buncher designed so that 
a loss of terminal electric field strength, caused by 
a large reductionofinputRFpowerto reduce beam energy, 
maybe accurately compensatedbyanincreasein potential 
of the dc accelerator, thus maintaining the capture 
efficiency of the wavequide. Reductionof space charge 
forces due toHVinjection,mdavoidanceofdual section 
operation, prove to be major operational advantages. 
The 20MWRFtransnitter and the overall beam centerline 
are described; and operating performance and equipment 
photographs are presented. 

Introduction 

This single section linear accelerator system was 
designed to provide a high level of beam power over a 
wide range of beam energies and, more specifically, to 
produce a 1C MeV, l.l.A peak current beam with a high 
degree of long term stability and reliability. To 
fully exploitthenow established excellent operational 
history (and the economic andltechnical advantages) of 
the SLAC-type 20 MW klystron, a frequency of 2856 MHz 
was chosen for the accelerator RF system. The accelerator 
waveqcide was designed to meet the immediate beam 
specifications with a peak RF input power of only16MW 
and a beam loading of less than 30%, so that future 
uprating of the system to peak current levelsinexcess 
of 2A could be readily achieved. 

Although a variety of special components were 
rncorporated in the accelerator system, three specific 
subsystems contributed principally to meetingthe above 
objectives. Thesewere, (a) a high potential injection 
system which provides highly stable, well focused, 
preb.Jnched beams adjustable in energy over the range 
180 to 275 kV; (b) a high power transmitter system 
containingsolidstate de-Q-ing circuitry,watercooling 
for all eajor dissipative elements, and a 20 section 
PFN which operates at a peak charge voltage of less 
than28kV; and (c) a high group velocity bunching and 
acceleratlnq structure with a total fill time of only 
190 ns, a92%theoretlcal maximum conversion efficiency 
of RF to beam power, and a very insensitive dependence 
of bean phase position with respecttochanqesinsystem 
frequency (or tenperature),c.g., achangc in frequency 
of 14.5 kHz (or 0.31'C) produces less than 1 deqree of 
phase shift at the end of the accelerating structure. 
These innovations and the rcsultsoflnitial beam tests 
are described XI the sections which follow. 

Description of Linear Accelerator 

Injection System 

The injection system consists of an HRC Model 
275/2250 electron qun,' a short beam pulse video 
deflection system, a sinqlc cavity, high current 
prebunching systi?m, and a set of magnetic lens and 
steering assemblies. The electron gun comprises an 

indirectly heated dispenser cathode and focusing 
electrode assembly, abiasednon-interceptingextraction 
electrode (which is triggered from a hot deck pulser 
via fiber optic light links) and an all metal-ceramic 

brazed, COmpenSated gradient, 300 kV dc accelerating 
COlUNl. A view of the electron gun assembly is shown 
in Figure 1. In this accelerator system, high quality 
transformer oil was chosen as the insulating medium 
for the electron gun and its HV dc power supply. 

Figure 1. Hiqh Potential Electron Gun and DC Acceler- 
ating Column Viewed Through Tank Access 
Port. 

Because of the low emittance, long focal lenqth 
beam produced by the electron gun (high beam quality 
is obtained by using high injectionpotentials andsmall 
cathcde dimensions, by avoiding the use of a grid, and 
by usinq a plurality of electrostatic focusing lenses 
along the dc accelerating column), a stepped potential 
video deflection system of only 3.5 kV is sufficlfnt 
to produce beam pulse widths of less than 5 ns when 
operating at injection potentials of up to 253 kV. 
The injection system beam optics is arranged so that a 
beam waist is produced 40 cm beyond the exit Flane of 
the gun tank and,after traversal throuqh the video 
deflector, is re-imaged by a special lens system to a 
2 mm diameter at a chopping collimator located 110 cm 
from the gun tank exit plane. After trnversal through 
a prebuncher cavity and a drift space lens, the beam 
is again re-imaged to a small diameter attheinjection 
collimator located at the accelerator waveguide entry 
plane. Figure 2 shows the unusually long dimensions 
and the conveniently open lnyollt ofth'shiqh potential 
injection system. 

Figure 2. InjectionSystemDrift SpaceContaininqChort 
Beam Pulse Video Deflector, Prebuncher, 
Collimators and Lenses. 
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Transmitter 

The transmitter comprises a high voltage power 
supply which converts ac line power to 1% regulated 
18kVdc; acharginq transfonerandsolid state da-Q-ing 
system; amodulator consisting of a low impedance pulse 
forming network (PFN) with resonant charqinq; a step-up 
pulse transformer; aFtCA/ITT8568 2855MHz klystron with 
electromagnetic focusing coils; anda stable solid state 
RF driver having a dual triode output stage. Aview of 
t:?e transmitter cabinet is shown in Figure 3. 

Fiyure 3. 20MW/20kW RF Transmitter Cabinet Showing 
Local Control Panel. 

AClinepoweris appliedtotheprimarycf adelta-wye 
hiqh voltage plate transformer by means of a unique 
combination of a variable transformer bani and series 
bucking transformers. This arrangement allows control 
oyer a range of 70 to 100% of the output voltage, 
and it limits +-he in-rush current during switch-on. 
Another feature of this combined transformer system is 
that, for diaqnostic purposes, a zero to 100% range of 
voltage may be obtained, at reduced duty, by a simple 
re-connection. To insure reliability and lony life, the 
three phase plate transformer and associated full wave 
all-solid state rectifier bridqe network are immersed 
in a sealed oil-filled, ,xater-cooled tank which is 
provided with access ports for inspection and service. 
The HV dc oatput is automatically adjustable between 
13and18kV, consistent with the desired de-Q-iny level 
and klystron pulse voltage. 

The dc resonant charging line modulator controls 
preciseiy the charging voltage to the pulse forming 
network. This is accomplished by de-Q-ing the charging 
transformer (which is housed in a small water-cooled 
oil tank) at the exact moment the PFNobtains the desired 
cnarye forths klystronpulse. The charging transformer 
has a low voltage de-Q-inq winding which is controlled 
by an all-solid state circuit. The unused enerqy in 

the charging transformer is dissipatedina water-cooled 
power resistor (see Figure 41,thereby avoidinq a larco 
contribution to the ambient temperature within the 
transmitter ,cabinet. '20 conserve energy, for high 
efficiency pulse requlnt;on, the do-Q-inq reference 
circuit also controls the regulator fc,rthe HVPS so that 
the ratio of dc power SUi>ply voltage to PFN charging 
voltaqeisoptimizcd. Highcurrcnt stacksofcompensstcd 
controlled avalanche diodes are used for the charqinq 
hold-off and shunt diode circuits. These diodes are 
cap&lcofwithstandinqfullshortcircuit faults without 
damage. The PFM sections (refer Fiqure 51 are mutually 
Lndcpendent; and to obtain the desir?d pulse shape and 
flatness, each sectionmaybe tuned whilethetransmitter 
1~; opcratinq at fuli voltage . A hi.q.1 power ceramic 
thyratron discharges the PFN, through a low impcdancc 
circuit, totho primnrfof the klystronpulse transformer. 
This pulse transformer and the associated monitcrinq 
equipment are housed in a water-cooled oil tank which 
is fitti~dw~tin,Ir.ollrccirculat~nganll filtering sy::.tcm. 

Fiqcrs 4. Water cooled de-sJ!-inq Power Resistor and 
Resonant Charqinq Transform~~r Viewed 
throu;h Inspection ~ocrway. 

Fiyure 5. 20 Section, 5 'vs 'Tunable FFN Assembly 
Showinq Low Inductance, Low Profile Bushin,j., 
Pulse Capacitors. 

Accelerator Wavequide 

The acc~?:cmtor waveriuide .',?r thi:; illtll: c'urr~nt 
machine comprises, (a) ar~duced phasa vclscity "offs,-! t" 
cavity input ixul;l.~vr which i:; des:;ne.?. to ~r.iti,~l:j; 
retard,' bunch and ~hcri accblurate thc2 >rcb;l.nchcd bc<-,m 
prior to entering the second cavity/; ct, 1 r\ tapere* 

phase velocity travclin; wav; structure; h,a:-ln~ a constxz 
croup velocity <knd dvsiqned to cns'urc adi&atic bunch 
compressrJr!' of t'hf prtltuncn,zd hiqh cilrrtint hi~m mil tr: 
';uppre s s locqitudinal phdsc 0scillJtiacs: 12; ,i s 1: 0 r f 
transition s<?ctlonwhich provlde+i phase compcnsatron and 
impedance matching bt!twr:cn the bunoher structure and ti:i> 
;;ubsc,qucntly locat(:d ~;t~jse velocity of ll.qht cnvitie;; 
id!) anon-ur.i.form im;cSazce vi.tocit:/ r;f 1: ~ht strJct;r,.,; 
and (c) tan offsct olitput coupl..r which trlnsforrzx t:1(9 
acccleratinq TMcl mode to a TX 1 node to allow thtz 
ri~sidual RF ,.,zwcr to iii.? TX-I; i tore,?, uxi LiL.r. <ibwrh:~! 
t:xternal to t:?t> viii:u~m :;y:;tc,m in a w~itcr-~,:ol~:d :;i'ih 
powctr E;F lo~id . Fhijcc'irL1p:l:; of th,.! .i,:ccl<rratcr stru.:turt' 
bi, :orcx an4 4f tcr 1 :l:,:,ill,9tion of t:h< ::ole;noi.d #.-oil;, ,i,nii 
the vvacu:ated r+zctdhqular wavequidc: ~componi~l?t!;, cl?22 
shown in Fiqurc.5 :; <And 7, re::~,~~ctiv~ily. 
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t’iqure E. 'i'iew cf Accelerator Waveguide Prior to 
Installation of Solenoid Focusing Coils. 

?1zpre 7. V~ewcf UompletedCenterlinc Assembly Showing 
electron 10x1 Tank and Klystron. 

Both the input and output couplers have offset 
cavities which are designed to minimize radial momenta 

contributions to the beam. The couplers are of the 
side-wall, Iris coupled type for high electric field 
operation and are of novel design in that the water 
cooling header, the vacuum pumping port, and the high 
power RF r:onr,ecticn.+ are all 1n:eqrally machined from a 
single uqot of ZOO series stainless steel into which 
the OFHC cop?rr terminating cavities are vacuum brazed. 
r!:e acceli.rator wavequide proper was constructed from 
interlocking OFHC copper components which were stacked 
anti brazedwith copper-gold alloysin ahydrogxan furnace. 
The internal Surfacesoftte co;per cavities were final 
machinedwitha surface finishofless than 10microinche.s 
using diamond tipped tools in a tracer lathe under 
tight terperature controlledconditions. Afterhrazing, 
borcscopic inspecticn, TIG welding, and helix leak 
tt,stintg, the wavequide str,xture was nodal tuned so 
that the phase shift of each cavity was within t1° of 
the 121' desifjn value?. A fixed 2-,/3 mode configuration 

was maintrAined for the entire lenqth of the waveguide, 
.ind the liI:M. B6U mode:; weri! made hiqhly dispersive so 
,lS tC c leva;<:b the startinq current threshold love1 
.abcvo 327. xld:tlon.-11 waveguide desiqn information is 
l.lSfx d LT. 'T&z 1C' I. A ,:orparison of the high power RF 
7:; ;1'.7<> f&2 Kr.5 1 t + :I<.. 1nplt and output of the accelerator 
wavcLcuido , oonfirming the verjj short filling time of 
thlr; hiah 

i'l,j.lJx 9. ~~+v~:fc,rms Chtni.ncd with RF Power Monitor:; 
i.l;c It.i ;i <LIT th? [.rli,~~t .UI; wtput ,?f :zhe Accelerator 
X,IL' ,,\ii,l+: .;)-,.)wi :I,., P~:I,S 31. ry Short Fill 'Fimc ( 1 X!:/iiiV) . 

Initial Measurements and Beam Performance 

Anon-intercepting, 1owQRFmonitorandanevacuated 
Faraday cup were used to measure the straight ahead 
beam. Asecond hi9h power evacuated Faraday cup and ar. 
analyzinq slit assembly were manufacturedandinstalled 
in the 30°armof a magnetic spectrometertomeasure beam 
energy characteristics. The beam analyzinq equipment is 

shcwn, during installation, in the Fiqure'3phctograph. A 
waveform cf the first high current beam pulse ostained 

5urinq the initial beam tests is shown In Figure 10. 

Figure 0. View of Accelerator Wsveyuide and Keam 

Figure 10. First High Current Beam Pulse - Injector 
Fulsed atfof the Transmitter Pulse Rate; Noise due to 
Scope being Located Temporarily alongside Transmitter. 
(210 mA/div, 1 Us/div). 

Measuredvaluesofseveraloftheimportantwaveguide 
parameters are shownllstedinTa.ble I, toqcther:ilthbeam 
performance data as obtained with two widely different 
values of peakRFinput power (PO). AtPO = 16 MW and an 
injectlon potentialof 220kV, abeamenergy of 84MeV was 

obtained at a peak currentof 15OOmA. The wide dynamic 
range of this single section accelerator was confirmed 
when P, was lowered to 8 MW and, with the injection 
potential raised to 260kV, apeak current of 1500mAwas 
deliveredtothe Faraday cup at a beam energy of4'zYeV. 

TABLE I 

Accelerator Waveguide Microwave Parameters 
dnd Preliminary Beam Performance Data 

- -. 
Measured Description Value 

~,c~eli~rat~or W~vcq~~idc Attcnuat!,:r7 ?,ir.wwter* C.l?.P, ?Ip 
.:cselfr,~tnr Wav+quide i::laLit?; Tactor $! 13130 
,1cct?lcrator WL~vcrju~d~ ?111 'rima :?Fl 1Oil 11s 
Pha$i?-Frrqucncy Sensitivity Pnr;lmLmi~ti,r(~,j;,,'~f! 67.4"iMH~: 

_- 
Zero Curri‘nt Cnerqy Gain at16MW InFut RFPOWcr 14.1 MeV 
EI-K:PJY i;alfi at 1100 mA xd 16 .YW rnput RF Fc&vr 1!7.2 MeV 
Erwr,p 'Gain at 1500 ti and 16 XW Input W ?OWI~~ r 8. 5 WV 

._----- 
Zero Current Energy Gsin at 8 MW Tr.put RF 131*'cr 13. :. YCV 
:nerqy;ain atll1OmAand 8MW InputRFPo~i?r 5. 9 WV 
;r,lx;mum Ri;' Conversion Effi6:icLnsy Lrlm) t bi7.l; 'I 
Prsak Currcbnt (i.,) for rm 1400 mA 

___ ._.-- ____-._ I,I, ,_- 
fDt::;ign Value = 11.124 Np 
tl'heoretical Value = 72 b 
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These beam measurements were obtained with a 6 mm 
diameter, water-cooled, collimator located at the end 
of the axelerator section and with a drift distance 
of 2 m to the Faraday cup. Figure 11 shows actual 
measured values of electron energy versus peak current 
collected in the Faraday cup for the two different 
conditions of operation. No allowance has been made 
for back scatter or output collimator interception 
losses. 
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Figure 11. Electron Energy vs Peak Current Collected 
in Faraday Cup (Positioned 2 mbeyond the 6 mm diameter 
Accelerator Cutput Collimator) for a 2 to 1 Change in 
RF Input Power. 

Because of the unusual opportunity to demonstrate 
a new maximum RF conversion efficiency with this high 
group velocity microwave structure, a series of heavy 
beam loading tests were conducted at the 8 MW peak RF 
input power level. Figures 12(a) through (d) show 
the ratio of accelerator residual RF power level with 
and wit.hoJt beam loading for successively increased 
levels of accelerated current. The corresponding 
beam energy and RF conversion efficiency values are 
shown plotted in Figure 13. It can be noted that the 
residual RF power was reduced to zero at approximately 
1200 mA loading [refer Figure 12(c)], that the maximum 
RF conversion efficiency was achieved at a somewhat 
higher4 value of beam loading (1400 mA) , and that a 
further increase in beam loading resulted in the beam 
transferrlnq RF power back into the structure, i.e., 
RF regeneration.' These beam tests proved that a 
tonversion efficiency of RF power to beam power as 
high as 57.5% can be successfully demonstrated with a 
suitably constructed linear accelerator systemandthat, 
with some design modifications, actual operational 
efficiencies of 90% could be achieved. (The waveguide 
structure used in this accelerator has a theoretical 
maximum RF conversion efficiency of ?2%.) 

A detailed beam measurement program has now 
commenced, including investigation of beam spectra, 
prebunchzng efficiency, and acceptance versus injection 
potential, etc., and publication of this test data is 
planned for the future. 
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Figure 12. Accelerator waveguide Residual RF Power 
with Successively Increased Values of Beam Current 
[(a): 750 mA, (b): lOOOmA, cc): 1200 mA, (d): 1500 mn]. 

Each Waveform shows Remnant RF Power with and without 
Beam Loading. (These dual waveform were obtained by 
pulsing the injector at '4 of the transmitter pulse 
repetition frequency.) 
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Figure 13. ElectronEnerqyandiTF ConversionEfficiency 
vs Peak Current Collected in Faraday Cup (Positioned 
2 n beyond t:ne G mm diameter Accelerator Output 

Collimator) showingAchievementofMaxi.mumRFConversion 
Efficiency of 87.5%. 
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