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Abstract 

This paper discusses design and construction 
features of a precision machined an2 brazed traveling 
wave structure for use as a high gradient 33.3 GHZ 
electron linear accelerator test section in a Two Beam 
Accelerator.' Design emphasis was directed at meeting 
an RF filling time requirement of 12<~F<16ns, and at 
fabricating a test structure t:iat would provide guide- 
lines for demonstrating average accelerating fields 
of approximately 300 MV/m (maximum surface fields 
of 650 MV/m). Microwave measurement data, obtained 
during construction, are described and include a phase 
dispersion simple cold test technique for accurately 
prcdictinq the structure filling time. A companion 
paper' discusses plans for high power testing of both 
tnis brazed strtictureand a hybrid brazed/electroformed 
si-ructure,llslngthe Electron LaserFacility ELFat LLNL. 

Introduction 

TO be compatible with the short pulse, high RF 
power capability at EL!?, the operating frequency an? 
fillinq time of the high gradient accelerator (HGA) 
test structure,were specified as approximately 33.3 GHZ 
and 12ns<TF<16ns, respectively, with a design objective 
ir.put VSWR 5 1.10. 

In order to demonstrate the best possible perform- 
ance, emphasis was placed on metallurgical studies of 
tile OFHC copper components; achieving and maintaining a 
high surface finish on the cavity walls; minimizing 
contamination - especially due to airborne particles: 
and on providing a high vacuum ifi the lo-' to lo-' Torr 
rar,qc. Thelatterwasachieved by increasing the center- 
line pumpingconductance andby arranging for the overall 
test assembly, including oversized tapered rectangular 
waveguides and input and output ceramic RF windows, to 
be hlyh temperature vacuum processed and sealed-off 
wir_h attached sputter ion appendage pumps. 

A 2n/3 mode v ' P =c, disc loaded traveling wave struc- 
ture was chosen for the HGAbecausethe ratio of maximum 
surface fieldtoavcrage acceleratinq fieldcould be main- 
tained at less than2.2; highgradient breakdown threshold 
data couldbe comparfddirectlywithprevious RF breakdown 
experiments performed on similar 
lower fre;ucncy;~ 

geometry structures at. 
andaccurate cavity,disc iris shaping 

and sidewall iris couplerdesign informationwas available 
from a wide variety of previously constructed research 
accelerators designed to operate at lower frequencies. 

Design Considerations 

Before proceeding with a detailed design of the 
accelerator waveguide, it was necessary to establish an 
overall length for the structure, and to select a range 
of group velocities consistent with the desired field 
qraaientprofilealongthe structure,and the filling time 

design objectiveof 141~5. 
cavities were selectes 

Atotal of 34 (2n/3 mode vp=c) 
for the final test structure, 

qiving an overall electrical length of 4080 degrees and 
a distance between input and output coupler midplanes 
of 99 mm (llh,). 

In principle, for a given constant gradient wave- 
gulde,once the desired valuesof L, TF and, hence, the 
attenuation prameter CT) have been established, the 
indivljual cavity parameters can be specified and the 
desiqn essentially completed. Other factors, however, 
sometimes have astronqinfluenceonthe final desiqn of 
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an accelerator waveguide, and this was especially the 
case for this 33.3 GHz test structure. 

Field Gradient Profile 

For example, a strictly constant gradient design 
willalwaysresult inthemaximum surface field occurring 
at the beginning of the structure because the ratio of 
this field to the average accelerating field decreases 
with reduced iris diameter. However, for the 33 GHz HGA 
tests, it was considered desirable to have the maximum 
surface field occur approximately half way alony the 
waveguide to increase the probability of demonstrating 
breakdown thresholds well within the body of the struc- 
ture, without being limIted by input coupler sparkiny. 
(Sapphire windows have been integrated into the accel- 

erator test assembly to enable vie.winq [arc detection] 
along the beam centerline and in the tapered E-bend 
rectangular wavequide assembly connected to the input 
coupler.) 

Also, the adoption of a strictly constant gradient 
design requires each disc iris aperture and each cavity 
diameter to be machined with different dimensions. 
Considering the extremely tight tolerances (+25 to 50 
microinch) associatedwiththecritical dimensions of the 
33 GHz cavities, batch machining with a minimum number 
of program changes to the CNC diamond turning lathe and 
coordinate measuring inspectio.? equipment 1.5 hignly 
recommended, toenslire acceptable yields and to minimize 
costs. Thus, there is a distinct advantage in reducing 
the number ofdifferentcavity dimensions required for a 
given structure design. One means of achieving this 
reduction, while still maintaining the operational 
advantages of a constant gradient waveguide, is the 
adoptionofa quasi-constantgradientdesign. 
technique,5 

This design 
previouslyused for a wide variety of medium 

cneryy,hiyh peak RF power S-band iinacs constructed for 
synchrotron injrctors,pulse stretcherrings andhigh duty 
factor research facilities, makes use of a plurality of 
uniform 2n/3 mode segments of increasing impedance, 
interconnectedbymatchedtransitionregions. The uniform 
segmentcavitydimensions, and the numberof cavities per 
segment, are selected to satisfy specific field or nigh 
order mode requirements,6 while the transition regions 
are arranged to minimize voltage reflections. 

For example, in satisfying ;he 33 GHz HGA test 
requirement,the surfaceand acceleratulq field grad1er.r.s 
were maximized towards the center of the structure by a 
small impedance ad]ustmentoftheuniformsegments. The 
finalwaveguide assembljj comprised fouruniformimpeQance 
segments having iris diameters of 0.10254", 0.09566", 
0.09071" and 0.08540", respectively; and for a peak 
input RFpowerof lOOMW, the average accelerating field 
(and maximum surface field) at z=O, Lj3, 2L/3 and L are 
designed to be 293.3 (648.1), 307.9 (667.53, 310.l(bGl.3) 
and 292.3 (614)MV/m,respectively. For this waveguide, 
adoption of the quasi-constant qradient design resulted 
in a substantial reduction (from 34 to 13) of the number 
of different dimensional settingsnecessaryto fabrIcate 
the precision contoured iris apertures required for the 
overall assembly. 

Harmonic Mean Group Velocity (v-) -- -' hm 
While the field gradlent profile is determined by 

the relative values of t.ie distributed Iris diameters, 
it is the absolute values of these eiametcrs that 
establish <he individual cavity group velocities and, 
therefore, the overall filling time for a qlven length 
structure. Regardless of the impedar:cr> ,Zistrlbiltion, tIic 
filling time (TF; for an n-cav;ty 211,/3 mode, vL' = c 
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waveguide can be defined explicitly by the harmonic 
mean group velocity (vg)hm as follows: 

where 
T F = L/(V ) 

9 hm 
(1) 

("q'hm = [ii!Jiji] -' 
(2) 

For 2n/3 mode waveguidesthat also contain varying phase 
velocity cavities havinq vp/c = Bw # 1, the filling 
time can be expressed as: 

T = F 
where 

n 
1 z,=L 

i ) i=l "g 1 
3f i2,(+i, = ;;[(F)hJ(3) 

(y)h = [i ,~@-)~ -listheharmonicmean$(" 

for n cavities. Unlike the majority of linac designs, 
the HGR test structure was not influenced by the need 
to satisfy a given beam loading specification, and 
emPhasis was placed on demonstrating the desired field 
qradient profile and filling time. The final set of 
iris diameters, scaled from previously compiled and 
empirically confirmed 9.5 GHzdesign data, was obtained 
by iterative computations toqivea harmonic mean group 
velocity of 0.3245~ (+.OOlc),i.e.,TF=14ns. Although 
the group velocitywasexpected to remain constant with 
accurate geometric scaling, the normal 3/2 frequency 
scaling law forvoltage attenuation (I) was expected to 
become less validwithdecreasingmillimetricwavelengths 
because of theincreasingdifficulty of maintaining the 
micro-geometric relationship between the RF skin depth 
(6 =13.7microinches LO.35 pm] at 35GHz)and the surface 
texture, including grain boundary surface dislocations. 
It isinterestingto note,for example, that with lathe 
turned cavity components, the lay direction on all the 
internal surfaces areat right angles to the TM01 mode 
RF current paths. 

Thus, when designingpracticalmillimetric struc- 
tures, allowance for some additional degradation of Q 
and r should be made, especially when scaling from 
2856 MHz. Although diamond polishLq procedures were 
used on the HGAdisc apertures (andsome disc surfaces), 
after scanningelectron microscope (SEM) surface studies 
on a variety of cavitysamples,the S-band scaled design 
values for Iwere arbitrarily increasedby an 8% factor. 
Empirically correctedrricrowaveparameters forthe final 
brazed and t,uned HGA structure are tabulated in a 
concluding section of this Paper. 

Cavity Geometry and Vacuum Considerations 

The poorpumpingconductance along the beam center- 
line, due to the small disc apertures (-2.5 mm) and 
the side wall iris coupling holes (-2.5 x 2.75 mm), 
was improved bymachiningradialpump-outholes' through 
the thick walls of the mainbodycavities, and encasing 
the wavequicie wit:7 a stainless steel vacuum jacket. 
In addition, pumping manifolds were connected from the 
vacuum jacket to the input and output beam drift tubes 
contiquous to the RF coupler blocks. Details of the 
radial Pump-out holes are shown in the Figure 1 cavity 
diagram, t0rJcthe.r with the dimensions of the disc 
separation, thickness and aperture radii. 

Fabrication and Microwave Measurements 

An initial series ofmetallographicand SEMsurface 
inspection lnvfstigationsprovidedquidance forselection 
of the OFlIC copper and themachiningparameters used in 
fabrication of the cavities. Where applicable,previously 
develoPed in-hollsetechniquas, used for highpower, lower 
frequency accelerator waveguides, were adapted to the 
ccnstruction of this 33 Gfiz brazed structure. Inpartic- 
ular,tho number of separate cavitycomponents andbrazed 
jcints were minimized by maintaining our practice of 
machining sup sL-~~peci cavities (disc and spacer combined) 
with interlocking pilots to assist in stacking and 

accurately positioning the braze alloy. Unlike Prior 
practice, however, the critical cavity dimensions were 
machined to tolerances of less than f50 microinches 
(f1.25 urn) andwith Ra surface finishes of approximately 
2 microinches. For the final machining operation, a 
CNC diamond turninqlathe,designed for contoured micro- 
machining,was used with a single crystal natural diamond 
tool having a pointradiusof 0.0010 f.OOO1". This tool 
was specially shaped withradialcutting edges, top rake 
and clearance angle to enable programmed contoured cuts 
to be made in one continuous movement along the flat 
surface of the disc and through the contoured small 
diameter aperture (refer Figure 1). 

Material: 

&~~~~~~~~~,%Bi"~:"iPfi (i*,Fi t; ‘\;I; I;>\\;\;.$ j 

Figure 1. Cavity Details for 33.3 GHz, 
2rr/3 Mode, v 

P 
= c Waveguide. 

Machining dimensionsweredetermined by scaling, as 
well as by cold stack measurements, with allowance for 
anticipated brazing changes and the need for a very 
slight amount of compression tuning. Tuning recesses 
machined in the thick wall of the cavity were designed 
to minimize degradation of the internal surface finish. 
After measurement acceptance and prior to final inspec- 
tion, the aperture radiiwere polished to a high surface 
finish using 6 urn and 3 pm diamond polishing compound 
and exacting cleaning procedures, based on metallo- 
graphic surface preparation techniques. 

brazed sub-stacks, 
themainbody cavity 
numbers 8 throuoh 
28,and the input and 
output coupler end 3 
assemblies shown in 
Figure 2. The sub- I 
stacks were brazed A 
with 35Au/65Cualloy I 
(1030°C)usinqpreci- 
sion fixtures to 

The overall accelerator wave4 'sed three 

maintain cavity 
concentricity and 
alignmentto+.OOOl". 

Figure 2. Input&OutputRFCoupler Brazed Sub-Assemblies. 

The inputandoutputRF feeds were designed to avoid 
flange connectionsand discontinuities in the high field 
reyior. close to the accelerator couplers by combining 
matched 4hqlonq 30°E-bendtaperedimpedance transitions 
with 7Aqlonqlineartaper sectionsin integrally machined 
andbrazedoverallassemblies, as shown in Figure 3. The 
highpeakRFpower, oversize WR28stainless steelRF/vacuum 
flanges, shownbrazed to these assemblies, were designed 
to accuratelyalignandextrudethe internal edges of the 
metalgasketto form high compression, smooth internal RF 
joints. (Granular,highlyannealedcoPperqasketsare not 
recommended forhiqh fieldgradient jointsofthisnature.) 
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The tapered transi- 
rions had highly 
polished internal 
surfaces; anti the 
cross-section direr.- 
sions in the E-field 
plane (anciorthogonal 
tothisplane) varied 
from.4000"(~.2800") 
at the oversize WR29 
flange, to 0.0984" 
(x0.2800") at the 
accelerator coupler 
interface. 

Figure 3. 

Tapered 90' E-bend 
HlghPower RFFeeds. 

Conveniently removable, linear tapered RF feedtransi- 
tlons were used to facilitate step by step matching and 
Lnspection of the offset coupler cavity assemblies. 
Coupler Iris final filing and edge polishing required 
removal of approximately .0016" andrepetitive inspection 
and measurement with ahighpo'~erto~~lmaker'smicroscopc- 
wi;ileconstalitlytakingprrcautions toavoid contamination 
and darnage to the cavity internal surfaces. The Kylea 
technique was used to match and tune the coupler cavity 
sub-stacks. After brazing the E-bend transitions (and 
vacuun jacket end flanges) to the coupler sub-stacks 
using iOAu/SOCu alloy (990'i),all three sub-stacks were 
azuv~thally ar.d longitudinally aligned and final brazed 
usirlgaprecisiorijiqassemblyandSilcoro60 alloy (865OCj. 

A programmableRFsignalgenera~orandsourcelocking 
counter provldedal?ighly stableandprecisely adjustable 
RF source for the microwave measurement program. Each 
cell was nodal tuned to a phase accuracy of +2O using a 
cantilevered tuning plunger andaprecision fixture that 
enabled the plunqertobe positioned within .OOl" of the 
center of rachcellwlthoutcontacting the highly polished 
disc apertures(theminimumradia1 clearanceatthe output 
end was 0.003"). A view of the accelerator waveguide 
after tuning and prior to closing the surrounding 

Final RE measurement data, incluEi]lq the resonant 
frequency shlftduetoevacuationoftne accelerator waw- 
quidc, are included in the Table I summary of microwave 
parameters. The VSWR of the tuned structure, inclusinrj 
the E-bond trarsitions and a flat termination, w~is 1.013 
ac resonance, cl.20 over a 5C MHz passbazd, and cl.50 
over an 82 MHz passband; and >hsse dispersicn measurements 

gave (dO/df) = 5.1.5°/~z for the centerline cavities. 

Relationship of Phase Dispersion and Filling Time 
Expressing the total phaselenqthofthi: accelerator 

waveqi;i.de as B = 2112/X9, 

dU/df = 2nz d(l/h,j,'df = '~rz,'v~ . (4) 
Thus, for a non-uniform impedance n-cavity, 2rr/3 mode StrLcture, 

d-3 
z= 

‘md for B = .Jp,(.. = 1, d0 - = 
w df (l/v ) g hm (5) 

where (v,) bLrn, tne harmonic mean group velocity, is given 
by Equation (2) . Since L=nh0/3, da/df= 21TL/(vg)hm; 

ad iron E<:uation (1) , TF = (d@/df)/(2n) . (6) 

The wavequide filling time can, thcreforr,be deter- 
mined dir?ctly from a ConvenientandsimI~lf Rt' cold test 
tIl;*t. mC'dsurtAs t.hp chx?qa ir. )\Pi- I' i.f 'III; ,;f-rt.cvliil, 
structure cau?t.!ii I'L' 3 51m i : r-;tka:lqi~ 1. ir~?'~Ll~nc-:; :I:u.;, 
usin; the measured ~,t.~is~ di ;:,vY: I<]:., t.tlia V:;?. iill:t-<I 
time is givzn as TF = 5.15/3brS = Il.lIl-Li 11;;~ 

TABLF: T . SUPDlAkY OF F tI:kI, Ml l-'K-IWAVI. ~-,~w;MI:? (>I. :> 

Total Number of ?n/3 Mode, viJ= c laviticj . . 34 
Resonant Frcquc?ncy 111 Air at 23.1':1, 

29.94"Hg & 68.7% RH. . . . . . . . 33.3761) GIiZ 
Resonant Frecjuei~cy iiiVacuoai 23.l'C. . 33.38id GIIZ 
Phase Shift per Cavity . . . . . . . . 120 dey 
Total Voltage Attenwt.i c:n (1) _ . . . . 0.335 Nl' 
Input Group Velocity . . . . _ . . O.iI324C 
Output Group Velocity. . . . . O.!)17?C 
Harmonic Mean Groull Veioclty . . . OA237c 
Phase Dispersion . . . . . . . . 5.15 deg./MHz 
Filling Time . . . _ _ . . . . . . . . 14.3 11s 
Frequency/Temp~rature Dependence . . . - 0.56 W17J°C 
Shunt Impedance Range. . _ . _ _ . _ . 155-t 168 i%/m 
Axial Acceleratlnq Field 

(Maximum in Cavity No. 21) . . . 3 l.Or'%X MV/nr 
Maximum Surface Electric Field 

(Disc No. 11). . . . . . . . 6C,.8Ji;l MV/m 

A view of the comD1eted HGA assembly,lncluding the 
U-shaped vacuum 
transfer manifolds 
and the main 
pumping manifold 
is shown in 
Figure 5 

Figure 5. HGA Prior to Vacuum Bakeout. 

High power 33.3 GHZ ceramic windows, fabrlcatc‘d :I: 
oversize WK187 wavequide, and 40 cm long clw:troDformfd 
nonlinear tapers were attaclled to the HGA input and 
output E-bend feeds, a:ld the overall assembly, si.pporteS 
by a stainless steel strongback, was hlqt temperature 
vacuum processed. An initial 42O'C bakeout of only the 
HGA structure was followed by a 25O'C bakeout for the 
overall assembly. The flrial system was I>inchcd-ofI rlll:i 
the vacu'xn maintauled in tiir? 10-’ ?'or~ r-zq2 hth trarl-,., 
2 f/s sputter ion pumps. h vitw of t:>i‘ HC,', 1 i lust:rdi ~:iq 
idit? 1.5"3D vacuum jackL:t. ttL<* bcarrl OutLut t I L?lli llil wi ntiow, 
ar.d the: output RE' +:aper intcrfc>cc flange is shown ir thi‘ 
c ompa 11 i 01:' 1mger Fig'x: Z. 
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