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Abstract

Recent microfabrication technologigsased on LIGA
(German acronym fokithographe Galvanoformung, und
Abformung) have been applied baild high-aspect-ratio,
metallic ordielectric, planar structuresuitable for high-
frequency rf cavity structures. The cavity structunesild

be used aparts of linearaccelerators, microwavendula-

tors, and mm-wave amplifiers. Themicrofabrication
process includes manufacturing of precision x{rasks,
exposure ofpositive resist byx-rays through themask,

resist development, and electroforming of the fimédro-

with similar accuracythat alsoprovides channels for
vacuum pumping, adequatecooling, and focusing ele-
ments is feasible. Majorchallenges of the DXRL
techniques are: fabrication othe wafers into three-
dimensional rf structures, alignmegud overlay accuracy
of the structures, adhesion of the poly-methylmethacrylate
(PMMA) on thecoppersubstrateand selection of a de-
veloper to obtain high resolution.

2 FABRICATION
The simplified version of the DXRL process is shown in

structure. Prototypes of a 32-cell08-GHz constant- Fig. 1. It consists of making anray mask, preparing a
impedancecavity and a66-cell, 94-GHz constant-gradient sample and x-ray exposure, developiagg electroplating
cavity were fabricatedusing the synchrotroradiation the structure. The processrsated tothe fabrication of
sources aAPS. Preliminarydesign parameters for a 91-semiconductor integrated circuits and requsiesilar tool-

GHz modulatorklystron along with aroverview of the
new technology are discussed.

1 INTRODUCTION

All new concepts foproposed acceleratorsich asext-
generation linear colliders anuon collidersequiresub-
stantial advances inthe area of rf technology. For
example, to maintain eeasonable overalength at high
center-of-massenergy, the main linac of aelectron-
positron linearcollider must operate athigh accelerating
field gradient,typically on theorder of GV/m. Scaling
acceleratingstructures to significantly highdrequencies
could provide aigherfield gradient as proposed 3.B.
Wilson [1].

The new micromachining technology,
LIGA, consists ofdeep-etched-ray lithography (DXRL),
electroplating,and micromolding. The microfabrication
processes have beateveloped by W. Ehrfeld and co-
workers tothe degreethat submillimeter actuators, mo-
tors, and gears can be built with graaturacy and &igh

aspect ratio. Electric field levels as high as 50 MV/m an

magnetic field levels of 1 T have been achieved w@m-
ponents. Specifically, this technologyould offer
significant advantagesover conventional manufacturing
methods in suclareas agrecision fabricatiorand mass
production [2].

The concept ofpplying thesdechniques todevelop
rf cavities for mm-wave linacs [3], undulators [4iee-
electron laser$s], andmm-wave amplifiers originated at
Argonne National Laboratory. A meter-longtructure
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known as

ing, in addition to a high-energylight source and
electroplating equipment. In DXRL, no dissolution of
unexposedpositive thick resist isallowed duringdevel-
opment, andyood adhesion ate high-aspect ratio resist
structure to theoppersubstrate is essential. bddition,
the microstructuremust have high mechanicalstability
and low internal stresses to prevent stress corragiang
exposure and developme#tso, the resist materiahust
be compatible with the electroplating process.
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Figure 1: Simplified DXRL process.

DXRL with high-energy synchrotroradiation allows
resists up to 1 mm thick to Habricatedwith submicron
accuracy. A high-accuracXRL mask wasmade by
means of an intermediate mask--that is, in two steps. The
first step was the photolithography. A platinmse of
Ti/Au 75/300 A was used for the e-beam writer and then a
3-um-thick layer of Au wasplated onthe intermediate
mask. Thesecondstepusedsoft x-ray lithography at the
Center forX-ray Lithography in StoughtonWisconsin



(1-GeV Aladdin). For the DXRL mask, 48n-thick layer kJ/cn®. Below that threshold thecrosslinkedresist could
of Au was plated over a 3Q@m-thick Si wafer where the not be dissolved, and above that range damage to the resist
x-ray was exposed arttie resistemoved. To observe the can occurfrom production of gases in teMMA. The
high depth-to-width aspeattio in the final product, mi- second developewas methyl-iso-butyl ketongMIBK)
cron-rangestructureswvere patterned othe DXRL mask. diluted with 2-propanol After developingthe microstruc-
To avoidalignment problemsindx-ray diffraction, these ture, copper can belectroplated tdhe positive resist and
two steps were done on the same sample substrate withiwat surface can be diamond-finished.
a physical gap.

Poly-methylmethacrylate (PMMA) up to 1 mm  thick
wasused as gositive resist. Theoppersubstrate was
diamond-finished to have a flatness qfrhh over 4 inches.

Then either an oxide film was grown to one micron thlcerating at frequenciesabove 30 GHz. Theirst two

or an equallythick Ti coating wasdeposited inorder to structuresfabricated were &82-cell, 108-GHz constant-

promote betteadnesion tahe coppersubstrate. Throu_gh impedancecavity and a66-cell, 94-GHz constant-gradient
these processes, the flatness of the copper surface is main- . L

) S . ; cavity. A 32-cell, 108-GHz constant-impedance cavity is a
tained, but is still rough enough to gigeod adhesion to

; lanar accelerating structure with parametershasvn in
H]ni |[36I}/IMA sheet, which has a roughness of less than C?gble 1. The change from a typiaallindrical symmetri-

When the PMMA film was cast onto thepper sub- cal disk-like structure to a planar accelerating structure

. . r?sults in a loss in shumnpedanceand Qvalue of less
strate, it was annealed at various temperatures from 110thgn 5%. An acceleratinaradient of 50MV/m is chosen
170@ C for one tothreehours [7]. The NationaSynchro- o el

3 MM-WAVE STRUCTURES

Due to DXRL’sability to maintainprecise tolerances, it
i(s ideally suited for thenanufacture of rtomponents op-

tron Light Source (NSLS) X-26C beamliaadthe APS for a practical 50-MeV microlinaapplication, but it is
2-BM-A beamlinewere used toexpose the sample. The
transmitted x-rayintensity wascalculated based on the
APS bending magnet parametarsl isplotted in Fig. 2.
The ratio of the toplose tothe bottomdosefor the 1-
mm-thick PMMA is about 1.1. During thexposure, the
sample was enclosed inHe-purgedhousing with akap-
ton window,and the sampleholder baseplatevas water
cooled. The firsPlatinum (Pt) mirror with arazing an-
gle of 0.18 was used to cut off all theigh-energyx-rays

above 40 keV as shown in Figure 2. More information on

the APS2-BM beamline forthe DXRL can be found in
Ref. 8.
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Figure 2: Transmitted-ray intensity during PMMA ex-
posures for DXRL at APS, energy vs. intensity.

Two different developers were usedthe developing
process. The firstleveloper, so-calle&G, was a mixture
of 60% vol 2-(2-butoxy-ethoxy) ethanol, 20%trahydro-
1, 4-oxazine, 5% 2-aminoethanol-dnd 15% deionized
water. Theallowed dose rangevas from 3 to about 10

not limited to 50 MV/m when the rf system is operational

in the pulse mode with less repetition rate.

Table 1: The rf Parameters of a 32-Cell, 108-GHz
Constant-Impedance Cavity

Frequency f 108 GHz
Shunt impedance R 312®m
Quality factor Q 2160
Operating mode TW /3
Group velocity Y 0.043C
Attenuation factor a 13.5 ml
Accelerating gradient E 50 MV/m
Peak power P 30 kW

For a constant-impedance planar structuredthgle-
periodic structures withconfluence inthe Temode design
were consideredlhe 2t1/3mode operation in thessruc-
tures can give high shumnpedancegroup velocity, and
low sensitivity on dimensionatrrors. Moredetailed de-
scriptions, such as rf simulation using tHdAFIA
computercode, and the thermal analysiselated to this
structure can be found in Ref. 9.

Constant-gradient acceleratistyucturesare used in
many present-day accelerators becauséhefr higher en-
ergy gain and better frequency characteristics, such as
higher shunt impedance, more unifopower dissipation,
and lower sensitive tofrequencydeviations, whercom-
pared tothe constant-impedancstructure. Tapering the
cells along the structure while keeping the gal cell
depth constant is difficult. Since the structaeeds to be
manufactured on planar wafer,adjusting the cellwidth
and length while maintaining a constal@pthwithin the
structure is necessaryrigure 3 shows theconstant-
gradient structure with cuts in the irises; itgpafameters
can be found in Ref. 10.
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Figure 3: The 66-cell94-GHz constant-gradient cavity:

side-coupling for mm-wavé&ransmissionand circledhole
for the alignment.

4 KLYSTRON DESIGN

The mm-wave amplifier isdesigned tomeet apulsed
klystron operating at a high voltage,

combing multi-cellsand multi-modules as shown Flgure

4 [12]. Beam optics become eas#md permanenperiodic
magnet (PPM) focusing is possible. A higlefficiency
also resultspecause ofhe low perveance. Anumber of

klystrons can then bfabricated on &ingle substrate, us-

ing a deep-etch lithography technique. Tioay bewater-
cooledindividually and operated ipparallel. Severakuch
modules can be stacked to form a klystron “briakguir-
ing a relatively low voltagefor the peak and average
power produced. The “brick” can be provided witkiagle
output, or withindividual, spatiallycombined radiators.
The klystron consists of a 4 x 10 x |.5-inofodule pro-

ducing 500 kW peak, 500 W average at 91 GHz, operating

at 120 kV, 10 A in total. Its maiparameters arsumma-
rized in Table 2.

Table 2: Detailed Klystron Parameters
Frequency 9l GHz
Voltage 120 kV
Current 25A
Perveance 0.06xI0°
Output power 125 kW
Pulse length s
Drift tube diameter 0.8 mm
Beam diameter 0.5 mm
Cavity gap length 0.4 mm
Brillouin field 2.7 kG
Cathode current density 15 A/ém
Magnetic period 6 mm
duty circle 0.1%
Beam area convergence 85:1
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Figure 4: Four-klystron module layout.

The cathode loading and beam convergence parameters
arequite conservative and, except fitre low perveance
and PPM focusing. The beam voltage is very high for the
power produced by asingle klystrondue to the low
perveanceequiredfor PPM focusing (and for good effi-
ciency). However, it is thd®PM-focusing feature that
makes the module design and tube paralleling possible.

5 SUMMARY AND FURTHER WORK

The final electroplatedstructure for the prototype of the
108-GHz constant-impedance cavity is shown in Figure 4.
The size of the cavity celippeared to be few microns

bff from the designbut the sizecan becontrollable by
adjusting thex-ray mask to meet the specification. The
roughnessandflatness of thesidewall of the cavity cell
were measured to be 0.0 and 2um, respectively.

108-GHz 30-Cell Constant
Impedance structure
alignment U-grooves

Figure 4: Scanning electron microscopy picture of the
108-GHz constant-impedance cavity structure.

Two mirror-imagedfabricatedstructureswere aligned
and readyfor network measurement. Tlaitial measure-
ment of the qualityfactor is about 800, which is only
40% of the specification. The main contribution to the
low value of Q is theVlIBK chemical processingused to
make the sample abov/henthe GG chemical was ap-
plied to developthe sample, the contraftetween the
exposed area and unexposedawas at least onerder of
magnitude higher than MIBK. The metallurgical study of
the copper-electroplatedample shows that the level of
oxygen in the sample appears to be too high. dléetro-
plating process must be improved so that the structure can
sustain against the vacuum/high-power rf.
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