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• INITIAL DESIGN OF ,k 1 MEGAWATT ,_VERAGE. 150 KILOVOLT PULSE

, MODULATOR FOR AN INDUSTRIAL PLASMA SOURCE ION
iMPLANTATION PROCESSOR

WILLiAMA REASS DIPTENDEB
LOS ALAMOS NATIONAL LAB LITTON ELECTRON DEVICES

PC. BOX 1663 960 INDUSTRIAL R©AD

LOS ALAMOS, NM 87545 SAN CARLOS. CA 9-_,070

ABSTRACT transformer, a 600 V (30) phase controller, and a

600 V to 150 kV translormer-rect_fier. An optimal

P!asma Source Ion Implantatzon (PSII) is a configuration for the power supply system is for the
materials surface modification process which can be transformer and transformer-rectifier 1o be located

used to _mprove performance characteristics of outdoors, with the phase control electronics located

manufacturing tooling and products. Since indoors, near by in the adjacent building. This avoids
improvements can be realized in surface hardness, sealed outdoor enclosures and environmental control

reduced friction, wear, galling, and increased units for the phase controller. Typical system
resistance to corrosion, PSII is applicable to a broad control I/O's will also be indoors, and will not

spectrum of manufactured items, require additional cable conduits to the outdoor

In PSlI, the object to be implanted is placed in environment. The system high-voltage _nter-
a weakly ionized plasma and pulsed to a high connecting coaxial cables are terminated under oil,
negative voltage. The plasma ions are accelerated with corona free techniques, to maximize cable
into the object's surface, thereby changing its' lifetime and connector reliability. Because the

chemical and physical composition, system requires little stored energy, the cost and
The plasma dynamic load impedance is highly concerns associated with a capacitor "vault" can be

variable, dependent on implant object area, plasma avoided. Power supply filtering and energy storage
density, and material composition. The modulator will be in the modulator tank. This reduces peak
load impedance may be a few tens of ohms and a few cable currents which can m_nimize induced

thousand picofarads early in time. Late in time, the switching noise. System communication and I/O such
load may appear as 20,000 Ohms and 100 picofarads, as "metering" electronic and equipment safeties,
The modulator system must accommodate any will be interconnected with fiber optic cables, with
process changes, in addition to (frequent) initial a fail-sate methodology.
"start-up" object arcs (from impurities), To implant The modulator will utilize a conventional "hot-

the required ion densities in a minimum of time, deck" circuit topology. Power to the deck will be

multi-kilohertz rep-rates are often required, provided by a low capacitance "ring" type isolation

An evolutionary design approach was utilized transformer with control and diagnostic I/O through
to design a cost-effective and reliable modulator fiber optic cables. Modern drive electronics coupled
system with components of established with switch tubes of established and proven
performance, suitable for a manufacturing performance, will provide a compact system of
environment, reliable and long lived performance. The authors

This paper, in addition to presenting the experiences with various classes of switching
anticipated modulator design requtred for the PSll devices unequivocally indicate that hollow-beam
application, will review similar modulator crossed-field switch tubes are the devices most

topologies and determine operational lifetime suited for this application (1_. The tube has a non-

characteristics. Further _mDrovements _n system _nterceptlng input (mod-anode) that _s high mu. The
electrical efficiency can also be realized w_th solid mocl-anode has a hrgn transient thermal

incremental design modifications to the high voltage conductivity and does not damage easily, like a
switch tubes. Development options for upgraded "grid". The cathode is shielded from the collector

switch tubes of higher efficiency will also be and additionally protected with "arc" targets. Arcs
presented, directly between the collector and cathode would be

:_lmost mDoss_ble. Due t:, :i_,e_r true constant
__'IT _'O '-'I !C , re,-'* _nr "__* _ r'''*'ee _ r_.., ................................ .., 1_ evlces may I:e

=,aralleled for _ncreasea ou[put and degenerative

The overall power modulator system will be feedback is not required to equalize current shanng.

designed to maximize efficient use of manufacturing Device output switching current _s solely dictated by
floor space and enhance system reliability. As input (mod-anode) voltage. This characteristic is of
shown _n fiqure 1 the svstem has three ma_n 9aramount imoortance rn the eoeration of PSII

:3nk ot about 4X5X5, ::ha ',he processing vacuum _.,v,[cn :uoes absorbing "he s.,/stem voltage,
chamber. The power supply system consists of a Excessive fault currents can also easily damage the
13.8 kV tor 4160) to 600 V {30) step down ,,aluable _mplantation _tems, When load current is

_:erected .v_lh-ou_ :_ign_f_cant a,_ .'ottage, tube



_nDUt drive _s qufcklv removed, if a current _s .-_s anoc]e punch-through" causes over 60°0 of the
detected aoove the tubes rated parameters, which _ubes ta_iures, it ,s also _rnportant to note that

would be the case of a 'shoot-through" fault, tile their are no recorded 'shoot-through" faults for thts
phase controller _s aborted, m_n_mJzlng the more system. Even though the PSII process desires h_gher
destructtve effects rt long 'follow-on" currents. _nutlal peak current from tt_e modulator, the dynamtc
,'Ve intend to parallel 3 L_tton L-5097's. each rated plasma _rnpedance s_gntficantly reduces the required

conservatively at 70 Amps and 180 kV, average cathode current, s_rnllar or less than that of
•" _ square pulse cathode modulator, w_th it's lower

. .... , • rep-rate. It can be expected that a L-5097 in a PSll

.,,,_ ..... system would have a similar lifetime.
... ' .... The Kwaialein (Marshall Islands) tracking

..,,' , .,,-n :-:::--__,,__,. , radars also utilize the L-5097s in their systems
"' ,,, ...._. Fhe_r highest power modulator, in the "Altair"
• ;'_- . '_, transmitter, has three L-5097's in parallel in a

• • _

...... -- ':_\ klystron cathode modulator configuration. They
_k "J

-- "_'. :_ operate their system at 135 kV, 150 A, and usually
with a 3°¢ duty. The transmitter also operates withFigure 1. Simplified Modulator v

System Block Dia_am _ ._'o a variable pulse width, from 12 uS to 500 uS. The

L-5097MODULATORS transmitter has over 40,000 hours operation, with
the original switch tubes and spares (3). They

There are many existing modulators that initially thought they had some tube problems, but

utilize the L-5097 amplifier tubes, most typically in that was not the case. They cycle the tubes in and
particle accelerator and radar service. The facility out of the sockets every 8,000 hours. One difference

with the largest array of L-5097 modulators, is the between the Altair transmitter and Bates
MIT Bates Accelerator Laboratory. In their facility, Accelerator is that the Altair system uses an earlier
two L-5097's are operated in parallel, as a klystron version tube, with a permanent magnet stack instead

cathode modulator. As shown in figure 2, a common of the later solenoid magnet. Field errors from the
driver consisting of totem-pole pairs of 4PR-1000's discrete magnet elements caused (magnetron)
(four total, two for the "on" deck and two for the oscillations when the switch tubes were near

"off" deck), drive two pairs of L-5097's (four total), saturation. The "on" deck driver has four parallel
This configuration, with a common driver and four 4PR60C's with a t5 kV plate.

L5097's, powers two cathode modulated klystrons ......... _"---_ t 1
(-12 MW beam, each). This system is typically _._U i ,,'c°_, Crb_O_,.
operated at -160 kV on the L-5097 cathodes and they i ..... _"'"

switch 45 to 50 amps each. The system operates at """" I !"_'"'• _.-..... ,0

a 600 Hz rep rate and 25 uS pulse width, a 1.5 % _.- I
duty. These parameters are very close to PSII _._".",_: i;
applicatic:-,s, and direct comparisons would be ',_ _ " .,, - ' ....: --'-'--t
realistic. The L-5097's have been in service more '" ........... , _,o- _i,o,,

than 20 years, with the most recent tube to be '_'") ., =........ _ _.

retired, having over 70,000 hours operation. This ' ' ...... ' _:"_" i- ....... '........

relates to over 16 years operation in twin shift _ !' " i ' } -"]
manufacturing environment. MIT Bates indicates an ;................... +......... i , 1

average tube lifetime of over 52,000 hours, as Figure 2. MIT Bates Modulator '_'",____F--L___I_',LZ.__I
shown in figure 3, for the 24 L-5097's they have in 161!kV ._'om. r_00Hz. 700kVa ,kl_,_ ....,,,,,_
their almost da_ly operations (2). The end of life _s THE GENERAL MOTORS "ALPHA" MACHINE

not due to cathode depletion or cathode poisoning
from minute out-gassing over the years, but almost The modulator system for large scale PSII

totally from anode "punch-through" or filament pilot plant for determination of manufacturing
shorts _he anode _collector_ c',,ctindricallv shaded "-_rameters w_ll be _:ased ci[_ three 0aratlel L-5097's

:.]_no.r__e -r_ec,r3ns -, 'r+s5 ._:,evlpq ,one :_- '_ ":qure .; -he .z:_wer dDl)ly s_/stem ,,_1il L_e as

oetween the collector and outer ceramic envelope, outlined _n the Oqtroductton. It _s anticipated that a

Examtnation of failed units indicate melting on the 'tail-biter" (which is not in any present system) witl

outside of the collector _n an area between these not be necessary to quickly discharge the load
two electrodes. Althouqh there are system protects ca[:)ac_tance at the end of each pulse. Plasma loading
.....! -.',', [7_,]rs ,_ [ .,-;3 _[r"r;q- -"'-_lr] " !!!:.'"" ':: "'i",1' .' ',id'r:_ -r :!; :::rS ! "'_::_ Jisoharde ' ;T_e
.... ..:e_. ........... _; .... ]_ '; : ; " :i:+r "'-,_ r:','.[':- :hst[_r" ;,:- ,'.![: .... .[.::-_ ..ili :;er.___te ]l .,;.;t3qes

-._clr_[)rllt;s - i,][*.: [ • '::.'] " .:][] [ ', ..r] : ;; ._: ::] ' ._.,_,',/ ,;[iu ;i_;] i; , t.ve 'r-e ._.3DSDIItt, _ iO

stress nng surge arrestors, could detect arcs contribute over 3 amps average current. This _s well
between these electrodes. This slight modification .,,v_thin the anodes max,mum dissipation at saturated

'_av increase .:_.,eraqe t:fet_r-nes be,,,c,r_._ =2.000 hours .)_aqe -.v_tch_nq +ve_s. .t,iso ,','_lh the 3 .:_rnps



,.:... :. :_ The area that requires careful conslderatton, rs

::-_,: ._ =- -.:: ........ _:: the vacuum feea-tnrougn bushing. High-voitaqe
:.2: -.-s:::::; ::.,_,.: _:_,,_ cabling between the power suDply and modulator _s
_:. ...: ......... ,. relatively easy. with many types of double graded

:- ...,, : :-+ --i_ dielectrrc coaxial cables available These will

::= .._: .-::_ -_.:3s terminate nn oll and should not be a problem in a:L_ +A2 1 ,::!_ ;9,441.

+::_ ..',: ._..+: :_.':._ well designed system. The output pulse cable is
-:_+ ..._: -.-- -:.:.:+: more problematic, but does not suffer in this
+:11 :.=2 A.2 ,. _-=- ):3.371
+.:_: _: ,,,: .... :..:, application from handling fast rise and fall
::_ : _: " "=+ " _-'_ waveforn7s. An un-graded dielectnc system with a

:" ..... ++ solid center conductor and foil under the braid.A' .': . ..2 ',

:::+ =: '_: :i!_! :"_'+ similar to the "SLAC" AA-840, would be desirable
1127 BI .... :: L2.':.4

_ _ _,: _ -: +."::_ but with more polyethylene between the conductors.

::? _=- - _--: :_::i The high voltage vacuum feed-through bushing needs
:91 - " !" ...;1_

!!i_-. ..:,: :: ._:_ -:.._._: additional testing and development. The authors
L22_ _AI :2. "-_i "5.._4]

_B: .:.::,,.... __.:,: experience suggest that an oil filled bushing would

:6._ _- --c:._ _:.:,..- ._+,_= be the best for high-voltage reliability. Careful
:::-_ :: .-:c_. _"-+: _+.+_ considerations should be made to insure thermally
::"_ :: -:::--" "-- +.-:: compatible materials, such that vacuum leaks do not

- : _ ,- _ develop. Cooling water for the work piece and stage
should have their own helical insulators.

Figure 3, L-5097 Operational Hours. Abrid_zed Listing

?; _..,"T 7" "Y"-_

tl-
To provide better dynamic switching at low

1_ "I1 _ ":" )
_z. _ _ ; _ _ operational voltages, for enhanced PSII flexibility,

+',:,-___ various options are available to improve overall
L/ system efficiency. These modifications would

"------1-- i ! _1 - ,,o,_ possibly increase tube lifetime and reduce input
..:o ,!_ , --_,_ _--_, ,_l_.,.. , mod-anode drive parameters. The improvements

'_"_ i [ " ]-"-]j I t_'_ I would be socket compatible with existing devices

l " "' _t,,O and only require slight changes to the drive deck
• - electronics.

T,_j ! In the present configuration of the tube there

_.... I exists a shield ring between the collector and mod-

.... ; anode. This shield is placed at cathode potential
-, ..... _,rrv,rv'_:, ........_s_,c,_o'r_'_o_) (typically deck common) to reduce the effective

capacitance between the mod-anode and collector. If
Figure 4. Simplit]ed Circunt o,t Modulator Oil Tank

the shield is connected to a positive bias, secondary
average current, (average) cathode loading is also electrons can be better suppressed, further

light, less than 100 rna/cm2. To better match the increasing switching efficiency. An optimal bias can
plasma dynamics and provide a fast load risetime, be determined by examination of the tubes electron

cathode current w_ll be peaked to around 100 A for a optics w_th traiectory codes, along with operational
few microseconds, and then !imited to aDout 50 confirmation. Iterations of the tubes collector

Amps. Even for the 100 A case. the peak pulsed design may be realized to further reduce secondary
cathode loading is very conservative, around 3 emission.

A/cm2 . The "peak-plateau" mod-anode input voltage Another approach that has a more direct effect

will be generated by a pair of fiber optic controlled on switching tosses, is to _ncrease the tubes

"totem-oole" hot decks. 'these decks will be of 0erveance. Various methods are presently available.
7nnt,r-,al -+eslan. "-'..-Yr'er?t ,_qt "": -_ "_mk .'.,_11_,.q_,r_ .,,+ reT " .................... • ,.,, 2, tJl :,:arls_rTatioii :4+..,i+e_ to determine

:_n extra ,drive' tube, ._roc)er ::::as_na _s outa_nea bv tube design traae-offs and socket compatibility.
switching the output polarity of the fiber optic Modern designs w_th 200 uperv's (or more) are
receiver. The decks w_il ut_tize Vanan-Eimac YU- possible, but must not deviate from the L-5097's

113's. a 60 kV. 15 A planar rhode. These devices internal rugged design.
reau_re about 120 volts oeaK-to-oeak drive between

--.+, • ,+i - ,....... ; . ' • "
"_[e - .-. r-', r'-) r7 tC S..,;, '-rq._ ....' ..... + c .., .[ .. ,--..... •!. ::, r;........... =-.

_:rive .'.avetorms .'.¢in 'se ::':: :: "rues '-e.::er '"_r+

700 nS for the three parallel L-5097's. The

anticipated design for the hot uec_ system is shown
,+ _qure
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