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Abstract 

Ntvltral priicle l~aam (NPR) devices tmsrtl on high 
bright ncss Ii- accelnators are an important component of pro- 
powd st ratcgic tlefrnse systems. Tile basic rationa.le aud R&l) 
program are out lined ailtl exitt~~ples given of 1 he unclerlyillg terlr- 
~ldogy 1 llr~~sl s tow& advanced syst tms. hlr~cli of the research 
acromt)lished ill the past year is applicable t,o a.ccelerator sys- 
tenls in genrral; some of these aciivities are discussed. 

design and long-lead procurement and const.ruction work for 
G’I’A- 1 hm been conlplet.ed t,his yea.r. However, the shut,tle and 
fullding &lays liavr led to a major rrsl~ltly of the precise goals 
of t,he GTA alld iis iut.egration with ehe revisetl scheclule for the 
ISE flight, future program decision points, and available flmtl- 
iug. Presellt progranl t>lanlCtlg directs the C;TA t.oward anhi- 
1 ious longer-term research that would produce major advances 
in system brightness. (In t.he next section, we will examine the 
driving technology terms further.) 

Introduction 

Nelltral particle-t,eanl devices as pari of a strategic de- 
ftmse syste~n con(inue to be a rot,l~st concept, enhilucetl by the 
ahilit,v of JYPI< to perform a variety of uhsion flulctions f’or 
Ilot 11 t lie ~keai‘- and far-term strafegirs. These flmct.ions inrlltde 
t argrt tleteclimr, sriining the cliftrrrnce t,rtweeu actual missilrs 
~1~1 tlrcoys, ailtl the capathlity fo tlisat)tr or dest,rop exoatmo- 
st)llrric t ;trgt.t 5, rartging from low-level electronic ripset to pllysi- 

ral tlest ruct ion. System arcllitecture stu(lies place NI’R de+crs 
ii1 a variety rlf roles. This is ilot surprising on funclamcllt al 
grnunds considering tlie tjlrce lmsic types of destructive 
t”.oject ilesmpkinctic. particle, and photos. Iiillei ic projcctilcs 
pack a lot of mergy I,rlt arc dilticl~lt to clchtiver ctrlirkly over lot~g 
tiislances. F’i~tstcms travel at Ii,llt spt‘ed bill can only deposit 
tll& pltwgy on a sii~~fare. det~e~~ding on s~~rface erosion or slrbse- 
(]llt’l)t tliernlal effects. Particle t~e;nl~s mli I ravel at slltxtallt ial 
frad ions oi ligllt speed atltt tm~etraft’ tlcq) illlo a target , rrlcas- 
ilig t IIvir ciirrgy wit II grrat force and rnnsillg secondary IltlcltYU 
I-t-;tctic,tts (llat arcA llscful ill thr srllsing fluncliclll. 

I>igllt -ioll I)rams, arrelrraictl by riL(liO-frt~(tllc11c!T (rf) pm?‘- 
tw~l linear ilm c,tmatorq, arv opt ilttllnl for tllc~ Strat epic L)efrllsr 
[Ilitiativts (St)l) t,;ll.ticl(,-t,t,;tlll rrqi~ir(~ilIcWts; research into t ht. 
])~,:iit)itit,v oi’ itleir 11it’ f(,r stralegic tlr~fetrse is 110( nI+v. l)ut tlas 

IvrIt ~~x~~;tltfld iu wrt3lt yars. Tlw ~~rc~gr;tnt now involves man> . st~~~sor~ tat)c,ratc,ry. alld i]ltllIst Cal orgalllzatlnlls and raiqtss 
ft.,~~~j Iltar--tcmIr t)mjects alltl ttt~ll~~unstrwt ioIls to far-tt~l~nl RX-I) 
1;jr i’lill-c,at)“t)itit! weiq)cHlh. ‘I’l~crr are several iutrrlscking [)ro- 
$qillll ~-4~~111t‘1115. 

..\II Inlrp,ratd S~)arc. Extw~illwlli (ISE’I is t~r0tmsc.d to iii- 
\ Tut ig:;\tv t 11~ op~rat,ility and hasir t)~*r[i~~~lance of au NPR tle- 
vjc(’ ill t]le st,ace c1lvirolllllt’lit. Firltlitlg rlf this slll!ttle-talll~~tlrtl 

ext)eriinent has t,rrn tlrleyetl t)y t tic (‘l1atlrngrr Sh1ltt.k~ disaster 
autl IllC pW5t.n~ I,urlg’+ sccmrirl. ‘I’W~~ l;,rgY arrus,“tC~ ~mI11s 
RI‘C now rnlnplrt iug a Phase I s(lldy progralu that has prodllrrtl 

t~rt~liltlinaiy designs; 0116‘ ican, will he cllosen to proWet witll 
ill? IS1s. 

A third major program comt)oncnt is termed the “Tech 
Base” element, covering the near- and medilun-t,erm R&D that, 
produces components, subsystetns, and spst.enl developncnt 
feeding illto the GTA and ISE integrated expmiments. 7’1W 
Tech Base program is coucent.ra( ed aroullcl the Accelerator Test 
Stand (ATS) at Los Alamos and the Beam Experiments Aboard 
Al~oartt Rocket.s (BEAR) project. The AT’S is m ot)crational, 
425.hlH2, low-dllty-fact.or linac system mlnprisillg an ion source, 
low-energy beam hqort (LEBT). a LOO-keV to 2-MeV radio- 
freclll,~~~cy-(l~~acl~~~t~olc (RFQ) t )Iraccelerat,or, a 2-to 5-MrVdrift- 
I rll,e linac (WI,), and diagllost,ic area. The ATS lab is salt,- 
plrmentetl by several separate ion-sorme test, setups at Los 
Alamos, LRL, C’nlham, ORi%. at areospace contrachr facit- 
ities, alld by catmhilities for doing accelerat,or structure devel- 
ot)ment. rf power tests of componrl~ts, and so ou. As parf of the 
shift in program &finition, the ATS will conli~lually evolve as 
he primary test facility until the (:TA is completed: ollr present 
prrq>osal illvolves extellrting t IIC ATS t.o rnahle full cllrrent tests 
of t)rototype l,eaul oplics, Ileut ralizer, a.nd sensing elculents. 

Tl~e IsKAIi project will llsr an Aries rocket to take a. 
IOO(l-kg payload, including a I-hleV, I O-mA NPB drvicr. lo 
aIt it udrs greater 1lla.n 200 knl for almut 3OCI s. This will be the 
first tilne ihat real test resltltb will be nt~taiuetl 011 t Ilr otWT.at ion 
of all il~t.egratrtl NPU experimt~~~t in sparf and on the cltects of 
twain clllissioll on Itw s~‘are vehicle ;rlld local space ~1lvinmIllcut 
and vice vrrsa. The ATS a.licl LIF,AlI t)ro,jecls are very ac1 ive 
110~7. and aspects of each project wilt hr tliscussett filr1 tltr t>rtmv. 

01 her t>mgraUl elmmrnts covc~‘ interllatioual collalmrnt ions 
and advanced HSrU. ‘I l~r formf~r t>riluarily involves itrl:-sbllrrr 
anct cant illuoils-wave icn; 1 accrlrra.tor rlrvelrq~lnent at I IIe C’ul- 
ham Lat~c,ratory iit Etqlaud. 

We next ciisc,ttss IWW tlevrl~q~~~~t~~~t in key t IXIII~OIO~~ WC~LS 

cor~ltl lower (Ilr nlasb of an NPR platl;)r~l alltl, il~refore. lower 
its cost, illcrcasillg its feasibilit? r its a dt~fensive couulcr against 
the cosl vf all increase in it strategic otlt~rlse. 

Reducing NPB Platform Mass 
A cot,tI~ielttelttal~\; major pal+ of ihe NPR program is the 

rot1str11ctioll r,f t Ile C~lmltl1r-l ‘l’rsi Arc~lrl~atol~ (<:‘PA), Fit 1~0s 
Alau~ns, tn pr<>vitte a frllty integrated. highly diagnosed expcri- 
~tlrlttal NP13 qro~uttl drvicr that tests au(l tletnonstratt~s at] the 
p11) sic5 feat ~lr~h and ~nost of tile ruginefring featllres of atl- 
\~fce(l Hi&l &\~ices. The G’l‘A is a ~lccessary link t~tween 
ItYhllolog~ tlevelopnmlt cletlwllt s and ISE flight drvicrs; tllc 
(:‘I’A Inust IW a flexible vehicle for ilrcot,tmratillg tectumlogicat 
nd~ances ~natlr dllring its life. In its original drfillition. G’I’A 
had two srcp?‘r?rl stages. ‘I’he G’L’A-I bvvas defillWt at (Iit’ same 
basic pantu~etrrs as the first JSE alld wmllrt feed rsselltial data 
to ttlv lSE. ‘I%e ]ligllrr-ellrrgy (iTA-’ wo111d be I,uilt in t)arallel, 
atlt icipat ing [lie use of nlally (:TtZ-I parts, alld would develop 
tile reqlliretl atlvaucetl accehalnr. I(lw-tli\,c,lrellce hall1 optics, 
precision t1ea111 sensilrg. aud rrt arget illg t rrhuology necessary, 
alo~lg wit)1 ttle IC;E rrslllts, to make a tlerisioll to proceed with 
ii i~,lj-~~lt~ NPR cngiurrrillg Inotlct. ’ Mucli of fhe prcliminar~ 

Cost is a priiii;qy f;rctm ill clrltmrlininp wlwl twr a liiiljoi 

pro,jvct will be ,Illtlrrtakc~~, aiirl sfralcgic tlrlensr is 110 e’xc~‘t)- 
tion. C’crtainly llle cost of the cl~feusr InlIst I,c aclviultagrous 
ii1 tllc mail1 and also at the ina.rgin compared to what wo~~ltl 
Ix rrquirecl to counter the tlrfeiise with a larger nr<,nnc. ‘I’lle 
cost of large systems can be rs(imatetl with some accltrilc>J fro111 
the overall mass times a. nt~cifir cost factor (arollnd $30 OOO/kg 
is the figure used by system architects for NPB platforms). III 
estimating the event.ual cost of an NPH space t>lat,form. it shor~ld 
be noted tliat, the planned heavy lift catmt,ilitp would resldt iii 
ttle Imulch cost being a low fraction of the total life-cycle cost 
of the l>latforln. Therefore. the ilnport ante of mass redrlc-tion is 
in ternls of ttirert cost saving rather t hall iu the costs cd p~lttiiip 
tllc mass int.o orbit. In tllis rough framework, the evol\ltion 
of less massive NPB platforlns via a progressicrll of technology 

tie\dot,1llellt * might occ11r as in(licated ilr Fig. I. The mass 

* \\‘<I, k pwfr,~ mcd nnh-~ ,,,F a,,r,,icrc of tlw I1.i;. Lfr-,wtn,r,,t of En~rgyaurl 
sl,,,~~~c,~I-,l In (It<, St~atrf;ic Ikfrh~e Inili,rtiir Orgnr~izati~n~ tl~rougl~ the 1l.S. 
&I F,j ,cp &I I’.$. Ar~ny V;tt atrgic Deft~sr <‘f,nmrind. 

‘J. W. hlcKer ad T. .J. Trapp, ild wnal conulnniirali~,n. T,os Alanam Natirmnl 
Ld,<nxlm-y, Ikrrmh, 19RG. 
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Fig. 1. Evolrrtion ot’ NPR mass properties. 

axis rat1 bc nomralized lo “ne for lllc “C’rlrrtmt ‘l’ecl~i~ol”g~y” IXW 
l~ecalisr tlie argumrnt~ follow without nlrrcll tlrpendr~~cc on thf 
part icldar ulisbion. 

TIW ‘kWIYWt trclUI”l”gp” is IY~J~IYW~~~~~I by a clmuical- 
c-otlllrustioll t~~rl)oaltrl.Il;ttrtr J~Grnr-I)~~wrr systeul, magnetic op 
tics uziltg today’s J~e~.iilail~tlt-:~~ag~l~t materials or rkct.ronlag- 
11c.t~ in a iIIass-rll’(illliz~rl mix, rf povzr at 0.3 g/II’, and a 
rr~c~ill-tr~ltll)t.ratlll~~ linac structtu~ with it .4:l-hlrV/11t acrelcral- 
illg gradient Tile basic thrrnml tua~lagr~ncnt layout is shown 
iit Fig. 2(a). Front l-10 ulrtric tonnes (clq)rn(ling “11 Ilie ~nis- 
siolr) of IiqlGtl I~~rlrugen are rrqllirt.tl 1~ l)t.illlr~ Jmwer. ‘l’ht- Ilc,at 
excllalkgrr wolllrl llsc SIIpercritical llydrcp~lk al~d wotlltl rtyttire 
tleveloJnnrllt ‘I’lle sgstcni is cl<*arly tlott~iil;rtetl lay the prilile 
powe’r Rll(l rf ,I”WP1‘. lir(lrlrirlg t 1112 nlass of these con~J-m~enl s 
wol~ltl I)r”dllc.c a direct saving, I>111 also w”111d resrllt in light- 
uliiig of 01 11~ colii~m~lrllts sllch iIs tllc at t it utle cvnt rol system 
al111 seli-d~~f~~~sf~ slric*lclitl,q. 

EXHAUST 

-EXHAUST 

(1,) 
Fii: 2. C’C~I~I[XII icon <)f t ht~1nnnl ~GLII~~‘IIIC-II~ 1i;tsics: (n) ;Icrrlrrator strrlc- 
lll~tl is roml> tvlul~r~l-alu1r (I,tlz lirpicl hytIh2grl1, I,(>2 = liq~~irl oxygen, 
FIE - Ilrat exchanges), (I,) irCcPlrr*tol stbllctllrr iti rryogellic at 201i. 

The power requiremrllts of a p~~rv copper rf linac ~lrcq’ 
significantly if t.lie structure tt*nllmat.llre is lowered to the cr-yo- 
genie range; aftrr drvelop~nmt , a factor of 2 or snore pow<*t 
reduct.ion could Ije expected at liquid hytlrogct~ to liqllitl hrliutll 
trnlperaturr. Linac efficiency is expres~tl as I~ralr~ powt’r d- 
vided Iy t.he mun of IW~III power and st rllcttm waste power, so 
an &ciency inlprovenmrt of SO% “1‘ more is rt,atlily c,zlrIllatcd 
fhr ha.nl loadings of .50-60% at ro0111 trllll)eraitIrt‘ and R0-90?& 
at. cryogenic t.cniperat 11res. The tllrrlllal Illallagclllellt arrange- 

ment woldtl be as slmwl~ ill I?ig. 2(l)). ‘I’lle basic prilllc-power 
components ar’e t.lie satmy thcforr, t,llr specific I~riulr-l)“u~cl 
cost is al)“lit tile same. Some Inksions w~~lld rrqIlirr almut 
three times as IUIICII addit ioilal liqklid llytlroge~l to cool t,he ac- 
celerator as is reqIiiretl for tlie Jnhr pwcr; t Ilk would not IX all 
excessive illass or cost illlpact. ‘I’lle cryc)grlAc a.rrrlcrator strllc.- 
tllre liow reqllircs clevt~loplk~ent, wllilr t 11~ hcbat exrhaugt~r tIesign 
is more strai~lltforward. ‘l’ltlls, the cost optilllizat ion is tlilf;rellt 
tllall Wmltl rmu1t firm cllallgirlg a gro1lIltl-lmecl SysttYll timlll 

room temperature t.” cryogenic, I~ecausr here t lie same cryngtnic 
prime-power spstt7n is l~srtl ill hot II CR.SCS; 01lly the acrrlrrator 
structure is cllanged. The niore than fa.ctor of 2 mass savil~g 
sll”wll by t II? L~Adva.llCed ‘l~tdlll”lo~;p” bar is acllicvml witIt sl~rll 
a cryogenic accrlerat~ syshn. wit II the atldctl assuml>tim that 
the linac wolIld llse a fi-hleV/~n acct~lrrating gradictlt and that 
a tlirer-fold iillprovemrnt iu the wrigllt ratio of the rlCp”we1 
system, to 0. I #/IV, is achieml. ‘I’lir~ lIlaill il111>acl 011 tllr system 
cost is derived front t lie rrdllc-rtl 1.f t.c.(lllirelllc’llt of’ tllr cr~‘oac.- 
celeI,a.tor. 

Sl~lmyl~iit illll~t.O\~t~lllt~llti are Sillilll~~r iu itl~sol~~tc tcrllls 
hrt still iulj>“rtallt lm-arlsr of t.lle high slm-itic- cost. “HigIl- 
C:ratlicnt ‘l’erl~n”loq,y~~ ( IJig. 1 ) prqmsm 1 IIC 11se of a flllly SIP- 
Jmmudl~cting accvlerator strt1c.t IIIY’ with ZI)-~~C~\‘/III accelr~t~i\t 
ing gradient. ‘1’1 ‘,( 115 gratlicilt Ilas alrc~lg IWW clc~~lo~,str.;llr~l 
for singlr cells iii lahratory tests l,llt rrqllires tlevelnpn~ellt 
fm nirlltil)le cells; it also rfqllires c’xqttisitc% Lenin perfibrlnallce 
lm-alise ally stray Imrlu c011ld ca11se 111~ structrlrc to rc$mrtl 
aJ,ruplly to iioniial colltlurtivit y. ‘1’11~ Iikts (“f procetyling tli- 
rectly fimli ro1)1u telllpcraturc to srtpercmtluct ing strrlct hum: 
wit~liout the ilitermrcliate step of cry”gtmic st rllctluys. is IyAng 
debated. The rf weight/power rat in in this case is still 0.1 g/n’, 
and 1 he magllrt~ic-“l)t irs ~nass redllct inn rlcrives frolu t.lle t~se of 
atlva.llced nragnrt.ic materials. Tile rt3mGttill,q lmrs specula1.e 011 
t lie p”ssil)le loilg-lerln tlt~velo~~~~~.~l~t “I’ 0.05-g/\?; rf l,ower, llsr 
“f very liigli trnlperatrlres ii] tile tllrhine, antI direct convcrsim 
of tlu-Line-shaft horsepoucr tn rf Jmwcr at Ihigh &icirncy. 

Ilicreasingly intricate studir%s 01 tJ1i.i tyI”> are I)ciug c-011. 
dllct.rd in conjrIndion with overall SI)I sSstcrll-a~cllitectrlre~no~l- 
chg. The steps t hrorl,qll t Ilr tllir(l hr (Iligll-(:ratliellt. ‘l’ech~l~~l- 
“gy) appear qllitc feasible given a t I~oro~~gl~ tlevrlopt~~r~~t. hero- 
gram; the resulting masses project the favorable elliciency of the 
defensive riiechanisn~ r”Iuparetl to t lie costs of more ofkricive 
missiles. Allot her paper’ . tq)“rts tlir deniollstrat ion of nJ)pr”x- 
imately the expected Q iiiiprmvemrnt in a D’1’Ltype stnicttlre 
at. liquid nitrogen a.ml helium temperai ores and at t.l~e reqt~ired 
rf voltage and power levels. A two-cell cryogetlir JYl’L strrlcture 
will IX iilstallrcl on Ilie A’I’S and t.csted tlr&g this year. 

Research Accolnplishlilellts 

ILlany ilew things Ilavr IW.-ml ly IHYYI iiclIieve<I ill rf act- 
erat,or technology for tlirectc.tl-rn~.1gp applications. III tc>tal, this 
work has already hegu11 to clln~+y ratlicallv t hr way litrac sys- 
tems will 1~ built, frown Ilow on. -A few areas of I~roacl interest 
t.o the accelerator connnunity are now oul litled. 

Ion Sources and Low-Energy Beam Transport (LEBT) 

The Ihthikov-type “surfi~ce-l,lasmn sol~rre” co111 illltcs to 
be t.he only kl- s011rce cnpal~lr of ulrcting t 1~ briglkt nrss r’e- 
rpirrmrnts fm the ISE and <:‘1‘.4; in the past yycar: pcrf”r- 
mance increases in this SOII~CF have lm3r tlrall~atic. Ht3carcllc7s 
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found from sophisticated opt.ical spertronirtry, eunissive prolte 
hea.m 1’01 rntial measurements, and cotnparisoll wit.11 vol~une 
sources, t.lmt the Dudnikov SOIIKC also operates on a VOIIIIM 
basis and, hence, should be reuan~rd. RelialJle perforlmncr has 
1xw1 arhirvetl on the Los Alamos 4?( so~lrce at 250 IIIA with at>- 
proximately 0.02 n.cln.mratl rms, nornlalizrtl cmit.t.ance ill each 
plane and wit I1 a very qtlirt beam-current pIhe. ‘l’he smuce was 
also operat~tl at exhlded tlllty ract.ors with 1)11Ise hgtlls tip to 
4 111s; C-IV t.ests at. 25% ollt.]“lt r11lTr11t are scllrtlultd. All 11011,& 
this sorlrce ltias tl)e tlisatlvaltt age of rtsing cesiutu, wliich atltls 
oprational complexity, it still provides the slandard that other 
potent ial sources mnst match. 

01 her scu~rces of’ the volllule type are Iwing tlevc~lopcci at 
several lal,oratories.“-5 In Septenlt,cr 1X%, the Culllam Lab 
oratory source produced 140 mA continuollsly for 30 s with 
good l,ealn ctllality; emit~lance Iliras~hreulellt~s are in progress. 
Recently, LBL has been making good progress in their volrule 
solute research. The possibility of losing La% cat,lmdes contim 
IICS to IX= itlvesti~atrd: tllis material can achieve the required 
c~1u~~11t dvnsit y and can avoid t.hr operational prnl)hus of re- 

‘silinl, but the La&, sources are qllitr noisy. The volull~e sources 
wit llorlt cesiuln may eventually be tile preferred sources; t.llry 
are ilrtrinsically quiet, capable of quick turu-on, and simple to 
operate. 

Negative deutrron production was also tle~~m~strated in 
the Los Alan~s Dllduikov and vnlltme ion sollrces; scaling re- 
lations were verifiml. PIlysics modrlillg of the LEB’1’ coilt.illnes 
between the ion source and 11 FQ entl~anceY 1~11. a consistent 
nlodrl iuclllding space-charge neut ralizatim~ effects is not avail- 
alrle. Itowc~=r, work with i he ATS cnlumn and a. hgill~tli- 
~mlly atljustal,le ~~ert~~al~e~lt-llla.g~lrt-ctrlaclr~~t~ole matching sys- 
true (Fig. 3) have resolved the ol)erat ional umt.clGng ~~rol~lrm; 
111~ llrw systcnl is now always cal~ablr of Imdt~cing a lllatclletl 
IWiLl lo tllr RK). 

RFQ and DTL 

ITsing new interior parts in tile RFQ (co~~stani rarlicls of 
cur’vatlwe valles) and tlke lirst. c~m~plrte trst of a lY1’L wit II 
~‘P’L’lll”llellt-m~.~ll~t c]ll”‘lrrl]“‘les, tile ATS has sr~ccessh~lly ac- 
celeratrtl a 100.MA beam to 5 hleV. 1’1~ t)tl,forlllallce oL’ the 
RFQ/DTL svstmn agrees with predictiolls, a11t1 tllerr is no loss 
of either beam current or beans quality in the trallsitim I)?- 
tween structures 01‘ in the DTL. ‘I’llis accol~~t~lislllllrl1( verifirs 
the pertormanre required fnr tllc 1SE and set.s 1 he st agr for t hr 
design of an atlmuced C:‘I’A. 

An important technology hseline was estal)lished wit11 
final operation ol’tlle FMl’l’ 75-keV to %-Me\‘, X0-hlHz cw RFQ 
al 50 mA before ftulding support was ttwninatrti. hIany impor- 
t ant engineering lessoIls were learued during operat ioll of this 
facility: and the I~ealn performance cpmlitatively agreed with 
preclictions. TInfort.unat ely, it wa.s not. possil,lt~ to pcrforn~ the 
detailed beam-dylmmics experin1ellt.s on brightness behavior, 
beam halos, and bean1 losses hat were the reason (apart. from 
111r engineering) for building the prototype. 

Techology Transfer 

hlany new ideas and prot.otypes havr reslllted froni an 
agressive t.echnulogy transfer prugram wit II indlistry OVZI’ the 
past year, spearheaded by t,lle BEAR and ISE/GTA programs. 
The BEAR ion source (Dtldnikov type) a.1~1 RFQ llave conl- 
pletely new engineering configllrations, a.s shown in Figs. 4 and 
5. A major goal for t.he RFQ and LYYL is t.o llse nonatljl~st.al,lr 
vanes alld clrift-tube mounts. This is accomplished in the RFQ 
by nlaclliliing quarter segments put togct her with electroforlnrtl 

Fig. 3. BEAR ion source Fig. 5. The BEAR RFQ asseml~ly flight modrf. 
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,joints and ill t Ii? IWL IJy smnc forI ol’llard-socltet.ing, p-e&inn- 
aligned drift-tnl)r nmllllts. 7’11~ tanks are IGng made of aIll- 
Iilinlull wit II rot)prr-plated iuncr s~ufacrs. ‘I’lir lmsic t&s of 
eIr.*~t~~~)f~~~ltiil~g alld cq,per plat ill,g 0~1 al~~nlinr~tl~ were SIIC~~CSS- 
frtl: extcmsive tlevelop~nt~~~i is now hitlg dc>ue t.o work o11t tllr 
&I nilytl pror~111~s Iiecrssary lo arhievc high-iutrgrit y jrlillts 
allcl s~~rl’aces ill Ille cutnt~licatetl ~~OIIIC~ ries of the actual banks. 
These Ilcw strrlct t11’e8 will l)t’ n111cli liglltcr, and 111~ srlccessfiil 
ones will he scalal,lr to cryogenic atl(l cw opei’ation. 

Bean1 Dynanlics and Accelerator Design Code Devel- 
oplnent 

‘I‘lle *Ilore st riilgeirt rectuirrlllellts of atlva.nced I$$- 
l)fight~iess rf linilcs rrct1]irc COIII iinlccl dr~velcq)mrnt~ of t 11~ 
desiF;]l 1001s. hlailv rotles exist for desigtling I~al~l-i ra115~mrt 
s,vstrins wii1101il accelrmtion, l,lit none ol them includr hi& 
order ahrat ioii treatment, nolllilirar space cl~arge! and tlesigil 
ol~tiiuizatirm. siit~ltlli~l~c~ollsl~. ‘I’1 LF md~s hIi\ RYLIF:, (:lOS, arrtl 
‘I’HANSI’OI~‘L’, all illid-ortic~ crrdrs wil II analytical rq~~scnta- 
t io11 of disc] vtc l)cm~llillr elcmc~lrt s. have I~t.n Imtclulrarkd for a 
collilWar s,Vst?lll of srveral ‘Jll”‘IL.‘1pd?s; t II? three codes (ilf- 
ler 1 railslal.iilg tu comlnoll ullits) ag~rrl to a few parts in tell 
t ~IOIISRII~ ill all ahrrat iot1 cocfIicicnta.” The codes (:lCNhlAl’ 
(a III~YII~XT of th hl,ZRYLJE I’. rlnlily), MO’I’t~~R, and SYNOl”r 
(iin t.lllljryollic s?tllI’lerti~-illtegr.atol- wdc’), all ray-traciilg codes 
a11d all c’ct7~ippecl with tlir lidl~cll fitdci rq,rrsrlltatioll of 
~)t“1‘111a11(‘111-111ag”c~t ‘tl’atlrupolt~s, IillVe IWll hmchnmrkwl 
ngaiilhi rac,ll v! 1lcs1. and ;\gGilst tlil~rct nlllllcricnl intcpat.ic,tl for a 
ct~~adrl~Imlt~ tviI)lct and drift-leliqth systrln with I)~~ii~t-to-I~a~a.ll~~l 
iiilapill[; ill 130111 plants, sinlllltatlrorl~ly. ’ ‘1‘1~ ~:I:NMAP ant1 
IVlO’l’t11~ codes now agwe witllin almlt half a rnicroradiall iIt 
111~ divcqeilce; S1’ILlOP’I’ agrws to aImlIt lwo Iilicmradians aud 
is Iteiilt: CfltTlitYl frutlirr. 

.L optinlizrr was writirii* for IVI~ZRI’LIE, and work has 
I)~~III 011 (:~NRI;1P:nll~I(E’L,lr: to t~ro~l~~re a IWW ol)timixing 
1 Ilidor~ler ray-traciilg code that will rq>lace MU’f’lCH and GIOS 
‘l.llV RIAI~1’LIE cotlr~ I: cl 50 nl>pear5 to IIC t 1~ m*f’ iiird readily 
rsirntl~~l to higll?r (5111) ortler; tltis w<rk and also tIltA inclusion 
or 5parr cl~argt- is ill prqqc,ss. 

IIICSI’, iil’A .liilirll. ail<1 lmh ,Ilillllos c~~iit inlIe tu COllillK- 
rate ili tllc tlc~~~lop~nrnt of tllr tlll,er-rlilllc~llsiollal MAI’IA 
( hl.l\xwrll’s I5t11af ion ~olvcd 1)~ llrc l’illite llltc~gration Algo- 
ritlnll) cotles. ii system intclidctl for c-om*)ttt c,r-aided tlesigil of 
111i1~11r~ls. rl itl~llc~tllres. iulc 1 sl r,tl14 tIrt3 ~II wllicl1 XV;I~V I’ -1 I: ’ I< < i <,I t’ 
illip~i 1~11. I”iglm- (i sl~mv::, I II<% pr~5~~1~1 n~lwli~~ltsllii) l)et\\rrtl tllc 
ic-ctioils nf tlic hli\FlA mdcs -hII<, lC(, 1?3l. 1’3, ailfl ‘I’3 a*‘e 
i1017. avi~ilal~lt~ to fi~irllrllv IISC~~S; they llRV(. lW(.il p11f <>I, llw nll:E 
( ‘R,\Y 114 R.ol~k alItI c-ill, also lw <III1 ;1i1wti ~I~WCi ly fro111 l)ES\r’. 

M3 

3-D wah generalot 

* 

T3 
3-o TBCl 

Toe d‘nmn 

r---- I f 
R3 I 53 

’ MatrlX g*“*rator I EIectromagnBto-stBt,C 

BOIYW 

(Still being written) 

PreSB”l E31 or E32 
T3 postp,ocessors 

L---- -J 

Physics POsl$mCeSSOr 
(present versvnl) 

Fig. 6. Major parts of the 3-D MAFIA code. 

*c ‘I-. rblr’tl‘x+ll~itll, intwnal ccmunuuzicnt ion, 1.0s Ah~~~~s National Fig. 9. MAFIA rode model of the ferrite-tuned rf cavity, used to compute 
IAmat<w\ I hr<~ndlr, IBRS. fundrmwntal Fwquency as fi~nriion of ferrite permeability. 

Work is cmt.inuing on S.?, t.llr gelleralizatiorl of P3, autl revision 
of the direct-access file st ru~.ture. ‘I’lw i-f cavit.y codes have been 
trstetl on sevrrid realistic strltctllrc-s (e.g., Fig. 7) antL appear 
to hc working well. The lowest thee frequmcies of this cavity 
witllollt the ferrit,e rings compared withill 7.5% of the lalmratory 
iueasllremwts, ii, spite of the comI)licated shape and a coarse 
15 OWJ-point mesh (Fig. 8). ‘1’1 le inodrl of Fig. 9 was used to 

sttrtly t.lie cavity fuil~laiiwiltal freqwncy variation as a ftunction 
of 1 lw ferrite permea.l~ility: good agreement. wi1.h exprilnental 
data was again acllievetl. 

- 
POWER TETRODE 

PLJNG CAFNcfmFl 

FERRITE TOROlDS 

BERYLLIUM OXIDE DISKS 

Fig. i. C’ross srrtim of a ferritetllnrcl rf cnvltv 1;>1- i-il-crllnr accelerator 

Fig. 8. MAFIA cod? n~ndrl of tile fphtr-ttlnd IF ravity IIS~~ to ~omlII,tr 
rtwxliin~ fircluellries. 
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Elllit,tance Growt,h Physics 

Sqmrat c invrst igatiruts iuto 11~ lmsic 1)lysics Iin-hatlislns 
lrntlvrlyillg mii+ t alice qrowtll in acct~lrrntnr and loan-1 ralisporl 
syd ~11s 11avr t;rk(.u years to I~ar Ir.llit, I,llt it) l.llr past ycvsr, 
I)rr-alit hro11~11s havr ncr~~rred.~ 1~01~ I IIC first tinle, it is uow pas- 

sihlr to ],rmlict amlylicall,v t11e filial rlllitlalicp to l)c expectt~(l 
for I)~IIIc~II~YI. ~l)~~(.~.-(‘ll;~r.gc~-~l(~llliil~~tt~tl IWVI~W iti trrms of a cllarge 
retlistril~lltiol~ ant1 a kitlriic-t.llt-I,gy txclmrqt. lot well 11~ COOP 
rliltatr pu~jtd ion l)lanrs. A basic rclt~ati~~ll. tlerivrtl I)y ‘I’. P. 
\\‘illl$Ll~T. ’ is 

<‘f : p&y , “i”Ji~~ill~~‘.“” (+3” jzy3,([:,,, IT,,,) 

(1) 
wl1t.r~ i iliilial, 1’ ~ final, I[,, .~ nonlinc*at~ Gc!~l energy of Illr 

rlistril,lltioll. f’ paidit i011 p:*rittLleter -: Z”/S”, C:, ~ IuIII~II- 
iltK factor. & - I)III~(.II~.~-I~(‘~~~I l)t’i’veallct‘, 00 ~ zc~r~-c~rl-re~~t 
t 1111<‘, alrCl x rf wavclcw~tl~. Al ll1f.> slmcv-charge liluit, 11~ 
I~r~;t~~~-cl~argc~ (lis1ril)rlt i47ll tr7ltls to lllliforlllity wilhin a ~IRSIIIR 

lt~llgtll. ‘I’llt tltfif;lrnl [list ril,rttioll leas zt*ro Ilolrlillear li~ltl el~rgy, 
. . 

Ilc’nce a Iltliforlu mt lal lmun vmulrl stay rlnifhm, ;u~tl tilt, sc’c 
011d t PI’111 \W)lll~l IX. mW1. 1r tllc <‘,,t’rgy l%llall’T Iwl WCt’l, plaws 
is ~~nqliitl. an rrtllilil,ration, or‘ ~~clllil~~t~litiolliiip. will cvm~r in 
Ihr sl~~‘.~~-cll;~~~c--~Ir~tllilli~t~’l~ sil~~atio~~~ also c.allsillg vlnillalicc~ 
growt 11. 

\T.allglcr Ilas I10w practically apl,lirtl tllis tmsic resllll t<I 
thr RFQ: 

2 
tf ~~ 0, c y i- (12 $ (7fj.1.3 

I\.lll’W it, a11cl 232 al’? <‘lll])il.iGLl u~llsl ant!: rlrprlldrllt~ 011 the HFCJ 

rlc,iign l)i.~~(~~~lllrr. an,1 flillct ioils of t lir il(lial~in(ic l)lulcllillg pm,- 
1‘f’5:$ irtltl lmrticlc 1~1sh~5. Altlrollgll tllis re~111t is st,illi(.llll)il.iTill, 
it ir~r~‘m n~r~~~rkal)l!~ well willl tlctailtcl sinllll;tti(.)llh, as bll(nvu 
itI f,‘ig. ICI. ~1lt.r~ tllv final eniitlailcc of a coll<.(.tiull ~)f 11t’on ;uril 
t~ralki~~n~ arcelr~at,~s ~lp~.ratiilg ov<sr a v;itlt, frt~ll~ncy ralrge is 
c~llll~~rllfd (Ii,1 111~1l~~l1“~l l~fW115) iii flM111~1 Iby ICq. (2) alltl as 
c~~ii~t~~~t~d I)? t 11~s L~I~IIIIRI~C~II crbcl(* 1’?2Rhl’l’r‘;C~,. ‘I‘llis rrs~ill will 
<~~illlill;llr~ iilijll>- ivrliolls mr~~~l)~i!vr rllllh l~r~~v~o~~sly ~~CYTICYI ii] 
ic ot)ill 2, St ll(li~~4. l~:~~~llt rl;lll!~. XV< hrq,v lli cTtcvlt1 t IICY IWlllts 
t0 I)‘l’l,S Ril(l ~‘llf‘r.ZlI lJt~~~111-it.~ltlSt~~l~t l~1.Ol~l1~1111; itlIt tl> I>l)ti\jll 
Ilt‘x (If.qiqI ~~r.~~i~~~il)tloi~s Ivaflin~ t(l Ili,qll~,r l”,l.I;~I.tn;lnr~-. 
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Conclusion 

Oth~~r ilnportarlt tlc~val0lm~vnt5 are II~<I$T way: CIPTYIO~ 
n1t7rl.s 5~1~11 as i~~lvi~ncc~I I)r;nll-t’llll,l~.lillR SCIIYIII~S. O,l” stll(livs of 
the illt ricacies of mllltipl~. t-f drives 111 all rt‘ cavity, al)plicatioll 
of pertllal~etit niagilets. illcrcasillg ilrsialll int(l tire l)l1).5ics of 
l,eatii-Ii& generat inu. le(.luliqtlt5 ior ],rrscnvillg loam I)ri,l,t- 
*less in 1 IIC higIl-cncrg?; l,ealu t ra11stmr1 imcl stcc~illg c~lcn~~nts~ 
alid detailed cngincerillr; of all colllp0nmt.s antl ancillary c’cltiil)- 
nicllt. Overall, t lie I Ilnlsb towar,tl IOW’CI.-IIIRSS acct~lerator sys- 
tc1i15 is driL4ng drvrlol~m~ut of 1n4>1‘c dticicmt rf *mw~ar grll- 
craters wit11 Iowcr weight autl volrinic~ per watt a11d tllr tlr- 
wlopinmt of cryogenic and srll~PrColl~l~l(.ti~~~ accelrrat~~ st ~IIC- 

i ~lres capable of uperatiug at gradicllts liighcr (hali aclrieval,le 
wit11 cw loolrl-telnl)eratllre devices. C!o1ll]dtYllrllt a.ry I )eB1,1- 
tlyu;\mics clrvelolm~~~t. is directed at ellsiiring low Ijrant loss su 
11~ 511I”“cO”‘Itic1.iIlg sh~ctures can accelerate I~igll-l~iigh1~~ess 
Imtlns. Most of tliesr activit,ies will IX of intrrest to olllr~ 
ac-celt7ator applications. The few items that it Itas IXTII n,y 

pririlqy In bridly otltlille here are the work of 111any r)tlrrrs, 
wltosc~ r>fIi>rl$ I gladly arknowledgr, al~plat~tl. and rn~ru~;~gc~. 
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