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Abstract 

‘I’lir lasrrtron is n~~‘e rffirimt, li,qlit.c*r-. anti snmllrr than 
a klystror:, esl)ecially at o~ttpt~t,s tduw 2 C:llz. Ilighrr peak 
0111 p111 powers are possit,Le with the lasfdron. and a se~m13l~ 
1110d1dator ii; not requirc~l. ‘1’11cw advalltagc~s are nsrful for 1.f 
amrlrr;~tors ailtl tillmr mlli(lcrs. ‘1‘11c ~l~~.tron ~lyna.mirs art-sin- 
lrtatr~cl tn cslitnatc ttlp tlcvicc ~~dc~i~~anc~ limits a11t1 lo ~lesign 
a11 expcrirlielltnl lasrrt ran. ‘1‘1~ rt~lativislic rlrct ran dylmnics 
arr t;~llowc~l f’r<olll t Ile photocnt hodr t Ilmtlgll III? accrl<7al ion 
yz,i~ln and throrlgli the 011tput region. ‘I’hc~ total fields ar‘e the 
81111~ of tlrr spa~~-cha~gc~, rxtci.nnl mag:11cl ic, ant1 acrelcration or 
~)rltl~tli -ravitT lieltls. \\‘akc fit-ItIs m-t iglorr~~l, and the st.eadv- 
Yf atta Oili p11t firltls arc folultl. LaWrlnIlI t’c’t;~rlllallre as a flluc- 

tirul of accc~lcrat ion fivltl. rharg15 per l)~dst: kll<l frecpeIq is cal- 
cldirtrcl. .~liowillF; its atlvantirp3 i>n~l liiuitaiiolis. A pr(.limimyv 
tlrsipp I;w ! Iw lirst Orsay las+xttott exlwrilllrut is prescnttd. 

Introduction 

TIIC Ia5;rr.t 1~11 is a tle\4cc~ to t ratisfr)rm lligll-voltage pawn 
t<j IlliCrowavC’s. aud it is Inclc,tl like a klystron wit.11 a. photo- 
< atllrdr. ‘l’llC txYln1 is hri~~cl~crl ii1 tl1C lastal,troii by tlir Insr~ 
ligtit 1 hat is n~ot111laterl at thr niicmwavc fi~rt~~~n~y. 7’11~ photo- 
r~lt~.t routs arr ~~ro~111~d at a catltrxlr (SKY Fig. 1 ) ant1 accel~~- 
sirtl to a fail,l,v lligll volta#y iii tlic jir~ll regjon I)y m elrct ric 
li<,l,l. l’llr-i~, <~l~tr~,lls ~)rutlr~c~~ ~iii( 1’41wa’i~r~ ii1 I lit out put WC’- 
lirnl. whi~li is 01~~ 01 1110~~’ cavitic3 tlmt tlt~c~elrrate ttlc tmun 
nit II It I<’ Iliic-rowil\~r ficaltfs. \Vil II tile I’reselrt availability of pm- 
PI fill last~rh ir-it11 pimsrcoiltt light plilscs, I tiere is little ~lolll,t 
7 llitt 1 IIis c1f.vic.t. ci~l~ IX a11 diicirlll niicrowilv~~ gruerator at he- 
(ll~(‘l~~‘i~+ I~lr~w 1 OT- 2 CGIIz, 1~r1t tlir tl~l,rulcliilig elm?ron tly- 
lii+lliim an’ rl”itt, c-cm,plicatrtl. so tllca tt1>~wr hquency liurits art‘ 
ltrit wc~ll tldi11~1. TIC: paj>m tlisc~~ssr~s it r-nlnp\Itrr nlorlel of the 
Iasrrtron. ‘I’llis ~~iotl~l c‘il*l IW rlsrrl to j,r<zrlict gellrral treutls in 
ta~t~rf ran j)t~for~iiattcr oil tlt(. t1cvic.c~ panlnrtcrs, alitI the I~iotl~l 
1~’ 11sc~1 tv (l*.hig11 lasut rmis 10~ ])arl1< ular apl~ltcations. 
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The relativistic electron dynamics of a set of prt.irles are 
followed from t.lie plmtoratl~otle t hrougll thp gun region alit1 
tllrougll the 0lltplIt regioll, witll tilnc as 1 IIt’ ii~tlrperlrlrilt vari- 
Ale. The fields are ~~I~II~XTI by sIlperpo5ition to fii~cl the total 
felt1 a.t each elertron’s position. ‘The ~110tlc~l is 1 wo antI CUI~-hlf 
tlimt~nbionnl became r alltl z arc t racktztl for each particle, 1,111 L-4 
is ol,thiilrtt I’ronL t.1~ relativistic fnrin of I311scl1’5 t tiror<‘tI1. X!‘ZIli? 
fields antI tllr !ralisirllt filli11.g of tllr olltl)tlt cavii>J ar’e ig~ion~~l. 
A single I~IIIICI~ of electrons is fLllowetl t Itror~gli 111~ li~srrtroi~. 
1)1t1 111~ code ran easily IW tlir>tlilird to c-idcr~li~le Illt- ~Iy~~ill~iic.s 
01’ a squall iilulrh-r of brulctirs at 111~ rxpr*tsr of c‘onip\Itrr tiller. 

‘I’tw prograltr is Iiiotlnlar a11rl Ilcxit)ll~; politely of tlrt, lic~ltls 
can I)c a]~]~l~~~xiruat.~ti iit several ways io altrr tlw arcllracy and 
tillit, rcq~~irrlnent~ to j~rfol~n~ tllc> siln~Itatioll. III tllis paIjf%r. 
only 1 he lnost arcuride inrtliotls Iof cnlcllla! iilg tllc licaltls are 
cl~scril~etl, alItI the tlctails, as well as faslt~r t 011 Irss accriralt, 

. 
at)])roxllililt10118, arc tlesuihrd iii a tongu l>al~r.* 

‘1’1~ pd ic-les all have the same cliargr; the lasts ligI1l ptltse 
is asslund to be reclallpilar. ‘Ttlis r.rsl riction ml* I)t- r~~111ovf3l 
fairly rasily to allow a liner-\aryiIlg liglit t>\~lsr~ to t)e sillllllatetl. 
All p~oressr~s in the plmtocat l~otlc are mst alitallcol~s. 7‘11~ l~ani 
Iiic~~lt~l is a c~rntral disk h~~f~~.)~i~i~l~d t)y riilgh. ‘I’llis r.c~ilil)innt iuil 
slarts at the catllotlr in a ]~laue alltl is rcywatrd 111a1y tililm 
over t11r letlgtll of the litarr plsc. ‘1 J-pically. ht~twwlr ‘LO autl 
200 particles ara followeti, allcl it takes 1x4 vcwn 0.5 altl W tllill- 
lileh of \iZX I I,,%5 cl)11 tillrr IO do a silltlltiltioll. .I si’paratt’ 
grapliical c111tplt prugrani may Ix 17171 to ol~ti~i~r ihc l>ictnrcs nf 
111~ iliter~acti~~~~. Tlitx static rlectlir fic~ltls itt illr~ g~~ir region Ilavc 
Imth E, and F:, rotnlm1~~~~ts. alltl 111~ static nlagndic liclrls have 
I?, id R, rl~lllt’ourllt s. Ihttl tl1e S,)iI(‘P c-lmrgy illl(l tlw cw1t”ll 

cavity firltis I1aI.e I;:,., EC, iuld I{+ collllml~~i1ta. 

Equations Of Motion 

Startilp will1 tllrz L(~IY~II~Z force a~tcl 111~ c2ic‘rfiy CI~IS;(‘I’VR- 
t ioIl quid his’ 
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with t.he following Iiu~illalizat.ic,lls; T ~ cjf, 1’ -- ii/ll”,7,, - 
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wllere ug is tile velocity of au rtertron on (lie axis anti at tile 
anode voltage. ‘I’lle eqLmtion for tlw conservation of anguhr 
tucnuet~t mn is 

7jRl3- R; I?;, 1s -: pmzm( 1 ~ .ji2ijlm), 
‘Lwy z 

a11t1 tile ewrgy eq1~atim~ is 

‘b --- = -p&v. t E,lZ). dT 

t.51 

(6) 

The 7’s are calculatrtl by I,oth Eq. (6) and the definition 
2 -- [I- tlyL(r’,’ t \$+l~;q-‘y tl le dXercncc is usctl to estilnate 
the illtegrat icm errors. Tile nt’w I)ositions a.re integrals of tllc 
velocities. 7’1~ ectudiolls of nwtion are nulllerically sulwtl l)y 
Eriler’s nle~hotl with r its llle indrlmide~~l variable. 

Tllrrr is a varialjle nr1111hr of par.ticlm in the progratn. 
Aftrr the ~I~ittll is hjt~drtl, there arc ~4’~ axial slices, with X, 
rings ill rirclt slice. At each tilllc> step witlh the laser plllsc’. 
a sIIlm,lltill~~ tlct ermines if a new srxt of A’, lmrt icles sllotltd l)P 
enrittetl at the cathode. \~‘hrn tlie laser pt11s~ is over, a total of 
N,IV~ 11articlcs will llave I~2el1 enlit ted. Tjlese (~lect.rcms all start 
with zero velocity and arc positiont~d on tile cathode so t,lmt each 
tmrt iclr represrllts eqt~al charge. Thlls, tl~~nal wlocit~ effects 
arc tlcgl~~clctl, ancl the hank initally has zero emiti ancc. 

Electromagnetic Fields 

13rtn11ne tlie l)t111c11 clta.~lges its sl~apc so clltickly it1 11~ 
lasf73 rm1, tllr space-cl~arg~ fcmes nrusl 1~ eval~~aletl a.t every 
time stay. The first action take by the space-charge rolltiltP 
is to set the five field comp0nct1t.s K,, E:. H,., l3;, and Bd to 
ZVIY~. The11 the ring-nlotlcl Green’s hlltct ions’ are calculatetl: 
alltl the conll)~ttal.ion time varies as tllP acprare of 1 he tluml)ct 
r>f pariicltsq. One rxpr~rls t.llat t 11c ust of a lillilc-difference 01 
finilr-rhlmlt comptli atim alltl a fast Fourier Ir;illsform lilctllotl 
~.011l(l significantly rrch~cr 01~ space-rliar~:1~ co~nl~t~latiocl liiile 
for a large 11111ul~cr of par1 ich I,ecausr 1 Itis ty1W nf cotnprlta- 
tioll lakrs a tillle pr~~lmrtional to 11 log n. ‘l’h (Greetl’s fllnclioll 
nlc-1 llr)d itIvotves a t,orc~ilty tl~;tnr;fr~~lr~;~ti(~~ll rising tllc sot1rce ,>arm 
lirle’s z velocity, antI is rrlativisticatly exact otlty when all the 
particle5 have i he S~IIIP velocity. ‘I’l1e tot ill space-charge fit4tls 
are found t)y illtcqqating (II? (:retan’s frlncticnls tiuies tile charge 
tlctlsity 0~~1’ t 11~’ vnlli~llc orrilpie~t t,g i Ilr I~;un. 

k:,Jr. ;) -- 
SIS 

,“(l.‘)I;J’(T, z, ; IJ.z’)dl~“, 

wl:r~r I”( 1”) i< tllc charge cletlsity in the t)canl. l’lle Crrrn’s 
fllnclions for tllr zero-vollufle s01Irccs ~~IVY~III~ il1fitlitr as ate 
apl)roa~~h~r; tllcx sillgl~tarity. so it is Mtt-r to 11s~ a fitritr vol- 
IIIIIC so~trcc as the (:reen’s t’llltrtiotr: 1 llcrefore. (‘arls(cn’s tillill‘- 
vnlllrtl (.:rrm’s flinctions3 arc us~:~l. 

‘t’llc elecli~0static firltls ii1 the g11n region inay IX approx- 
ilnatr,tl as ro~lsla~lf at~(l c~~lr-tlill]~nsiol~a.l. A 3now atcuratr at’- 
I)roxilllation is to r,m I~~~~rl~la~i~~sft~tdt’s clcctron gllrl rode” fol 
t IN act t1al Iasrr.1 lm!l g”“nrl “y> 1,rrt for a Wry s1nall I,cam c-111‘- 

rrnl, ailtl tn write Ihe potc3ltial to a tli,kk filt,. l’lris data file, 
is tlieth rc~foi ulattul with a silnl)lr prograln al~rl used as illput 
,lata iii th Iatxtr~IIl l~r~~graln. 1’11~. static. f;~cus firttl is pie,,- 
n-ist, linear, and it illay lm~e 10 l,rraki)~Gnts fuun (1~ catl~otlt~ to 
ttlr> t~ltl of tlie outl)tlt cavity. ‘1‘11~~ axial lirltl is constant before 
IIIC first I)r~c~akpoitlt a11d after tllr last breakpoitlt. To ~SC this 
“pt into. a small t;ll)le of tt~c l)reakpoitlt fields ;rl~tl tmsilions are 
rcwl as iill)\It tti~ti~. 

The H, coinponertt l”nr a single c4gctllnndr of a given cavit.) 
is calculated with Sl~I’t!X~~ISIt” for tile crlll)ty cavity, antI tliis 

field is writ ten as a data filr that is wad l,y I tic lasertrotl pro- 
gram. These data are iilterpolatcd, and the atq>ropriate tleriva- 
tives are ta.ken to find the firl~ls for each t~lcct.~on in tlw outpItt 
section for each tilne stq). ‘I’he nn~plitlitle ant1 phase of these 
fields are illput data. Tl le shplrst niethotl is to adjrist tlirse 
values to olhain the maximlull energy ronvrrsion rfhciency, I,rlt 
the conespondiiq cavity impedance n1a.y not IF pllpsiratly re- 
a.lizalAe. ‘1’lie self-consisteltl. nrethotl” of calctrlatiug the gal) 
voltage and pl1a.s~ is clearly better, and it is implemented in tile 
Iaserlron code. 

DC-to-RF Conversion Efficiency 

The siluplest l)rocmlltre to estiltlatt* tllcs tic-to-rf conversion 
efftcienry is to ignore- t tie olitl>tlt. gal) a11d c~.I~~~~lat.e the filt\rla.- 
nirnt.al ltarlnouic clu~rc2it anti tllr axial ~llo~nentutll spread ill t 11~ 
hlll al. the cz11~cr of the olltpllt~ gilp. II a gap WNY correctly 
l)lac4 and coll~~letl to the bullclrt~d hull, Millran lias sl10w11 
t tial the q~ia~ti it p 

AIF 
il (?I,; ~Si<~.~ 

21” (-* I’: I,, Cl’, 
(7) 

is a good esi illlaIr of illr illieractioll c4fici(mcy. lu 15~1. 7, ii;10 is 
tile first. Fourier conllm~~e~~t of tile IW;IIII cllrrcllt, a.rlcl tltc axial 
11m1t~111~tni is t~n111atc~l l~)t II fin 111~ hl~mnt clu3rou i\tl~l fur 
1 he a\‘el’a*t &cl 1’011. 

It is lnorc ncc~tralc to actl~wlly (alrlllatr fll~ <.Imtrfm (I?-- 
nnliiics tl~ro~i~li tllc oulp~~t fial> 1vill1 Ieati5tic, sc.lf-robisihtc-It1 gat> 
fields aurl (0 rstiiilalt the cllicirncy as 

1 

71 ~ IV; iv. (?[, 
\‘ (y, ~~ I), 

1) - 
0;) 

wherr -p, is the mlativisi ic faclm fo7 lltr (IV i111m1c vt~llage. ‘I’llis 
cflicimcy is t IW i’racl intr of 1 II<, kitIt ic CW~YF;~ illat is t ransfmml 
to tile tllicro\vavr fieltls. SO~IW of illis li~sltl t’tl(‘rq is ll1<,11 1~~1 as 
ohlnir heating of ille outl)~ll caviiy, 11111 t tlic is ii iniiilt fracl ioIl 
fin liigll cmtl)ut 1mwu. 

The Computer Program 

A cwnptltcr [)rngraln tia:, 1~31 xvrittt71 ill r’oru3,i.v 10 
solve t IIC eqtmt ions presml ctl alm~c. E~tlm’s II& hod is asttl to 
step the veloc-it its 1;mvartl in time. aild I IIC 1 ml)moi<lal 111ri 11~1~1 
is used t.o iucI~cmcn1 the positions. Iii tlir gnu regioik. ii tiller st,rp 
of 1 .O ps llsllally is a gocttl vatnr. ‘1’1~ rf iinlr stcl) mltst gr~~riall! 
he shout I” of rf’ phase; tIltIs, it drpeucts on the freq1Irnry. l’he 
progral~i is writ tell ill a 1nodlllar fastlioll. thcrrforr it mtl he 
allcrc~d as the recl1Grelllrnt 5 r-llal~gca. ‘l’hc progt’an, ii; illi eraci ivc, 
at\d it requires several data files to p~~ncl~~ce a gor~l si1nlltation, 

wit Ii accurate dr-, I,f, Inagllct ic. ai~tl span’ c-llarK:r licitls. Ch1ll)111 
data files are wril trn for II~c% code L)ESSIN,s wllicll ~)ro~ltt~< tile 
gral)hicat otllput. 

Merit-Figure Results 

‘1’1112 elm-t ran tlyt,aluicS oft lit l;w-i~11~~11 :3n’ <illiiliir IO Itl11st 
nf thr microwave triotlr. ilk tllat the l>lillcllin~ is p~>~lcl illilialty. 
but grows worst as title go(Y oli. ‘1’11~ gcnc~r;~I concttlrioll is i tlat 
the 1aser.t ran is au exc~yll~~ni t,licrowv;rvc <k,vicY al t IIt, 1oKcr flY,m 
qticucie.5, ant1 that it is 111orc (lillic1tll to clt~tain goo~l ~~lficim1c.v 
as t11e trrc~wncy IS illm~ilw L lligll accrlr~r~atir~lt graclimlts illl- 
prove the convcrsioll rflicicl1c?- 3.t all> ~KC]ll’.llC~i. Ill Fig. 2, t IIe 
knerit figure is plott,ul 1;)~. tn-$1 Iryllml(.ics vrrsus tlw frarl ion rd 
(1~ i&hum cl~argv cxl rided p~‘r t~Ltlsr, cI,,,~~~, wlrt~re 

‘ImuJ .r;t 0 Ii,, ,’ d. (!‘) 
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Fig. 2. Merit-fig:llrr dimate of rfficiellcy alld nlagnct,ir-forrls 
fidd vrrs1,s frad im rxt~racttxl nf il,,,,lT: plall;rraccrletati(~l~ fielrls, 
13t~sel f1111rt ion spa~vcl~al~gc- fivltls. r, 1 I.5 11,111, frrq~lrnc,y -= S 
alltl 6 (:flz, Ii1 - XX! k’v’, a~~(~~lC-(.i~t.llocle distance = .X1 ~~11. 

I<,‘,, i< lilf, ac~~~~lvriltiun firIt ai tllf. (-aI Il,vl~,. T, is IlIr- c-atl~~dv 
radials, ;u~rl d is tllr arlrlrle-rntldc spciug. Whvtt a cllargc~ 

of qu,<, , iq mlitterl ill a l)1111ch, the ;~cct-l~:ralim~ tieltl at Ill<> 
ratl~d~ is con~pl~lcly rancr~llcrl 1,) 1 IIC silttl)lest apl)roxiolaiiotl 
to the spacv charge li~~l~l. ‘L’l~csc calculntiolrs were Inad? with 
oli(~-(lii~i(.lisj~)Ilitl n~x~vlt~al iv11 licltls. IIO rC ~v~tl)ut gap feltls, and 
Il~r 13~~~1 fkltlction slmce-cllargr li~~l<ls. 1’1~. cat Ilodr ratlills is 
1.7 1111i1, tllr, a~~o~lr is SO until hoiu tlir catl~v~lr, th- drift tmnr~l 
ratlius is 20 1~11~1. a11tl tile voltage is XKI kV. ‘l’l~r avcmge c~~rrcmt 

is I XT.8 A al q ,,,,,= = 1 alltl :3 Gllz; it is lxml)oriicmal botli t.(> 
fl~c~‘~tl’.““y a11tl to qinnr. 1’11~ cclltrr IPI the 011tl)11l gap is 65 1111n 
frolic tllr citt 110~16, atltl 3 ratlial alld I6 axial scll)<livisions are 
~lstd iii I he ralclllatioiis. l’lle rlrd rou l)ulse Irl~gtlt at t.he catll- 
ocle is 80 alit1 30 1’s for t III’ t,wo frecllrencies. ‘I’lle predict ions are 
~‘ery cllroliragilig h-al~s~ IIw cast- at 1% (ilIz, and a fraction of 
0.6, for cx*mple, iiirlicates au eflirimry d 86% a.llrl an olltpllt 

~~~~w~~~~ of 2) &I\\‘ wii II n111y a !)O&C: I)t.ak lnagudic coufitling 
iirl(I. V’hv rc~i~lts for 6 C:llz are Imvt-r! will1 all czfficielicy (11 
7l.Y’; at ii f’raclion III‘ 0.6, 1,111 tile o~tll)~~t ~mwer is ‘18 MlV aucl 
the leak ~nngnrt ir I;xrls firld is Z&i00 G. 

Calculations On The 6-GHz Orsay Prototype 

‘I’hr fird tlctailrtl calculatim made with tllis code is for 
t 11~ 6-G tlz Ins~~rton tl<dg~~d at Orsay for litlear rollitler applic;t- 
t ir)ils. 14 pket cl1 of t llis lasrrt IUII is sl~ow~~ in Ipig. 1. The rrsdt s 
of tile calc~ilatic~~~s for l)oth 3 mtl G G112 are sliowi~ ii1 Fig. 3. 
‘l’l~rse a*‘~ cc)llll)lt4e calutlatious ill that the eledrosta.t.ic firltls 
are co~~~l~utt~cl wit11 llr~~inn~~~~sfel~lt’s cotlc, t.he olltl>llt, cavity 
firl~ls am cal~~~~l;~tetl witll S1II’l?l~I”lSIl, an(l tile space-cl,nTgr 
Iir,l(Is ilr(’ c;il(~~~l;ltctl willi tllv C4rvcm’s 1‘u11ct ioiis. C)hly (II<- st~lf- 
colisistrilt ;tllll)lit~ltlc~ all,1 ~)l~as~ ri~lcldirtiolls are Itot lll;r&~. l’he 
rvsillts arr (Illiiv t~~collragiug for lmtll frcvlllrncies. The beanl 
\,r,Itafic. is ROO I;\.. aiicl tllr gratiit,111 in 1 Ilr> gll*l rcgim is mI1scr- 
\;tti~v. ivit11 all avcT;~gv #>I‘ 10 ~\‘,‘IuII~. 7’11~ IxTl’orm;3llce is cl’iitt, 
wlrsit iv<, IO tljis graclirtil 311d cvw Iligllrr (.ouwrsioll cffic~ivncicF 
art q alc~~l;~t~~l xvitll 1.5 k\ij~~lm, nlricl~ is still a11 acl,i,x~+blc-. l)tlt 
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Fig. 3. C.‘alclllatrtl dc to rf coilversirm rf‘ficie~~cy vt’rsus peak 
IMYLI~ cllrrrmt for tile Orbay prototype las~rlrm1 at 3 and 6 C:Hz 
and 300 ItV. 

diflicldt, acr~*I~ral icut gratlimlt. ‘l’hlls. c~fficic~llcies of over 80% at 
3 c:llz and O”C1‘ CO% a.t fi c:trz are ralcldwtcY1 her the 1aswt.ron 

with the I,resmt code. ‘I’llis is iu grlleral agreement with the 
lxx.4 ralcltlations using ot Iicr codes mrl is sigilificalltly Ixtter 
than ttle klystron msse. ‘I’ll~~, il~r Iasedron is exptded to be an 
excetht rf grluzrator for accelerator al)plicatious. 
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