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Beam Loading and Beam Breakup in a 1.3 GHz Microtron 
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‘4 bstrxt~ 

As part of t.hra F’EL project TEIJFEL[l], a 25 Me\’ race- 

track microhn is under construction. The microtron will 
accelerate a higll current and therrforc hcia’tl loading and 
beam breakup (I~bi’) are of importance. Ream loading is 
studied analytically by means of an LC’ circuit, simulation. 
To obtain pStilllitt,eS of the bbu starting currents, the rel- 
want, TM; ‘n- likfi rnod~ wc’rc calculatrd wioh the hlAF1.A 
rodrs. Field profiles of t.hese modes wt’r(’ rnc~asurt~d ill a 
sfalt~ 1: 1 itl\itriihl.uiii r’loilt~l of t.he cavity. 

1 INTRODUCTION 

Ttic rr’icrot.ro” cavity will be, ar’ 0” axis coupled st,rr’cture 
consisting of t.hrf-tx accrterat.i”g crlls and two coupling cells. 
It accclerat.w ttic t)catii with 2.1 I hlrV per pass. Its design 
has bc=cn givt,” iI1 Rrf.[Z]. Tt I+’ ir’jt,ctor ih a high qi’a1it.y 6 
MeV linac, capable of delivering micropulsr~s of uI)t.o 400 
A. Tt’e p~tk curreul airrlcad at, for the: “licrc~trctr’ is 50 to 
100 A. For a microprrlsr~ width of 15“ antI a 1~1’1sc~ sclrc- 
tio’l of 1:lfi tht, :hvcr;rgt’ ~r~acropulst~ c”rrcq’t, is I25 II’A t.o 
250 rrlA. OIIC major effect of this high Iwa111 loading is a 
reflertior’ of rf power at t,tift ravit,y ii’pl’t, which dtp~r’ds 
on t,hr acc~lerat,td trc~aril ciirre’it.. RP~III I,r+akuI) (t’bu) 
is arl “‘st,al~ilily t,l’at occurs ahovr a crrt,;liii t,t’rc&~ltl cur- 
rent. It is duel to parasitic tl’pul~ r’iodes in t III‘ accc~lcratir’g 
slruclurr[3]. 

2 EQUIVALENT CIRCUIT ANALYSIS 
OF THIE BEAM LOADED CAVITY 

1l’it.h ati rf I>owt’r clissipat ioil in t,lir, cab~i1.y widls tliiririg 1.11c 
macropulse of SO0 kW and a Imin-I power of more t,han 9 
MW, the n~itsirrr~~“” htaarrr lontlii’g will 1)~ Iii,q]I6,r t.hai’ 90% 
The behaviour of a cavity ‘l”~lt~r hcbavy I)e;t”t loading tit’! 
tw sinlulnt.cd with ari rcp~valr~~t L( :-circuit. ‘I’lir coupling 
of t.l’c> cavity with t,he rf gg7’<,rat,or fit11 t)c* expressf7l in 
trrnis of t,tii, cavity cor’l~lirlg coc>ffici(,ilt, j3. ‘I’tlis I)ararrlc>tisr 
represents thr ratio of the powt’r that is ratliat.etl out, of 
t,tic cavity (t hror’gh the couplii’g iris) to tllr wall losst~s. 
From t.lrt, I,(‘-circuit, ralcl’latior’ it follows [&I] t tlat, t.tlcB “or- 
malizrd rc+lcctctl l)ower 7’ (“orrnalizrtl wii,h respct. t.o the, 
wall losses) is give” by 

‘=~(I+i’-P)2+~(tanIli--l.a’111~)2, (1) 

with tan li, = -2ra,(u -wo)/w<‘, tan d:o = -j’tan d/( 1 -t/Y) 
and where &L is, the loaded Q-value, in is t,h(~ angular rf 

frequency, wo is the atigr’lar resonance frequency of the 
cavity, 4 is the accelerating phase of the beam with respect 
to the rf wave and p is normalized bran’ power. As can 
be seen from Eq. (I) retlections may arise (i) because 
the accelerat.ed beam powt’r drviat.es from the design value 
po z /.Y - 1 for which the cavity is pcrfcct,ly mat.ched and 
(ii) because the cavit.y is not. perfectly t,uned ($1 # $0). For 
our racetrack ‘nicrotro’l tht, opratiorl poirlt for p may vary 
between 0 arid 10. It, is ir”port.ant, t.t’at, $ is ct’oseii prop~~rly, 
such that for this wt’cott~ ra’igta t htx rr~flectc~d powc’r st,ays 
within rcasor’ablr lin’its. For our paramt>t,c=rs 13 = ii is a 
reasonable choice. 111 Fig. 1 WC give the rcq”ir<~d generat,or 
powrr as a fur’rt.ion of p) assuming perfect, tu’lit’g. ThtT 
gf9’erator power is the su~ri of t tie wall losses, t,he bran3 
power alid tl’r reflected pow-r. 
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Figure I: rc~lr~rrc~l norrrjaljzc,tl gu~~abor power its 
flrIlrfiolr of the ~lorrrla/izcYl Iwarn ,““W” 

3 BEAM BREAKUP CilLCULATIONS 

‘I’hf~ t,yp of i”stabilit,y (hat, df%=ri”ines tlie current Iirili- 
tat,ior’ iii our Ir’icrcllri)n is t,f’c, so-callcti r~~rirrulativc~ I~eaIIi 
breakup. Tt’e t,irne consi.a”t. for t,t’c, irlst,al’ilit,y bo built, ulj 
is r = 2L)~/w wit,h (t)~ the loaded Q- va I e of t,tw bl)u ~r~cv.lr~ t ’ 
and w it,s angular frcql~<~ncy. For our cavity t,his is of t,t’r 
ordtxr of 1 161-c i.c,. wctll wittli” t,hcb rr’arropulse tl’iratitr” 
of 10 pscc. A forri’rrla for the avrrnp il’acroI~‘ilsc~ st.art.irig 
current, has been given by Itand (31: 

I, = --y;;,. {f&W W,. + ,y: ,)*M/) 
s=2 r=l 0 

x sin(ti3-’ - li,r-‘))-‘, (‘L) 
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whrr~ 11 = 1/47r~~c, /.z = u/c is the frc>e spact wave number, 
U’; is an efl”ectivc injrctim energy, taken as the energy 
of thr prirllarg I~nm at t.tle center of the cavit.y, A,W is 
t.hf> energy gain per pass, IV is t,hr nurilbc~r of prlsses of 
t,hr trawl-I through t,lw cavit,y, RI:! is t,fie Inatrix rlfmcwt 
which relat.es t,he displacement of a particle at the end 
of an optical syst.ern tSo the initial deflection, (R~z)~~ is 
t,lie respective rilat,rix elrrrlent for a transfer from pass r 
to pass s arltl 4') is the rf phase shift. c.)f the mode for 
t.he first, j orl1it.s. It is given by u5] = 2a(jb, + ij(j - 
I)v)X”/X wht~rc~ X0 anti X arp t.he free-sl>acc, wavelength 
of t,he accelerabing and breakup modes respect.ively, the 
lirst. orbit circlunferrnce is /LX,, aiid the increment in orbit. 
circrirtlference is vJ.0 (~1 an(l 11 integers). For modes with 
PVCII parit.y t,he quantity PI in Eq. (2) is defined by 

where 15, is t1ie longit.udil~al rlect,ric field, .r is brxnsversf~ 
tlisplacrl~lrnl., 1 is bhe 1engt.h of t.he cavity itud Eo is relat,ecl 
to the stored field energy Ily EC: = I:ljck”. For riiotl~~s wit,ll 

od,l l)arit,y t ht, tmri ms(k:) ill r’cl. (:$) I[lll<t, l)v W~llitC~tl 

by sinjkz). 
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for rhc III irial ar~cf for tl~e new c/c.sigl~ of tbc racetrack 
IIJiCKJtrOll rev-irrnlatkm sptcrll 

As may I)e 3cc~n from Eqs. (2) ant1 (3), 011r short citv- 
it.y I<,iigt.lb (44 ~111) and also t.lic liigtl injt~rt.iorl t’ticrgy of 6 
hlcV coiitri))litP rnIlsidf~ra.l~ly to itchipvillg a high st,art.iIlg 

current. Another quant.iby which may he optimized is the 
beam opt,ical conbrihution to I, given by the curly hrarkets 
in the denominator of Eq. (2) and which WC shall den&= 
by ‘effective RI:! sin d,‘. This quant.it.y was evalllatrd for 
a continuous spectrrini of the frequency ratio jr/q, (bl>u- 

mode/accelerating mode) and for two difff:rrnt designs of 
the racetrack microtron (SW R.ef.[S]). The initial design 
employed three-sector nlagnets (hill 42“, valley 13*, hill 
35’) wit.11 a hill to valley rat.io of 2.5. (:alrulations for this 
layout showed a too high ser1sitivit.y of the optical proper- 
ties to sr~lall cllangcs in t.hc tlrsign parameters. Therefort’, 
this design was rejected. The new design employs two- 
sector rnagnrts (valley 70’. hill 20”) wit,h a hill to valley 
ratio of 1.2. The t.wo magnf,ts are slightly rotated with rt’- 
spect to each other in the median plane over a tot.al anglr 
of 2 x 6’. The respective bl)u spectra are depicted in Fig. 
2. As cart 1~ seen there is a slight worsening of the horizon- 
t.al optics for the new design. Ilowt~vc~r, this is more than 
compelisat~ed by t.lie order c\f magnitude gain achieved in 
the T/-~lirrctioil. 
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Figttr,’ 3: dwtric fictltl ,gradirats of three ‘I’M1 to- 

/;/i-r, 1,1,11 rmlr%s, calclIlalr~/ with Ill<, nr.d FlA CCJCkS 

In ortlrr to olltaiu a quantative figure for bhe bllu start- 
ing rnrrcnt,s, nuillcriral calculat~inns were done wit.11 the 
lllAFlA ro~lcs. Special at,t,ention was given t.o the TM] lo- 
likr mc~tlcs i~ec;~iise t.hese are usually the most dangerous 
Three of these rllodes were found; two with even parity and 
one wit.h ottd parity. The field gradients of these modes 
along t.hfb cavity axis are depicted in Fig. 3. For the deter- 
rrlinatiorl of the st,art.ing currtint,s thca unloaded Q-values rr$ 



pzT3” Ft p;’ I;’ I,“’ ) 
C-1 C-1 

;j . . p;’ I 
(IIlJ4) 

1 37450 -*,865 I 1 2092 
2 27770 -1.165 0 41.9 41.9 
3 27810 0.979 4.0 59.2 296 -_.- __ 

Table 1: Sottte properties of three TMtto-like bbu modes 
calculat.cd wit,11 the M.4FIA codes ( ‘1 rstirttat~ctl with Eq. 

(4), ‘1 irrsert.ittg the unloaded Q-value in Eq. (2), 3, insert- 
ing thr loatltvt Qvirlut~ in F:q (2)) 

calculated wit.h MAFIA may IPC used. This however, gives 
a pessimistic approximation because QI, = Q,t/( I + &), 
where ijz (> 0) is t,he cavity coupling coc,fficient for the 
bbu mode. The rf power which is radiated out, of the cavity 
t.hrough the coupling iris is proportiord to t.fie etectromag- 
tietic energy ttrn:+it,y iit, I.hc location of f.he iris. AII c~st.ittiat,e 
of ~~ can be obt.ainrd, if we itssurtte t.tiat. t.he proport.ion- 
ality C0tlSt.i~tlt is equal for hot 11 tliib arcc~lrrat.itig ttiode and 
the bbu modr. Then for a single cell 112 = rkijt, witlt 
rr = ($$-)~/($$-)2 where Ir is t,tir st,orc,d t’trr’rgy, 11’ tht, 
energy d -’ ’ l ensl1,y at I if’ iris and where the subscripts 1 attd 2 
t1ettot.e arc&rating tnodr and hbu tt~ode rt~sl>~~ctSively. The 
cottst.atit ck ol~tairtd wilt] a11 IfRhlEI, calcula(.ion of the 
single-cell geometry, is CT = 2.23. If thp field amplitudes iii 
each of that culls are different,, then a corrc%ct ion must, be 
tnade. For onr tltrce-cell st,ructrtrr we get. 

02 = 3JT* 
E:+E;+q (-?/A > 

wit.11 E, the bbu field amplit.tttlc in CPU i. 
In tallle 1 t~c;timated starting currf,ttl:, are given a.5 

ralculaled \vitll Eq. (2), Tf te effcact.ivtx titat.rix element 
Rlzsitr $=6.5 III is t’aken at. U/WO = 1.69. and at, t.hat, 
frquency is limit,e(l by t,lw vclrt ical optics. As can 1)~ s(st’rl, 
for rhe modes 1 and 3, t.he high value of /It = 6, is very 
helpful in raising t,licT rr*specbive starling currt=itt,s. HOW- 

ever, for the odd parity mode, the field level in t.he middle 
cell is zero and t.hercforr t,he loaded and unloaded G&vatuc~s 
are equal. In prarticr, however, due t,o small t,rining errors, 
the struct,ure will not. be prfectly symtnt=tric and this will 
give a perturbation of the field tlistribul~ion for each of the 
t,hrer modes. Since t,he coupling bc$wc:eti nt~igtibouring 
arcelerating cells. for the Thl ,1()-iike 111od~s is very weak 
(in the order of O.lY) 0 small m-rm can have large rffm3.s. 
This is illustrated in Fig. 4 wlriartt fif44 profilf,s are given 

of the bbu tnod~s, measured with the pcrt.rirbat.ion hall 
method in a sc& I: 1 alutninium model of I,hr cavit.y (see 
also Ref.[2]). If wf’ calculate with Eq (4) the cavity cou- 
pling parandcr 02 for t.hese trteasurrd modes (assumittg 
il’, = G), we find $2 = 13.2, Ljl = 15.7, and 192 = 11.0 
for modes I,2 arid 3 respctivcty. Flowevcr, t,tiese results 
depend rrit,icatly OII the tuning errors and wilt t,ttereforc, 
be different for the final copp’r struct.urcx. Nt~vert.hetess, 
small tuning errors may be of advantage for iticrc~;rsittg the 
bbu start.ing current.. The t.uning errors will nlxo ittflttettct~ 
t.he field profile of the accetcral.ing mode, bitt since for t.his 
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mode the cell coupling is much stronger (z 5%) the effect. 
will be substantially weaker. 
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