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ABSTRACT 

The SLAC design for a next-generation linear collider with 
center-of-mass energy of 0.5 to 1.0 TeV requires that multiple 
bunches (- 10) be accelerated on each RF fill. At the beam 
intensity (w 10” particles per bunch) and RF frequency (11 to 
17 GHz) required, the beam would be highly unstable trans- 
versely. Using computer simulation and analytic models, we 
have studied several possible methods of controlling the trans- 
verse instability: (1) using damped cavities to damp the trans- 
verse dipole modes; (2) adjusting the frequency of the dominant 
transverse mode relative to the RF frequency, so that bunches 
are placed near zero crossings of the wake; (3) introducing a 
cell-to-cell spread in the transverse dipole mode frequencies; and 
(4) introducing a bunch-to-bunch variation in the transverse fo- 
cusing. The best cure(s) to use depend on the bunch spacing, 
intensity, and other features of the final design. 

1. INTRODUCTION 

In this paper, we address the problem of transverse instabil- 
ity of a train of bunches in a high energy linac. The main moti- 
vation for accelerating multiple bunches per RF fill is to obtain 
higher luminosity for a given expenditure of RF energy. The 
optimal bunch spacing, bunch charge, and number of bunches 
depend upon many factors other than just the need to be able 
to control the beam breakup. There is a serious constraint on 
charge per bunch, due to pair creation at the interaction point:” 
Another strong constraint is imposed by the need to keep the 
bun&to-bunch energy variation sufficiently small: Our general 
approach has been to look for the most feasible cure (or com- 
bination of cures) for the instability, given bunch spacing and 
charge that are largely determined by such factors as these. 

2. METHODS OF ALLEVIATING 
THE INSTABILITY 

We have examined the following possible cures for the trans- 
verse instability: 

Damped cavities. Theoretical and experimental studies show 
that it is possible to construct damped acceleration cavities that 
significantly reduce the Q’s of the transverse dipole wake modes,’ 
One way to construct such cavities is to cut axial slots through 
the irises of structure and couple these slots to radial waveguides. 
Transverse mode Q’s as low as 10 can be obtained in this way, 
although very precise machining of the slots will be required. 
Measurements have shown that there is no significant adverse 
effect of such slots on the accelerating mode. Another type of 
damped cavity has side-coupled slots that go into the cavity 
without cutting the irises. These slots perturb the accelerating 
mode to some extent, but do not transmit it. The Q’s of the 
transverse modes can be as low as about 40 in this case. 

Placing the bunches near wake zero crossings. If the transverse 
wake is strongly dominated by its fundamental mode, then it has 
zero crossings that. are approximately equally spaced. Therefore 
it is possible to pla.ce all the bunches in a train near zero crossings 
of the wakefield, if the ratio of the frequency of the fundamental 
dipole mode t 
satisfy: 

o the frequency of the accelerating RF is tuned to 

1 
7 nXr+; = rnX,f = E 
2 

, (1) 
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where e is the bunch spacing, m and n are integers, and X,f and 
Aw, are the wavelengths of the RF and the fundamental dipole 
wake mode. 

Spread in frequency of each transverse dipole mode. One might 
also consider an RF structure in which the frequencies of corre- 
sponding transverse dipole modes differ from cell to cell. This 
is the case, for example, in the existing SLAC linac, where the 
mode frequency spread is a few percent! The frequency spread 
results in a reduction of the effective Q of each mode. 

Bunch-to-bunch variation of transverse focusing. Using a sys- 
tem of time-varying quadrupoles, one could introduce a sma!l 
spread in the focusing functions k, of the bunches, so as to par- 
tially cancel the wake force due to preceding bunches. This is 
essentially the BI\‘S damping mechanism6 applied to multiple 
bunches. However, the focusing spread needed to produce a sig- 
nificant effect is large; we have discussed this cure elsewhere’ as 
a possible adjunct to other methods. 

3. SIMULATION PROGRAM FOR BEAM 
BREAKUP IN LINACS 

As the basis for our computer simulations, we have derived 
an integral representation for the transverse offset of each bunch, 
assuming adiabatic acceleration and smooth focusing. We con- 
sider point bunches of charge N particles per bunch, with in- 
terbunch spacing e. The acceleration is assumed to be linear: 
y = yo + Gs, where y is the particle energy divided by the rest 
energy mc2! and G is a constant. We use the smooth-focusing 
approximation k(s) = l/p(s) for the focusing function, where 
/3(s) is the “average” betatron function at longitudinal position 
s. The smooth focusing function of bunch n is taken to be: 

km(s) = -$ ‘k,(o) 
[ I 

(‘4 

For the main linacs of the collider, we will assume p = l/2, 
but for other linac subsystems’ (e.g., injector linacs) it may be 
desirable to maintain more uniform X-, namely p x 0. 

The transverse dipole wake function is a sum of modes of 
the following form: 

Km 2 
We = 2 W, sin(Icv,z) exp -- 

( > 2Qm 1 (3) 
m 

where z is the distance behind the exciting bunch; Zi, is the 
wavenumber and Qm is the quality factor of mode m, and the 
cti,,‘s are constant coefficients. Units of bvl(zj are V/Coul/m2. 
The equation of motion (in one transverse plane) for the offset 
x, of bunch n is: 

-Y(S) 4 + Y’(S) 4 + y (s) r;; (s) x, 

= s ng W, ((n -j)t] x3 (s) . '*) 
j=l 

Here primes denote derivatives with respect to s. If we assume 
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the \\‘li 1% solution 5. EXAMPLES 
5.1, I,inac Paramet fm 

For illustration, we consider a main linac with accrlcrating 
frequency 17.1 GIIz, length 3 km, initial energy 18 CkV, and 
final energy 500 CeV. The beta funct.ion is t,aken to be 3.2 m 
at the beginning of the linac and scales as ;fl/‘. Keeping t,hcx 
bunch-to-bunch energy variat,ion as small as possihlc imposes a. 
relation between the number of particles per bllnch: :V, and t,he 
bnnch spacing 0 (Ref. 3): 

sl(,c) = T1(o) [-g exp [;4s.o)] , (5) 

as the motion for the first bunch, and drop a term with rapidly- 
oscillating integrand. one can show (Ref. 7) that the solution for 
tllc transverse motion of bunch n may be writ,ten: 

s Trl(S) = Sll(O, + 
{ 

iv2 y. ‘;’ 2P(O?l?C~k,(O) /[-I ^i(“‘) exp[-i&(.4,0)] 

0 y,o ‘;” L-1 -1C.s) exy[+iti,(s: O)] 1 IL- I 

x 1 Ir;[(n - j)C].rJ(s’)d.s’ 

]=l > 

whcrc 
(6) 

$,(s, s’) E j il.,(.s~~)ds~~ (7) 

3’ 

is the phase advance of hunch n between s’ and S. A compter 
progra”i I,ISACI3RU was written to numerically integrate the 
cqllations for zrn(s). 

4. VERY STRONGLY DAMPED WAKE 

If the wake is so strongly dampe(l that a bunch only sees 
a significant wake from the immediately preceding bunch: WC 
Ciill 11562 a simple “daisy chain” mod?1 to estimate t hc transverse 
blow~~p of earl1 blluc-h in the train. Let us assume that the, 
Cocusit~g function is the same for all bunches and scales accortling 
lo I’:(I. (2:) wit,11 p = 1,/Z. Tllc~k, one may show that the cquat,iolls 
of mot ion can be written as if there were no acceleration (see 
rbf. 7): 

,r; + k,?.q = 0 

Lr; + k$r, = 
n;e2 Ib’~( I) ~,1--1 

E(j 
(n > 1) 1 

where ko and Eo arc the focusing function and energy at the 
bpginlling of t11c linac, and the longitlltliual coordinat,e 5 is to 
lie intrrprc,tcA as an “effective lcngt Ii” 

1 s 
“-If = G .I k(.s)ds cz ‘[! z ( 1 

if? 
for :’ >> 70 (!,) I 0 

,\sskllnillg .~l(,s) = n~t”~’ \vhere 01 ii a constant, on<* finds solo 
lions ,rli(,,) = n,,(s)eLLs, \vti(‘rc 

and \ve have dcfir:cd 

(11) 

If tile initial contlitions arc U,,(O) = 1, this is jllst. t,hr fir51 li 
tcIlris of tlic Taylor series for czp(-lc;s). Thus, if 0-1, is of or- 
der I. (whcrc, I, is the effective lc~ngl h of t hr lillac). tllc*rc is 110 
significant, t)lo\vllp of l)unchcs l~eyontl t h? first fC%w in tllr- t rrlill. 
\\.c sllov ~111 esntuplc of tlii:: l)clkavio:. ill tlrr nc>st sect ion. 

‘10 r 
P = cTfTe , (12) 

where Tf is the filling time and 7 is tile ratio of the filling time 
to the at,tenuation time of the RF strlicture. The single-bunch 
loading is 

412’cti,, 
710 c - 

II, ’ 

b\hr%re ~0 is tile loss parameter of the accelerating iimdr and 6, 
is tile acc<,lcration gradient. Taking Z’f = GO nsec. T = 0.6. ~0 = 
,13G V/pC/m, and E, = 1% hIcV/m givrs 

E rz (O.XGn)-& 

\f’e shall take E to be 2 1 RF cycles (about ‘12 cm) and ,\’ = 
l.Gi x 10’0 in our examples. 

.5.:2. rfiglrly Dcmptd lf’fikf 

The nurnhcr of c-foldings of lllrs walica lletwc~en I>ll:lc-hcs is 
al~ollt: 

A-(, B 100 

2Q== 1 
(15) 

for i = 0.12 m and wavenumber Ii” of tl~ct funtlani(~lltal Crawls- 
7wse mode abolit 170 to 450 rKi. Let us take as an example 
Q = 35 and A’0 = 475 n-’ , so that there are about 3 c-foldings 
l~ctwecll lx1nches. 

In Fig. l( the result, of the daisy chain motlc~l is comparctl with 
tile rcsnlt of the full simlllat.ion program LINXC13111~. 

5.3. Dafnpfd Il’akr C’onlbinril Il’tlh Tunlrzy 
oj TIit?if Zf ro-Crossings 

The combination of lowering tllc Q’s and tuning tlkc frc- 
ql~ency of the fundamental transverse dipole mode has been dis- 
cussed in deta.il in Refs. 7 and 8. 

Figure 2 shows an example of “tuning curves”, where the maxi- 
m,mi transverse blow-up factor of any of t,hr bunches is plot ted 
versus the frq~lency of the fundamental transvrrsr mode, for 
various values of Q (ass~~mcd for simplicity to be the same for 
all traIlsverse modesj. ‘I’hr IluIrll,cTs plot,tcd along the, Clll‘VPS 
sl~ow the hunch that had the maximum blow-up. Thus, for t,his 
example, the curves are indrpe~ldrnt of the number of l,~~ncllc~s in 
the train, I)rovitlcd there arc at least four bunches: ciirrent ‘1’LC’ 
&signs have at least 10 bunches per i.rain. Sate that even for 
the lligher Q’s, the tolerance on t.uning ihe fundamcnt,al mode 
frequency is at least fO.l%, which should not be too difflicult to 
achielre. 

.5.4. lke of a ,Spread in ‘l’rnni-f ,‘Sc’ 1\fodr Fw~r~fr,cir.~ 

\\.c, give an esalnplc silllilar t.0 t,hcy prctviolls one, except that 
\vt’ also introtlIkcc a frqucrlry sprc,atl in rnc,h of the t rnlisvcrsc 
1110&~% 

796 
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Envelooe of bunch offset, at end of linac 

Cool’ 
2 0 5 10 15 20 25 

Bunch Number (From beginning to end of train) 

3 89 6251Al 

Fin. 1. Comparikqon of the results of daisy chain 
motirl (plolld as o’s) with fhc 1’esults of the p’“~‘“‘” 
l,t.2’,~l~~til~C; jplottcd us ,Y’s). In each case, the value 
of fhr crc~lope function la,(sjl at the end of the linnc, 
for carir bunch number R, is ploltcd. The transrcrse ofl- 
,srt XIL(S) = ~L,,(s)exp(iks). The focucing function, I;, is 
a.~.~lfnlrtl ihf ,S~,,,lc' for all b1inrhe.i. 

Tuning Curves, w/o Mode Frequency Spreads 
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Wavenumber of First Wake Mode (m-l) 

Fig. 2. ,!laximum transvrrse amplitude xmaz (normal- 
7:~d) of oil bunches a~ a function of the frequency of 
the fundamental transverse dipole mode, for values of 
Q = ;‘O to 50. The cenfral value of the fundamental 
trarlsrlrrse mode wavenumber, where X,f/X~~~.l = 413, is 
177.65 m-l. The ranyc shown about A’0 is f 1%. 

Figure 3 shoals tuning curves for Q = 40 to 70, \vith a to- 
tal spread of 2% in the frequency of each transverse mode dis- 
tributed Ilniformly over 200 values; other parameters are as in 
the precrding example. For Q = 40, the blow-up is a factor 2 or 
less, even with the fundamental transverse mode frequency not 
t~rletl to place bunches near wake zero crossings. For the higher 
values of Q shown. some tuning would be required. Note that 
Q’s pf 10 or so are obtainable without slotting the irises, and 
that according to Figs. 2 and 3, an acceptable solution could 
1)~ obtained by either tuning the fundament,al transverse mode 
frequr>ncy or introducing a 2% spread in the transverse mode 
frcquencics, with Q - 40. 

Tuning Curves, with Mode Frequency Spreads 

p-fT$q 

?j 231;-;$;i &42$j 
2\f 

2 s 

3 es 

6252A.3 

474 476 478 480 482 

Wavpnttmh@r nf First Wnkn Mode fm-‘1 

Fig. 3. Alaximum transverse amplitude s,,,,, (nonnai- 
iced) of all bunches us a function of the frequency of 
the fundamental truns,cerse dipole mod?, for valurs of 
Q = 40 to 70, with a spread in each transverse mode 
frequency of 2%. The central value of the fundnmenfal 
transverse mode uxvenumbel; where X,f/X~~~, = 413, is 
.477.&S nlsl. The lnnge shown about h’o is + 1%. 
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