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Abstract 

In high energy IinNear colliders the transverse beam emit- 
tance haa to be preserved in order to achieve small int,er- 
action spots. If the beam is off-center in an accelerating 
cavity, it excit,es transverse wakefields, mainly f,he dipole 
mode, which defiect,s the tail of the beam leading to an 
emittance growth. In a high dispersive region, even a well 
centered heam can excite wakefields of higher order modes 
since the energy spread of the beam causes a transvrrsp 
beam size which is comparable wit,h the beam pipe. During 
the bunch length compression in the ring-tcr-linac (RTL) 
section of the Stanford Linear Collider (SLC), the beam 
pipe of 75 mm diameter is pract,ically filled in t,h horizontal 
plane. Especially, if beam losses start to be involved, the 
very outer parts of the beam excite wakefields at any pipe 
irregularities like bellows, diameter steps, etc. Measured 
evidences, theoretical estimates and comparisons to other 
effects, like higher order magnet optics, are presented. 

1 Introduct ion 
At the SLC! the 10mm long bunch of the damping ring 
(DR) is compressed in the RTL section down to the nec- 
essary 1 mm length for the main linac. The compression is 
achieved by introclucing an longitudinal energy correlation 
with a compressor cavity followed by a high dispersive re- 
gion (Q), where particles of different energy travel along 
different trajectories. Particles at st2crr (bunch length 
fll F= 10 mm) get an energy difference of LIE/E = 3~2.4 % 
and therefore are with AX = f39 mm at 9 = 1.4m near 
the aperture of the pipe, 

A.c = 7 &!? and AIZ = E,.j sin(2au,/X), 
E (1) 

with an energy 15 = 1150 MeV, rf-amplitude of E,f = 
30 MeV and X = 105 mm. Additionally to the intended 
path length difference, the off axis particles also experi- 
ence any nonlinear kicks coming from wakefields or higher 
order magnetic fields. This causes an emittance blow up 
at the beginning of the linac, where the 39mm size of the 
RTL should be re’duced to the nominal beam size of about 
u, = 300pm. Besides the direct emittance blow up, there 
is another even more disturbing mechanism: A small jit- 
ter of the DR phase and/or the bunch length ~1 will cause 
a different off axis beam population (or even losses at the 
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aperture) and therefore different amounts of particles away 
from the axis at the beginning of the linac. A few part,i- 
clcs (say 5 5%) at an offset of 2 tnm (measured, see below) 
are worse than an unacceptable offset of the whole beam 
by 100pm (=0.05.2mm), if they are in the head of the 
bunch, since these particles are not fully compressed and 
therefore ahead of the main bunch distribution creating 
stronger t,ransverse wnkefirlds along the linac. The exper- 
iment,al observations are presented first,. Then some the- 
oretical invest,igations show the size and tht, effect, of the, 
transverse wakefields compared t,o tnagnetic errors and fi- 
nally other rffwt,s especially of t.h+x Longit,udinal wakefield 
are estimated. 

2 Experimental Observations 
A limitation in going to highc>r beam currents ( > 3 10” 
particles/bunch) resulted in unstable beam positions and 
emittance blow up at the end of the linac. At lower cur- 
rents, this so called “linac instability” was tracked down to 
some occasions where particles were further away from the 
normal distribution (“fliers”, see fig in complete paper [l]). 
The behavior was nearly invisible at the beginning of the 
linac, so the source was unclear, until a special BPM (beam 
position monitor, number 544) in the RTL showed some- 
thing like a 90° correlation (“donut”) with BPMs in the 
linac [l]. The BPM 544 was in at least. two ways spe- 
cial: First,, it was just downstream of some beam loss and 
might have been irritated by the spray of secondary par- 
ticles. And second, the BPM is at a high dispersion and 
has therefore a bigger diamet,er t,han ot,her BPMS, which 
enables that BPM to recognize particles near the apert,uri: 
in r-direction. All BPMs are less sensitive for particles 
further off axis, since the BPM electrodes are arranged at 
45‘) to the I and y plane [l]. So the attention was moved to 
the DR area and since BPhiIs in the RTL measure mainly 
the position of the beam, which corresponds to the DR 
phase and energy, these quantities were (unsuccessfully) 
investigated for any kind of jitter source. 

Then the DR bunch length (al), was measured in the 
RTL with a screen showing some increases of the jitter 
from 0.5 % to 3.5-5 ‘?G of (ri if the number of particles per 
bunch was above 4 10”. 

2.1 DR-Jitter 
Just recently, in the ongoing running cycle, an even more 
complicated mechanism of bunch length blow up was rec- 
ognized [‘&I]: Instead of slowly damping down to a somewhat 
larger bunch length (at high current), the bunch length de- 
creases further to a too small size. Then it blows up very 
quickly (0.1 ms) to a too big value afterwards it decreases 
again slowly by radiation damping (1.5 ms). So a “saw 



tooth” patt~c~rn is visible in a bunch length (or phase) WY- 
sus time plot [I]. When the step occurs at ejection a flier 
might be selon in the linac. The donut. is a little bit, more 
complicated: Positive values at BPM ,544 were also car- 

related with beam loss. So a larger bunch and thcrpfore 
IoRses might indicate an extraction near the peak of thy 
saw tooth. Damping down the bunch lengt Ii leads t 0 t ht, 
nearly straight line on one side of the donut [ 11. ‘l’hc: o])- 
posite side is the difficult, part: Why should a bean1 which 
is located at t.he same position in thr R’I’I, get an offsc>t of 
up to l.ijmm at the end of the linac. During the blow up 
not only a quadrupole mode (hunch length) with nclarly 
twice the synchrotron frequency (us) occurred, hut, also a 
frequency less than three times vd showed some indication 
of a sextupote mode (hunch form). Different bunch forms 
and lengths might be responsible for the wider scatter of 
the other half of the donut. This model indicates that the 
saw tooth should get more symmetric at higher currents 
(not yet, teskd). The timing jitt,er of the saw tooth is cur- 
rently stabilized by starting the instability externally by 
switching the rf off and on (“hurlcl~ munching” [3]) during 
the store tiler. 

2.2 RTL-Sensitivity 
Any longitudinal jitter or distribution change of the DR 
bunch should be decreased to 10% by the RTL since the 
compression is not totally. A total compression should 
leave the RTI, in first order unsensitive to changes. Thr> 
nonlinearity of the rf-slope brings some particles in front 
and the back of the short tinnc bunch. An even more ink- 
portant aspect are the transverse kicks along different tra- 
jectories (see Fig. 1). T1 le cause might, be magnetic mul- 
tipoles and/or transverse wakefields, the later one will be 

The drpndence of the linac position (al maxrmal excur- 
sion) versus ihe energy in. ihr RTL show a sfrang ihtrd 
order term (fit fo measurements solrd). The measured 1% 
pole field of 2% ai the pole tip of the quadrupole at the 
highest dispersion gices a 5th order contribution (dashed) 
of about the right magnifudr. The calculated effect of the 
wakefield roniribution at 5 10” IS about half that eflecf 
(dashed-dotted, set brlow). 

bellow with 4 cells and the longit.udinal ( Uiz) and trans- 
verse (W’++) wakefields for t,hr: transverse Inode m = 3, 
(I = 2mm and r = u. ‘I’hc peak longitudinal wake for 
m > 1 is about twice that, for m = 0 and the transverse 
wa&field scales wit,11 nz like expected [4]: 

discussed in more detail. 

3 Wakefields of Bellows 
Resides the necessary compressor ra\rity in the north RTI,, 
the smooth vacuum pipe is interrupted by about 40 bcl- 
lows (30 in the south) and about t.en ot,her devices wit,h 
bigger holes: profile monitors (screens) and T-connect,ions 
to vacuum pumps. Since each bellow consists of 20 cells 
(some are different) let’s concentrate on them. 

3.1 Wakefield Size 
If the longitudinal wake is purely induct,ive, the t,ransverse 
wakefield M,‘l is proportional to the current. This assump- 
tion is o.k. for bunches longer than the gcorrletric varia- 
tions of the bellow. An analytic formula [4] for the peak 
of the dipolie kick 

IvLpeok [Volt/cell] = s $ (2) 

gives about. a peak PVl = 5.9 kV for one bellow with 20 
cells and a bunch length of = r(offset) = 6mm, (2, = 
3770. gap width g = 2.5mm, bellow height, a = 6mm, 
bellow inner radius a = 24.5 mm (see Fig. 2)> c = velocity 
of light and Q = 8 nC (5 I 10” particles). 

Simulations with TBCI [5] showed that, WL is about, 
2.6 keV at (7 = 6 mm. Fig. 2 shows the shape of the input 
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Figure 1: Third order dispersion. 

rrr,, = (G)” (JJmcosmB~2k,,,cos~ s > 0 
” 

(3) 

. Cl;,, = nz (G>” (b)‘“-‘(?cosd - fjsinnd) 

.F la~~~)c, sir] uZ!!Jj!2 (4) 
11 

following the Panofsky-Wenzel Theorem 

$i,,’ = c .L w2 “1 (5) 
A t,esL particle tirrs a radius r and a distance s behind the 
exciting particle (r’), F, d are unit vectors and w,, is the 
frequency of the mode with the loss parameter k,,,. Since 
the scaling with m, particles near the aperture have an 
enormous effect and even orders of mmaz G xa/u zzz 30 
have to be taken into account. At 70% of the aperture 
the contribution of the higher order transverse modes de- 
creases slowly with m/2”-‘, m = 6 has still about 20% of 
the dipole value. 

3.2 Effects of Wakefield Kicks 
A bunch with 5 10” particles and an offset of 17.4mm 
(corresponds to AK = +20 !UeV at v = 1 m) will get a 



dipole wakefield kisck of about 6.6prad from one bellow. 
This has to be compared with the angular divergence ET: = 
&p of the beam. W’ith a range in the h&a function 
3 < $ < 50111 and a norlnalized eri\itt;illce of 7 E = 1.6 . 
10-’ m rad (y = relativistic energy factor) the range of c$ 
is from 12 -- 50/1:i-ad Since, t.hc effects of the 30 bellows 
cancel partly each other due to diffcrc,nt phase advances, 
about fl. 6.6 Iirad = 36prad is expected which is of the 
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same order of ri. The detailed effects with m up to 6 for 
each bellow at it.s specific RTL lat t,icta place was simulai~ctl 
and their summed 111, maximal influence at the beginning 
of the linac is shown in Fig. 1. 

‘The beam is normally Illore in the ct,Ilter Of the pipe, 
t,hc:ri?fort~ only t,lie highcxr irlodes collt ributc‘ wllich are ex- 
cited by a broad cenhc-ti branl. Since bot,h, this effect, 
and the rriagwt errors can IN, rinlcrlled up t,o third or- 
der by oct,upoles: two of R-pole ~~~agnc:ts were inst,all~~d last 
down tirne and they improved t,hc> enlit,t ancc’ by 5 10 sit. 

3.3 Longitudinal Wakefield 
The longitudinal wakefield scales with l/S”’ (nl 2 1) for 
70% of the aperture and is about 1 MeV for m = 0 or 1. 
\Yith 3 MeV which is about 3a~ (DR energy spread) the 
bunch compression might be disturbed. Since the bunch 
shortens in the R,TL, there are less wakefields at the be- 
ginning causing a factor of about l/2 and also the higher 
orders cancel or decrease with a centered beam, so the 
maximal real effect is more like u~j2. The effect of a 
longer bunch can be adjusted by a stronger compression. 

Besides effects on the IO-to-1 longitudinal compression, 
the induced energy spread in the RTL might indirectly 
effect also the loo-to-1 transverse beam size reduction! 

.,..................,............... . ._,__......,.,._........ 

m= :3 

4 Conclusion 
The transverse wakefields of a beam at high dispersion lead 
to dispersive abberations of higher order, which can be 
mainly compensated by magnetic elements, like for higher 
order magnetic errors. The longitudinal wakefield has a 
small effect on the compression process, but seem to have 
an indirect effect on the transverse beam size reduction. 
This chromatic like effect should be avoided be reducing 
the amount of wakefields, e.g. with sleeves in the bellows. 

m= 3 
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Figure 2: Wakefield calculation. 
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