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Abstract 
Collective effects of the PLS storage ring are discussed. 

Evaluation of the PLS storage ring coupling impeda.nces 
is presented. RF cavity Impedances are emphasized. 
Single-bunch threshold current is studied and longitudi- 
nal coupled-bunch inst,abilt,ies caused by RF narrow-band 
resonances are analyzed. 

I. INTR.ODUCTION 

Charged particles moving very fast feel negligible elec- 
trostatic force from other particles. Therefore relativistic 
bunch of charged particles can maintain its shape and stat.e 
of motion forever without any disturbance. However, for 
bunches moving inside a vacuum chamber with finite con- 
ductivity and some geomet.ry, the situat.ion is not so per- 
fect. Image charges are induced on the surface of the vac- 
uum chamber and electromagnetic field is generated by the 
beam bunch alid the image charges on the vacuum cham- 
ber. This electromagnetic field is called the wake field. Be- 
cause of the finite conductivity of the vacuum chamber, the 
wake field is energy consuming and acts as a disturbance 
to the motion of the bunch. The dist,urbing effects of the 
wake field are not only longitudinal but also transversal to 
the bunched beam motion. To describe these two effects 
two functions are defined. The longit.udinal wa.ke function 
Wil(s) is defined as the amount of energy lost by a unit, test 
charge that follows the wake field generating bunch of unit 
charge at some longitudinal distance s from a reference 
position in the bunch. And similarly the transverse wake 
function lV~(s) is defined as t.he total transverse impulse 
received by a unit test charge that accompanies a bunch 
of unit charge[l]. N ow for the traveling bunches, stable 
motion is not guaranteed any more. The wake field also 
causes energy spread of particles in a bunch and increase 
of the effective emittance of a beam. Since wake fields gen- 
erated by a bunch do not vanish soon and can spread over 
a long range, the trailing bunches get influenced. This is 
why some kinds of coupled bunch inst,abilities may occur. 

Therefore designing accelerators, it is necessary to eval- 
uate these disturbing effects and try to find a way of min- 
imizing them. Sometimes it is useful to work wit,11 Fourier 
transform of wake field to frequency, which is identified as 
the coupling impedance of the chamber. When the insta- 

bilities are described in terms of coherent modes of a beam, 
the concept of impedance is more convenient. 

II. COUPLING IMPEDANCES OF PLS 

The frequency description of wake field is given by 
specifying two impedances, longitudinal impedance 211(w) 
which is a Fourier t,ransform of WIT and transverse 
impedance 21(w) which is a Fourier transform of WL(S). 
All storage ring components are sources of instabilities. 
In other words they have their own impedances; vacuum 
chamber resistive wall, RF cavity, bellows, steps, transi- 
tion pieces, beam position monitors and so on. The total 
impedance of t,he storage ring should be as small as pos- 
sible. In the theories of instabilities, it is not Z(w) but 
.Z(w)/n that a.ppears, where n = w/w0 is the frequency 
divided by the revolution frequency. 

The impedance of the resistive wall of the chamber is sig- 
nificant at low frequencies. However at frequencies higher 
than a few MHz, the impedance of the resistive wall di- 
minishes and effectively negligible. At these high frequen- 
cies, RF cavity is the most important one. The cavity has 
a fundamental resonant mode and higher frequency reso- 
nant, modes. The first, a few resonant modes are very sharp. 
These narrow band resonances are equivalent to long range 
wake fields and therefore origins of coupled bunch instabil- 
ities. Each of these sharp resonances is significant and 
so has to be specified. Higher frequency resonances get 
broader and at sufficiently high frequences, one can assume 
that the impedance is a continuum. 

To evaluate the impedance of the storage ring, we per- 
formed simplified model calculation for chamber resistive 
wall, bellows, transition pieces and so on. However for 
RF cavity we need more rigorous method. The above 
mentioned sharp resonances will be searched experimen- 
tally. And we used TBCI code to evaluate the broad band 
impedance of RF cavity, which is a big part of the total 
impedance budget of the storage ring. We adopted res- 
onator model to approximate the broad band impedance. 
To determine three parameters of the resonator model, 
we used longitudinal and transverse loss factor, $1(u) and 
kl(a) defined by 

0-7803-1203-l/93$03.00 0 1993 IEEE 3273 

© 1993 IEEE. Personal use of this material is permitted. However, permission to reprint/republish this material

for advertising or promotional purposes or for creating new collective works for resale or redistribution to servers

or lists, or to reuse any copyrighted component of this work in other works must be obtained from the IEEE.

PAC 1993



kl(fl) = & -m_ WL(S,u)e-s2%k (2) J 
In the above formulas, u is the rms bunch length. By 
varying u and running TBCI, we can obtain graph of k’s 
versus 6. Then we can determine the three parameters of 
the resonator model by graph fitting. 

Table I summarizes the longitudinal impedances for PLS 
storage ring. 

Table I PLS Impedance budget 

Resitive wall 
Steps and transitions 
Bellows (unshielded) 
Bellows (shielded) 
Beam position monitors 
Ceramic chamber coatings 
Other components and 
safety margin 
Total 

Synchrotron radiation 0.16 
Space charge 1.3 x 10-4 

0.02 
0.17 

(1.27) 
0.01 

0.015 
1x10-4 

1.0 

I -2 

r Item I IZlll4 (fl) 
RF cavity 0.7 

The corresponding transverse impedance can be ob- 
tained by assuming a circular symmet,ry of the chamber 

PI: 
2c 2R Zll lZ.ll= &ZIlI = p,?l,l 

For PLS with b=2.5 cm, we get 

IZll = 0.286 MQ/m 

III. THRESHOLD CURR.ENT FOR SINGLE 
BUNCH 

The peak threshold current for the longitudinal mi- 
crowave instability (also known as the turbulent bunch 
lengthening) is given by [3] 

I 
P 

= 2~1~l~leWp)z 
l-3 /7d 

(4) 

where 77 is the frequency slip factor (7 x o for a highly 
relativistic particle and cr is the moment,um compaction 
factor), E the energy of a stored beam, ,8 = V/C, oy the 
relative rms energy sprea,d of a beam, and IZl(/nl is the lon- 
gitudinal broad-band coupling impedance divided by the 
mode number. 

Threshold current. as a function of lZ11/nl is shown in 
Fig. 1. Note that the threshold current shown in Fig. 1 is 
the average beam current lb. It is relat#ed with the peak 
current via rr. 

Ib = zRI, t (5) 

. . 
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Longitudinal Broad Band Coupling impedance (Ohm) 

Fig.1 Single bunch longitudinal microwave threshold as a 
funct.ion of coupling impedance 

where (~1 is the rms bunch length and R is the effective 
radius of the ring (i.e., R = C/2*, C=ring circumfer- 
ence). Fig. 1 also compares between with and without 
SPEAR scaling [4]. It is seen that when the longitudinal 
broa.d band impedance is 2 R, the threshold average cur- 
rent for a single bunch is approximately 0.24 mA without 
SPEAR scaling and 3.5 mA with SPEAR scaling. The 
actual threshold current will be some value in between. 

IV. LONGITUDINAL COUPLED-BUNCH 
INSTABILITIES 

As is mentioned in section II, narrow-band resonances of 
RF cavities are origin of coupled-bunch instabilities. The 
central equation relating impedance resonances and insta- 
bilities is that of complex coherent frequency shift, Aw,,, 
for small Gaussian bunches [5]: 

&W$)7kb (‘TL/R)~@-‘) 
Aw,,, = r- 2A,130w, ‘Jo(~ _ I)! (z&tf (6) 

where 

Gw:;“, = pkb + S)20e-(~~b+s)2(ac/R)2 

p=-cc 

zll [(Pkb + s + aus )wo] 
pkb -i- s -t au, ’ (7) 

In the above equation, kb represents the number 
of bunches, s the longitudinal mode number s = 
0,1,2...,(kb - I), a the oscillation mode of the bunch 
shape in phase space, e.g., the dipole mode a=l, the 
quadrupole mode a=2, etc., 7 the frequency slip factor, Zc 
the average beam current, w,-, the angular revolution fre- 
quency, Eo the nominal beam energy, w, the angular syn- 
chrot.ron frequency, R the average radius of a ring, and ul is 
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the rms bunch length in space. At. this time of manuscript 
preparation, the first RF cavity of PLS has been delivered 
months ago but the full analysis has not been carried out 
yet,. Therefore we used the measured dat.a of Photon Fac- 
tory, of which cavity is almost the same as that of PLS. To 
use Eq. (6), the program ZAP has been invoked. 

Calculated growth times for the dipole mode (i.e. a=l) 
for each RF cavity mode are summarized in Table II. 

Table II Longitudinal dipole (u=l) mode growth rat,e for 
each higher-order mode of the RF cavity 

Frequency (MHz), f,., Growth time (msec) 
758.2 230.8 

1,048.O 499.6 
1,302.l 1161.2 
1,328.0 62.6 
1,648.4 0.48 
1,707.7 9.04 
1,860.5 49.76 
1,962.4 381.6 
2,121.5 43.08 
2.167.7 196.24 

In obtaining the growt,lr t,ime of Table II, t,otal number of 
bunches (kb) are assumed to be 468 (i.e., fill all RF buck- 
ets) and the average beam current was taken t,o be 100 mA. 
The wns bunch length was taken arbitrarily to be 5 mm, 
which is the natural rms bunch lengt,h at 2 GeV. The rms 

energy spread was taken to be 6.8 x 10s4. It is seen that 
the mode number 6 (i.e, fff = 1,648.4 AIIIz) gives the worst 
case. When taking into account the fact that there are to- 
tal four cavities in the PLS, we expect that, the growth 
times will be smaller than those in Table II. The reason 
that the mode number 6 gives t,he smallest, growth time is 
because it is t.his frequency which is closest to the neighbor- 
ing coupled-bunch oscillation frequency (pkb + s + W,)WO, 
where p=l, s=148 and n=l. Higher-order mode damping 
or frequency shift of t.he RF cavit,y is therefore needed for 
this mode and others. On the other hand, we believe that 
the estimation given here is very pessimistic, because in 
the calculation we have not t,aken int,o account the radia- 
tion damping and t,he Landau damping which comes from 
the frequency spread due to the nonlinear synchrot,ron os- 
cillation. 

The growth times and t.he tune shifts are tabulat,ed in 
Table III. Again one RF cavity was assumed in obtaining 
this table. All the RF buckets were assumed to be filled 
out and the average beam current was t#aken to be 100 mA. 

Table III shows that for dipole synchrotron mode the co- 
herent growth time increases as the energy increases while 
for higher synchrot’ron modes it gets decreasing. This can 
be easily explained with the help of Eqs. (6) a.nd (7). 
For dipole mode, the effectrive impedance decreases as t.he 
energy increases because of t.he increase in bunch length, 
as seen in Eq. (7). On the other hand, for higher modes 

Table III Growth times and tune shifts for the 
fastest-growing longitudinal coupled-bunch modes for 468 

bunches and 100 mA beam current 

Energy Mode Growth Tune 

(GeV) number (a) time (msec) shift 

1 0.34 -2.94 x 1O-4 
1.5 2 49.91 -5.86 x 1O-5 

3 1618 -1.98 x 1O-5 
4,s" 

1 0.5 -1.82 x 1O-4 
2.0 2 48.7 -3.51 x 10-s 

3,4." 

1 0.57 -1.15 x 1o-4 
2.5 2 26.5 -2.48 x 1O-5 

3,4. ‘. 

(Q > l), the rat,e of the increase in growth rate rapidly 
increases as the bunch length increases. 

The result indicated that damping mechanism or fre- 
quency shift of t,he RF cavit,y is required, otherwise the 
growth time is too small, less than the radiat,ion damping 
time. It is also seen that dangerous RF modes are mostly 
located on the high frequency side. The theory employed 
here has a limit,at,ion such that it can not be used for the 
asymmetric bunch configuration, which will be the actual 
case for the PLS in order t,o avoid the ion trapping prob- 
lem. 
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