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Abstract 

In a recent NDR machine experiment the transverse 
emittance wrr9 studied as a function of store time and 
tune. To explain the observed transverse emittancr damp- 
ing time constants, the magnetic measurement data of the 
longitsudinal field of t,he bending magnet,s had to he taken 
into accoun~:~. The variation of the transverse emittances 
with tunp due to misa1ignment.s and the associated anoma- 
lous dispersion is studied as well as the effect of synchro- 
betatron rollpling due to dispersion in t,he RF cavities. 

INTRODUCTION 

Damping rings reduce the transverse phase space of 
electron and positron beams to suitably small values near 
the injector so that the bunches can collide with high lu- 
rninosit,y. The Stanford Linpar Collider (SLC) operates at 
120 IIz (60 Hz at long store) and electron bunches stay for 
about 2 (4) damping times in the North Damping Ring 
(NDR). Any deviation from the design equilibrium emit- 
tance or design damping time may degrade the perfor- 
mance of the Collider. 

M’e recalculate the theoretically expected transverse 
damping time constants using the measured field of the 
bending magnet. Experimental data show a tune depen- 
dance of the emittance in the damping ring [I]. We inves- 
tigate two potential sources of this tune dependence: (a) 
random misalignments of magnets which incrc:asc: the emit- 
tance and disturb the lattice functions and (b) synchro - 
Matron coupling caused by dispersion at the RF cavities. 

I. EMITTANCES AND DAMAGING FOR 
DIFFERENT BENDING MAGNET MODELS 

We compare hard edge (the field at the ends of the 
magnet rises from zero to the peak value discontinuously) 
and soft edgle rnodels using the magnetic measurement data 
of the dipole fringe fields. Table 1 cont,ains t,he synchrotron 
int.cgrals [2]. The longitudinal profile of the dipole fringe 
field reduces the second and the third as well as the fifth 
synchrotron integrals [3]. Figure 1 shows a half cell in the 
arc of the damping ring. The dipole field stretches out over 
the permanent sextupoles to the adjacent quadrupolcs 
The transversr damping time increases by about. 12 % com- 
pared to the hard edge model. 

The rectangular bending magnet,s with parallel pole 
faces cancel the fourth synchrotron integral in the hard 
edge approximat,ion. For the soft. edge model, the fourth 
synchrotron int,egral becomes negative, the horizontal 
damping paltition slightly larger than 1 .O and the horizon- 
tal damping time is about, 1 %I shorter than the vert.ical. 

* Funded by Drpt,. of Energy contract. DE-A(~o%~~SFW~I:,. 

II. EMITTANCE IN THE PRESENCE OF MISALIGNMENTS 

We have simulated the effects of misalignment errors 
on the equilibrium emittance and the damping partitions. 
Random misalignments were generated using gaussian dis- 
tribut,ions cutoff at f2u. Two cases were considered with 
rms values for the the various elements listed in Table 2. 
These values are reasonable based on the original design 
tolerances 
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Figure 1: Field of the Main fIXpole in a DR Half-(Cell 

Table 1. Rt:nm paramrters for the damping ring 
without errors and two different fringe field models 

Energy = 1.153 GeV 

Characteristic hard edge soft edge 

model model 

I2 = fG2ds 3.2044 2.8045 

In = j- 1 G3 / ds 1.6342 1.3595 

I, = j(G2+ 2li)Cqds -0.0016 -0.027 

15 = ,f / G3 1 Ilds 0.02102 0.017482 

<I, = 1 - 14/12 1.0005 I.01 

dJ,/d6 -14.5 -14.5 

c, [ nrn-rad] 12.9 12.1 

ycr [10e5 m-rad] 2.88 2.73 

r2 [msl 3.40 3.84 

ry [ms] 3.40 3.8X 

ljrad [kcvl 79.7 69.7 
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Table 2: Rms Misalignments Simulated for the NDR. 

I Case frtl Case #2 

1 Sext (x,Y) 1 600 @rn 1000 pm 

The dependence of the normalized equilibrium emit- 
tance on the tune is illustrated in Fig. 2. Here, we have 
plotted the sum of the transverse normalized emittances, in 
units of 10m5 m-ra.d, versus the fractional tunes; the NDR 
operates on the difference coupling resonance so the frac- 
tional tunes V, an’d vY are equal. Each data point in Fig. 2 
is averaged from 100 simulations of different sets of errors 
while the error ham correspond to the standard error for 
each average. In all of the simulations, the orbit was cor- 
rected and the palh length of the trajectory was adjusted. 
One can see that the magnitude of the equilibrium emit- 
tance increases as the transverse tunes are decreased. This 
is largely due to the dispersion generated by the alignment 
errors. The dispersion due to errors is inversely propor- 
tional to sinrv and thus the increase in emittance should 
vary as AC cx l/sin2 7~. The lines joining the data points 
in Fig. 2 are fit to this l/sin’ 7r~ dependence. 

Unlike the case of the transverse emittances, there 
was no systematic variation of the damping partitions with 
either the transverse tunes or the magnitude of the mis- 
alignments. The average values for J, were constant with 
standard errors of much less than 1%; the fluctuation from 
seed-to-seed increased with the misalignment magnitude, 
but, even in Case #2, the rms of the simulated values was 
less than 496. 
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Figure 2: Emllttance vs. Tune in NDR Simulations 

The measurements of emittance variations vs. tune 
were performed after damping the beam for 5.5 ms to in- 
crease the observed effect. Assuming no variation of thp 
damping partitions, t,he variation of the rmittance at 5.5ms 
after injection can be found from: 

A+) = A+& - e-‘+) , (1) 
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Figure 3: Measured Emitt,ance vs. Tune.-* 

where 7 is the damping tirne and c,~ is the equilibrium 
emittance; in the NDR, we have Ac(5.5~~) = 0.94A~,. 
The observed tune variation of the emit.tance as shown 
in Fig. 3 (see Ref. [I]) has a behavior similar to that, 
seen in Fig. 2, but the magnitude is larger by a factor of 
two. This could be explained by assuming larger misalign- 
ments; the emittance increasr should be proportional to 
the square of the misalignment. magnitude. Alternat,ely, 
one could assume that we have a bad misalignment ‘seed’ 
in the NDR. The rms of the simulated values is roughly a 
factor of 10 larger than the standard errors. Thus, t.he rms 
of the emittances values simulated in Case #2 is almost 
Avm, - 1 x 10-5m-rad. Since the distribution for the 
emittance increase is approximately exponential [5], t.here 
is a 5%) probabilit,y that the emitt,ance incwxse from any 
specific seed can exceed the average value by three times 
this rms value. 

III. SYNCHRO - BETATRON COUPLING 

Both damping rings have been designed without dis- 
persion suppressors so that the horizontal dispersion does 
not cancel in the two RF cavities. The radiation lost in 
the arcs is replaced in the cavities within a distance short 
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Fig: 4 Synchro-betatron excitation of the beam size 
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compared to the betatron 
coordinate is &i&d by: 

6~ = -qrAc = -rlrF 
JO 

wavelength so that the betatron REFERENCES 
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[2] R. Helm et al., IEEE Trs. Nucl. Sci. 20, 900, 1973. 

We use the coordinates (x3 x’, t, c) to describe the evolution 
of an individual particle w.r.t. the bunch center. VRF 
is the peak voltage provided by t,he cavity and 4.. is the 
synchronous: phascl. In the cavity the longitudinal position 
couples to the transverse betatron motion. But also the 
longit~udinal motion is affected by the transverse mot,ion: 
A brtatron oscillation will change the path length over the 
arc [ti]: 

AZ = - 
J 

G(s)(l+ WW , 

ARC 

where G(s) (denotes the local curvature. The one turn map 
consists of a. five sequential t,ransformations: 

( ~JYc) (url) (rj:C) ((i:i.?) ( LiDyp) 

and UuaMp should reproduce the expected damping of 
t,he ernittarwe as a function of t,urns 72: 

C” = (c; - t&+nTo/r + c,. 

250 particles have been simulated at the tunes V, = 8.17 
over 50000 turns which correspond to 5.5 ms of store time 
in the damping ring. No blow up of the beam size could be 
seen. We also investigated a possible effect at lower tunes 
and found the excitation of synchrotron sidebands due to 
the non-linear field of the RF cavity, but no effect above 
V, = 8.10. Figure 4 shows the simulated blow up of the 
beam size after 4800 turns. 

The results agree well with an analytic approximation 
for the bearn size blow up due to synchro - betatron cou- 
pling far from resonance as derived in Ref. [7]. Because 
the synchrot,ron tune is small, V, z 0.01, the dominant con- 
tribution comes from the first-order resonance; the highcr- 
order resonances are too narrow to have a significant effect. 

Finally it is important, t,o not.+> t,hat. synchro-betatron 
coupling can also be induced by transverse and longitudi- 
nal wakefields. But, this effect should depend on the bunch 
charge and on the orhit in the RF cavity, which has not 
been obsrrv’ed [I]. 

CONCLUSIONS 

The calculated damping times are in good agreement 
with our measurements if a realistic model for the longi- 
tudinal field distribution of the bending magnets is used. 

A remaining small difference (x 10%) may be attributed 
to a systrm~ztic orbit, offset due to a misalignments of the 
magnet, support, girders. The observed t,unr dependence of 
the emitt,nn’cr can be explained with the tune dcpendenct: 
of the spurious dispersion generated by magnet misalign- 
ments. Synchro-betatron coupling, a likely suspect since 
the dispersion in the damping ring RF cavities is not zero, 
was ruled out as a reason for a significant, emittance in- 
crea3e in thf: tune range in question. 
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