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INTRODUCTION

It was originally suggested on purely theoretical
grounds that the synchrobetatron sidebands of non-linear
resenances, caused by betatron tune modulation, could lead
1o chaos, or stochasticity >3 This nappens with both
beam-beam ang magnetic resonances, when the sidebands,
which are typically as wide as the maln resonance,
averlap. The overlap criterion becomes more Severe for
lower frequency modulations. A real experiment with the
“non linear lens” In the SPS was In semi-quantitative
agreement with numecical experiments, and with the one
dimensional theoryq-s-ﬁ. The SPS experience with the
beam-team effect 15 also {n reasonable quantitatlve
agreement with numerical models, and one dimensionat
theory, although only a limited amount of real
experimental data Is available’.

One source of low frequency tune modulation is power
supply rippte, but with care this can be made negiigible, A
source which cannot usually be avoided, especially in
electron storage rings, is the net chromaticity

)] X = dQ/(dE/E)

A particle with an energy oscillation amptitude n times
the standard deviation, cE/E, has a tune modulation at the

synchrotron frequency Qg, with an amplitude of

2) q=n(|x|.og€)

For CESR to reach high currents (and high luminosity) it is
necessary to increase the net chromaticity te about 10.0
In both planes, tn order to suppress head-tall instabilitles.
As shown in Table |, this causes a particle with a
moderately large ampiitude, n = 3, to have a tune
modulation amplitude of q = 0.02, a comparatively large
value. In the Sense that synchrobetatron sidebands are
expected to be significant within :q of a non linear
resenance, this defines an “effective” resonance width,

Dynamic aperture experiments made at CESR in April 84
are presented betow, showing the Importance of the net
chromaticity.  Experimental results are compared to
tracking results from the code EVOL, with qualitative, or
semi-quantitative, agreement. Possible experimental
improvements are described, and final conciustons are
drawn. Both real and numerical experiments show strong
dependencles on the net chromaticity.

* QOperated by Universities Research Assoclation for the
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QUANTITY LABEL NOMINAL VALUE
Tunes [+ 9.40

a, 9.37

Qg Q.05
Energy spread o/t 64x1079
Emittance(metres) € 20x1077
Natural chromaticity Xn nat -203

Xy nat -420
Corrected chromaticity X, = X, 10.0
Tune mod. amplitude 9r = Qy n * 0006

Table ! Nominal CESR parameters

IMEN

Prelminary measurements® of the off-resonance
dynamic aperture as a function of net chromaticity were
made at the nominal tunes, in order to compare two
sextupole distribution schemes®:! A single pesitron
bunch of moderate current, around 10 mtlliamps, was used,
The dynamic aperture was experimentally definec to be the
displacement to which the beam must be kicked, by a
vertical “pinger” operating at 30HZ, to lower the beam
iifetime to 100 minutes. individual measurements were
quite stow to make, and were abandoned when their
sensitivity to the tune was noticed - weak candidate
resonances were Q, + 30g = 9.5, and 20, - 20, -0, =0 .

It was decided instead to scan resonance structures in
the tune plane, without using the vertical pinger, by
simply and quickly measuring the “singles™ rate of

background events in the CLEC detector. Although this (s

not a direct dynamic aperture measurement, it is very
fexible - structures with lifetimes very much less than
100 minutes can be visited, quantified, and avoided, in a
total measurement time of three or four seconds. The
background rates measured had a gynamic range of almost
five decades, from 4 Hz to 100 kHz, above which the beam
was lost very rapidly.

The two sextupole distributions behaved quite
similarly In two dimensional scans near the working point,
producing typical background rates of 50 Hz to 5.0 kHz
when both net chromaticities were 6.0, with a single
bunch current of 5.8 mtiltamps. One dimensional scans
were then made across the Qp = 9 + |/3 resonance, with Q,

heid f1xed at 9,37 as !llustrated In Figure 1, In order to
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Study stronger reatures. Olfferent net horizontal and
vertical chromaticities, In the ranges -2.0 ¢ X ¢ 8.0 and

0.0 ¢ X, <8.0, wereused! ', It is this last experiment
Wwhich 1s of most interest here.
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Figure 1

RIMENT T

Figure ! shows the most ceadly of al} the features
encountered, the resonance 20, * Q, = 28, which
consistently cumped the beam, regardless of the net
chromaticities, usually In less than the background rate
measurement time. The resonance occurs at the left of
Figure 2, which plots the singles rate as a function of
horizontal tune Qy, at net horizontal chromaticities of 0.0,

3.0, 6.0, and 7.0, with a3 constant net vertical chromaticity
of Xy = 1.0.
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Figure2 Experimentally abserved backround rate

versus harizantal tune for various net
horizontal chromaticities

Al low net chromaticites the Qn = 9 + 1/3 resonance

tan be crossed with impunity, with negligible backgraund
rates as low as 10 Hz. Tunes measured for this data were
taken from the frequency peak abserved on a spectrum
analyser, which was usually self excited, but sometimes
was deiven. The single positraon bunch current was smatt,
usvally in the range 5.0 to 10.0 millfamps. Where the
curves imply backgrounds greatec than [QOkHZ, the tune
had to be 'Jumped' across a resonance feature.

The exact Interpretation of the rfeatures which arise on
eltner side of Q, = 9 + 1/3 as the hortzontal chromaticity

Is tncreased (s not at alt clear. Synchrobetatron sidebands

of significant sirength should appear, according to the
standard theory, In the range 9+1/3 - q <Qy, < 9+1/3 + q,

spaced by 05/3 and centered on the main resonance.

Neither the spacing nor the location af the dackground
peaks agree very well with their naive identification as
synchrobetatron sidebands. Howewver, the firgh sideband
should appear when ¢ = Qg/3, which occurs at a

chromaticity of X, = 6.0 for a large amplitude particle

with n = 4, In semi-quantitative agreement with the
appearance of features in Figure 2.
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Figure 3 Hysleresis effect gbserved tn background
rate vs. horizonial lune, wnen xh= -20

Figure 3 shows the hysteresis observed when the net
horizontal chromaticity was X, = ~2.0, in contrast to the

data shown In Flgure 2, which closely reproduced whether
the tune was increasing or decreasing. when the beam was
hysteretically self excited, separate spots of light were
seen on 2 synchrotron light monitor, an effect seen at
other storage rlngslz. Presumabiy the tune increased
with amplitude, so that as Q, was lowered positrons

trapped In the three resonance Islands were moved (o
htgher amptitudes, where they were more prone Lo 1oss.



IRACKING RESULTS

Numerical searches for the cdynami¢ aperture were
made with EVOL7, using the real sextupoie distribution,
Twelve or fifteen particles, with initlal amplitudes
distributeg around a phase ellipse with a beam aspect
ratio of 8 to |, were tracked for 240 synchrotron perfods
of 37/2 turns, or unttl one of them was lost. The initial
amplitude was gradually recuced until atl of the particles
were stable, at what was called the dynamic aperture.

Figure 4 records the dynamic aperture over a tune range
of 933 < 0 ¢ 935, for different tune modulation
amplitudes q, the same in both transverse planes. As ¢
s increased from 0.0 to 0.01, the minimum dynamic
aperture is reduced from 5.00 to 1.60, always occurring
Just above O, = 9+1/3 . This g range corresponds to a

chromaticity range of 0.0 ¢ |X| <5.0 for a particle with
n &= 3,2 moderately large energy amplitude.
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Figure 4  Tracking measyrements of dynamic
aperture for various tune modutation

amplitudes, q.

CONCLUSIONS

The tracking resuits shown in Figure 4 are In
qualitative, or semi-quantitative, agreement with the real
experimental results shown in Figure 3. Many remaining
questions about the specific comparison of tracking and
expertment could be addressed in an improved analysis,
glven time. For example, the tracking analysis wouid be
improved by looking at the hysteresis effect, and at
mid-plane symmetry viglations driving the 2Q, + Q, = 28

resonance. An !mproved experiment would compare the
effects of small, equal and opposite net chromaticitles,
which cause the same tune modulation amplitude and
require only slightly different sextupole strengths.

Comparison s also necessary with theory. One
advantage of experiments near the i/3 resonance Is that
dynamic aperture predictions based on first order
perturbatton theory are fikely to be correct. in contrast,
the off-resonance dynamic aperture 1s generally governed
by high order cross terms between chromaticity correction
sextupoles, which are wusually the only strong
non-iinearities present. This Is particularly true at the
working point, which 1s chosen for fts stability. The 55C
may be an exception to this ruie, since unavoldable high
order multipole errors in the superconducting dipoles
could cause single resonance excltation te dominate the
dynamic aperture, “near” te any operating point.

What 1s unequivocally clear and important is that the
net chromaticity Is a key vartable in tracking programs
and in real life.  Tracking studies for any future
accelerator must include tune modulation effects. This is
particularly true for high current electron rings where the
net chromaticity must be large, in order to combat
head-tail instabilitles.

Acknow [edgements

I am indebted to Ted Banta ang Steve Herb, who
participated in the experiments on CESR.

Beferences

J. Tennyson, AIP Conf. Proc. No. 57, BNL, 1979

E. Courant, ISABELLE Proj. Tech. Note 163, 1980
L. Evans, CERN-SPS/DI(MST)/B1-2, 1961

L. Evans, CERN~SPS/DI{MS5T)/82-6, 1982

L. Evans, 5.Peqggs, CERN-SPS/DI(MST)/82-7, 1982
M. Cornacchia et al,, |EEE NS-30, p, 2454, 1983
5. Peggs, CESR CBN-84-12, 1984

CESR log book 56, p.44, 1984

. L. Sakazaki, unpublished, CESR, 1982

{G. M. Bi!1ing, CESR CBN-B4-10Q, 1984

11. CESR log book 56, p.56, 1984

t2. Tumalikin et al., Preprint 251, Novosibirsk, 1968

N~

b

© @~ o



