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INTRODUCTION

It was origInally suggested on purely theoretlcal
grounds that the synchrooetatron sidebands of non-unear
resonances, causedby betatron tune moculattcn, could lead
to chaos, or stoChastlcltyl,2,J. This happens with both
beam-beam and magnetic resonances, when the stdebands,
which are typically as wide as the main resonance,
overlap. The overlap crtterton becomes more severe for
lower frequency modulations. A real experiment wlth the
"non linear lens" In the SPS was In semt-ousnutattve
agreement with numerical expertrnents, and wIth the one
dimensional theory4,S,6 The SPS expertence with the
beam-beam effect Is also in reasonable quantitative
agreement wtth nurnertcal models; and one dimensional
theory, althOugh only a limited amount of reat
experimental data ts available7

QUANTITY

Energyspread

Emlttance(metres)
Natural cbrornattctty

Corrected chromaticity

Tunemod. amplituce

Table I

LABEL

°h
°v
as

°E/E
E

XI') nat

Xv nat

Xh '" Xv
qh'" qv

NOMINAL VALUE

940

9.37

0.05

6.4xI0-4

20x10-7

-203

-42.0

10.0

n * 0006

One source of low frequency tune moculatton is power
supply ripple, but with care this can be madeneglIgIble. A
source whIch cannot usually be aVolOed, especially In
electron storage rings, Is the net chromaticity

1) X = dQ/(dE/E)

A particle with an energy oscillation amplitUde n times
the standard deviation, 0E/E, has a tune mccoratton at the

synchrotron frequency OS' with an amplitude of

2) q = n ( IXI .ClE/t:)

For CESR to reach high currents (and high lumlnOSlty) It Is
necessary to Increase the net chromaticity to about 10.0
In both planes. In order to suppress head-tall Instabilities.
AS shown In Table I, this causes a particle with a
moderately large ampl1tude. n % 3. to have a tune
modulation ampl1tude 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
resonance, this de(lnes an "effective" resonan~~_~~~~_,\__ ...

Dynamic aperture experiments madeat CESR tn April 84
are presented below, 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 cescnoec, and final coociustcos are
drawn. Both real andnumerical experiments show strong
dependencies on the net chromaticity.

* Operated by UnIversities ResearCh AssocIation for the
Departmento.r Energy . .... _

THE EXpERIMENT

PrelIminary measurements8 of the off-resonance
dynamic aperture as a function of net cnromaucuv were
made at the nom1nal tunes, \n order to compare two
sextupole distribution sChemes9,IO. A single posttron
bunchof moderate current, around 10 mnuemos, was used.
The dynamic aperture was experimentally deftned to be the
displacement to which the beam must be ktcked, by a
vertical "plnger" operating at 30HZ, to lower the beam
11fetime to 100 minutes. Individual measurements were
quIte slow to make, and were abandoned when their
senstttvttv to the tune was noticed - weak candidate
resonances were 0v· JOs "9.5, and 20h - 2Qy - Os • 0 .

It was decided Instead to scan resonance structures In
the tune plane, without ustng tne vertical plnger, by
Simply and quickly measuring the "Singles" rate of
background events In the CLEO detector. Although this Is'
not a direct dynamic aperture measurement, It ts very
flexible - structures with IHetimes very much less than
100 minutes can be vtsitec, Quantified, and avotoeo, In a
total measurement time of three or rour seconds. The
background rates measured had a dynamic range of almost
five decades. from 4 HZ to 100 kHz, above which the beam
was lost very rapidly.

The two sextupole distrlbutlons behaved Quite
SImilarly In two dImensIonal scans near the working potnt,
produc1ng typical backgrOund rates of 50 HZto 5.0 kHZ
when both net chromatlcltles were 6.0. with a Single
!:lunch current of 5.8 millIamps. One dImensIonal scans
were then made across the Qh " 9 + I IJ resonance. with 0v

~Id r.lxe~ ~.t 9~J? as Illustrated In Figure I, In order to



EXPERIMENTAL RESULTS

The exact Interpretation of the features whIch arise on
eltner side of 0h ~ 9 • 1/3 as the nortzontat crromaucttv
Is Increased IS not at all clear. Synchrobetatron stceoands
of sIgnifIcant strength should appear, accorotnc to the
standard theory. In the range 9' IIJ - q ( 0h ( g. 1/3 • q ,

spaced by 0s/3 and centered on the main resonance.

NeIther the soactnq nor the location o( the backgrouM
peaks agree very well with their naive Identification as
svncrrobetatron sidebands. However, the first sideoanct
shoulc appear when q =:: 05/3, whIch occurs at a

C!'1romatlClty Of Xh "" 6.0 for a large amplltuce particle

with n • 4, In semt-cuanntauve agreement with the
.appearance_0.' reatures In Figure 2.

At low net cnrornattcttes the 0h ~ 9 • 113 resonance

can be crossed With Impunity, witt! negligible backgrQund
rates as low as 10 Hz. Tunes measured for tnts data were
taken from the frequency peal<. observed on a spectrum
analyser. whtcn was usually self excited, but sometimes
was driven. The stngle posItron bunch current was small,
usually In the range 5.0 to 10.0 millIamps. Where the
curves Imply backgrounds greater than 100KHZ, the tune
had to be 'J umped' across a resonance feature.

9.33 9.35 9.37 9.39 9.41
HORIZONTAL TUNE, Q

h

Tune iccet ron of the nominal CESR
working pcmt end the expenment.

9.32 I..-~:-~~"""'''''''''__-'-__~_~---S

9.31

9.34

study stronger reatures. Different net horizontal aM
vertical cnromaucittes, In tile ranges -2.0 ( Xh ( 8.0 and

0.0 ( Xv ( 8.0 , were usedI I. It is thiS last exper1ment

whIch ts of most Interest here.
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Figure 3 HystereSis effect observed In b.!lcl<grouncl
rate vs honzontol tune, when x: 1'1= -20

fIgure 3 shOWS the hysteresis observed when the net
horizontal chromatICIty was Xh • -2.0, 1n contrast to the

data shown In Figure 2, whiCh closely reproduced whether
the tune was IncreaSIng or decreaSing. WIlen the beam was
hysterettcally self excited, separate spots of l1ght were
seen on a synCl'\rotron l1g1lt monitor, an erfect seen at
other storage rings 12. Presumably the tune 1ncreased
with amplttude, so that as 0l\ was lowered positrons

trapped In tM three resonance Islands were moved to
hlgtler_am[llttu~es, where tl'\ey were more prone to toss.
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EXQQrtmentally observed backround rote
versus han zan till tune for IIllrJOUS net
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Figure I Shows the most deadly of all the features
encountered, the resonance 20h• 0v ~ 28, which

consIstently dumped the beam, regardless Of the net
Cl'IromatICltl~s~~~al1y In less than the background rate

measurement time. The resonance occurs at the len or
Figure 2, Which plots the singles rate as a runctlon of
nortzontat tune 0h at net nortzontal crromatlctttes or 0.0,

10,6.0. and 7.0, with a constant net vertical chromaticity
of Xv ~ 1.0.
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TRACKING RESULTS
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net cnrcmattctty Is a key variable In tracking programs
and In real lite. Trackmg studies (or any ruture
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-tall Instabllltles.
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resonance. An Improved experIment would compare the
errects or small, equal and opposite net cnromanctnes,
WhiCh cause the same tune modulation amplitude and
require only slightly dIfferent sextupote strengths.

Comoartson IS also necessary with theory. One
adVantage of exoenments near the 1/3 resonance Is that
dynamic aperture predictions based on rtrst order
perturbation theory are likely to be correct. In contrast,
the ott-resonance cynarnrc aperture Is generally governed

by high order cross terms between Chromaticity correction
sextupoles, whIch are usually the only strong
ncn-nneartttes present. Thts Is parttcularly true at the
working ccmt, which 15 chosen for Its stabilIty. The SSC
may be an exception to this rule, since unavoidable high
order rnultlpole errors In the sueerconoucnnq ciooies
could cause sIngle resonance excttatton to domInate the
dynamtc aperture, "near" to any operating point.

I am indebted to Ted Banta and Steve Herb, who
perttctpatec In the experiments on CESR.
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240 synchrotron periods, Q 5; 2/37
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9.34 9.35

HORIZONTAL TUNE, Q h

Trecking meesurements of dynemlc
eperture for various tune modulation
emplltudes. q .

0.00 L-_-+ ....L ---J

9.33

Figure 4

5.00

10.00

Numerical searches for the cynarntc aperture were
made wIth EVOL7, usIng the real sextuoote dIstributIon.
Twelve or rtrteen particles, with Initial arnclttudes
distrIbuted around a phase entcse with a beam aspect
ratio Of 8 to I, were tracked for 240 synchrotron periods
of 3712 turns. or until one of them was lost. The Inltlal
amplHude was gradually reduced until all of the oarttcles
were stable, at what was cal led the dynamIc aperture.

(beam
sigmas)

OVNAMIC
APERTURE

15.00 ,....-__-----r--------,

Figure 4 records the dynamic aperture over a tune range
of 9.33 ( Qh ( 9.J5, for d1fferent tune modulation

amplitudes q, the same in both transverse planes. As q
Is Increased from 0.0 to 0.01, the mtnlrnum dynamic
aperture Is reduced (rom 50d to 1.6<1 , always occurring
Just above 0h • 9-1/3. This q range corresponds to a

cnrornauci ty range o( 0.0 ( 1XI <5.0 for a particle with
n ::: J. a moderately large energy amplttude.

CONCLUSIONS

The traCking results shown In FIgure 4 are In
qualitatIve, or semI-quantitatIve, agreement wHh the real
experimental results shown In FIgure 3. Many remaIning
Questions about the soecinc comparison of trackIng and
experiment could be a<klressed In an 1mproved analysts,
gIven time. For example, the traCking analysis would be
Improved by 100k1ng at the hysteresis effect, and at
mid-plane symmetry v~~a~lons drlvlng the 20h - Qv • 28
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