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1. Introduction

In the 1938 SPS Dynamical Aperture Experiment,strongly excited

sextupoles in the 5ff were usedto study the boundary of stability due

to nonhinearities.

It could be shoi.nt’2 that short-term i.e. few seconds

particle losses were nil predicted by tracking simulations, defining

a short-tern dynnical aperture. However, an mexpecteddiffusion rate

of the order of millimetres per minute was observed inside this

short-term aperture. A complete simulation study of this diffusion
would require at lent several billions of particle-turns, and
therefore is beyond present-daycomputer capabilities. ?urthermore,

the precise causeof this diffusion has not yet been pinpointed.

In this note we focus on only one potential candidate for causing

this diffusion, namely low-frequency ripple of the magnet power

supplies. Our program, used in thu earlier tracking simulations, has
been, suitably anrted to model this ripple. We use as input the
experlr"tally measured ripple depth at 600 Hz of the SPS quadrupole

mauts end study only beams coasting through the 5ff lattice in the

presenceof eight strongly excited scatuyole.

We typically track 2 particles that start out very close to esch
other in phase space, for l0 tuna, with spot checks to bC

turns, end determine the amplitude beyond which the motion is chaotic;
this defia.a thu dynamical aperture. While a prediction of the

diffusion rate is well beyond the scope of this note, at lent we are
able to study the dependenceof the dynamical aperture on the ripple
frequency3. - -



In general, we observe a substantial decrease in the dynamical

aperture relative to the non-ripple case. We varied a niaber of

parameters in order to exclude the possibility that this dnresse was

due to specific values. At a fixed ripple frequency and depth we

studied three different wofl4ng points and two settings of the

distortion sextupoles which suppress or mnhsnre third-order

resole-es. We also verified that the results are insensitive to the

niaber of ripple elements in our simulation, provided, naturally, that

their integrated effect on the tnne modulations is kept-constant.

2. Influence f tingle on the Dvnl eel. ADert..re

A major result of the 1988 Dynamical Aperture Experiment is that

a short-term dynamical aperture cc be defined, which corresponds to a

particle loss after a few seconds, and that it can easily be predicted

by finding the onset of chaotic motion by traeking. This can be fonnd

using SIXTRACL4 by studying the behaviour of the distance in phase

space of two initially close particles as a fnnction of tine,

figure 12 is one -ple of how well the - short-term dynamical

aperture cc be predicted. The exper1’1t, however, shows that well

inside the short-term stability border out finds 1. considerable

diffusion rates of 6 and 3 a per *4’lte see Ref. 1 for details.

This diffusion cannot be explained by the tracking, in which the

linear lattice is only perturbed by saxtupo1es all studied amplitudee

below the short-tea dynamical aperture are of regular motion type,

which means that the motion is indefinitely stable; secondly,

long-term tracking bC turns corresponding to 23 eec with
PAT2AC shows that just inside the short-tea dynamical aperture

there is no amplitude increase whatsoever, while for the experiment

one expects at lent an amplitude increase of 2.3 mu 6na/mi.n. *

23/60. mm.. From this we conclude, since the strong effects are well
predicted by tracking, that one has to include some additional small
effect in the tracking model that may lead to this diffusion. One

candidate for such a diffusion process is the ripple of the power

supplils of the magnets, which is dangerous as it moves the working

point in the diagram. A 600 Hz ripple of thu main
quadrupoles was measuredC with the following strengths:
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The frequency of 600 52 which is a strong peak in the ripple
frequency apectria, is due to the 12-phase converter of the power

supplies. But there are also other peaks at lower frequency, for

instance at all multiples of 50 Hz and there is even a 10 Hz ripple
‘which is causedby some resonace of the power supply regulation loops.

We have studied the dependenceof the stability of the beam over
a wide range of ripple frsquenciss* with the modulation depth fixed to

flo detera4n. the nature of the motion regular or chaotic 20 000

turns are sufficient when no ripple is considered, but once ripple is

introduced a less violent chaotic behaviour is foimd at ‘smaller

amplitudes, so that 10 turns are needed for an imiaihiguoue

distinction between regular and chaotic motion. As one turn for two

particles for the SPS ring takes about 3 is on the 1B14 CERN and

18 ma on the VAX IlL, l0 turns corresponds to 50 minutes and 5

hours respectively. We therefore decided tà restrict ourselves to

turns at the IlL-VAX. All results of the next chapter. have

therefore an uncertainty of about * 1 a. For the data in fig. 2,

however, the necessary10 turns were used.



tha value corresponding tO 600 Hz stated above fig. 2. to understand

qualitatively why at small frequencies the dynamical aperture reduces

dramatically, let’s look at figs. 3 and 4, which show the normalized

Tfl spectna of the a-coordinate $192 turns for 600 and 50 Hz

respectively. At 600 Hz one finds, besides the main peak, two rather

small sideband peaks at a distance of 0.0138 600 Hz * 23 ps.

the relative sizes of the peaks are given by7:.

JC s
a Bessel ftetion

4

1 ; csaripplafrequency ; &arippledepth

At a 600 Hz the sideband peaks should have a relative

height of

which is Indeed foà 4 Is the trackiig fig. 3. Baby 160 Hz thu

condition of Eq.4 is no longer fulfilled. In such a case fig. 4 at

50 Hz c 160 Hz, one final’s nerous sideb"s in an Interval ot As

around the main peak, that no longer has to be the dcafnant peak.

Our conclusion is that the concept of a distinct value of the

time is no longer useful in this situation, considering time iltervals
large compared to a ripple period, e.g. 50 Hz : 868 turns. Instead,
one has to consider the tune as being smeared out over the whole
interval t &. An alternative way of expressing this is to consider
that resonances In this range overlap, causing chaotic motion even at
low amplitude.
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3. Studvins the Reduction of the Dynamical Anerture for Various Seta

of Parameters

Systematic studies were done at the chosen ripple depth and with

the ripple frequency fixed to 50 Hz to exclude that the drop in the

dynamical aperture is due to a specific choice of the parameters.

Three working points were studied fig. 5: Working point niaber one.

is in the vicinity of the strong 5th order reaonanceathe amplitude

dependence moves the tune to the left when the amplitudes are

Increased, where we find only a tiny region of chaotic motion at the

dynamical aperture when no ripple is Involved this working poInt was

studied in the last chapter. Working paint 2 is close to the 7th

order resonances, which lead even without ripple to a wider range of

chaotic motion due to a neat of weak reeonancea see Ref. 2 for

details. Finally working point 3 ii the nominal working point for the

Sps.

Secondly, thu Influence of the polarity of the power suppliea of
the sextupolee are Investigated. In the SPS experiment 2 differenr
sets of polarities are used: thu first denoted with nit

suppreasea the resonances excited by sextupobes In first order, which

are the 3rd and let order resonances this polarity was used in the
last chapter. These resonances are strongly excited with the second
set of polarities a ii a.

Figure 6 shows the smear versus the dynamical aperturewithout a
ripple being considered, in each of the six cases the largest

amplitude with regular motion and smalleat amplitude with chaotic

motion iu displayed ranging from 8 to 22 a. In cases A and S one

finds a large change in the smear. This is typical for strong

resonances 5th order in our case, which ne the motion abruptly and

strongly chaotic, which in turn leads to large fluctuations In the

amplitude. Figure 7 shove the corresponding situation with a 30 Hz
ripple: In aU cases the dynamical aperture . goes down by about a

factor of 2 it ranges between 4 and 11 a. and now even in cases A

and £ the motion is no longer dominated by a aingle strong reaonance.

A large drop In the dynamical aperture due to ripple ia therefore to

be expected in general: it ii not due to a bad choice of parameterlit
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Another question is whether apprntinting the collective ripple

of all asrat elements by one rippling element in each plane is a

valid tKing to do.

We find that a change from 2 to 20 rippling elements leaves the

dynamical aperture appr’tely etsiged. However, the change àf the

maber of rippling el.aants has some effect, as is shown in the FIT

sinai of the s-coordinate for both cases figs. $ and 9: .the peaks

lie at the same location but the relative heights have changed.

Finally we would like to present an Interesting relation between

the smear and the tune.hift. In Ref. $ it has been shown that for the

polarity of s.xtupolee, where the first order sextupole resonant.. are

suppressed it ii , one finds that the timeshift grows linearly

with near Fig. 10. For the ease parameters one also finAa this

Linear dependence, when the polarity is changed to a situation, where

the first order sextupols resonanceare excitid a ii i- Fig. 11.

4. Conclusion

Including ripple of the power supplies of the aagnta in the

tracking model has a strong effect on the long-term dynamical

aperture, while it only slightly changes the short-term dynamical

aperture. This reduction in the dynamical aperture strongly increases
when the ripple frequency is reduced, which has been explained

qualitatively.

A change In the choice of the working point and polarity of
sextupoles left the relative drop in the dynamical aperture
apprnrlaately ‘inged. Representing the collective ripple of an

magnets by 2 bocalised quadrupolesbaa shown to be a good quantitative
approximation. We therefore conclude that the ripple is a good
candidate to explaIn the diffusion found In the experiment.For a more

quantitative comparison between experiment and tracking it is,
however, necessary to do an experisentwhere the tipple is daatnated

by a ragret element of controlable ripple frequency and amplitude. We
strongly suggest such an experiment, to clarify the question as to
whether the 4iffuaion is indeed due to power supply ripple.
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ripple frequency.

The solid line labelled Dynamical Aperture ii the border
betwea the regions where one finds regular and chaotic
motion respectively. The error bars show the precision to
which thia border of stability was determined in the
tracking.
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Fig. 3. Ffl-spsctria of th z-coordinatewith a ripple frequency of

600 Us
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Fig. 4. Ffl-spectr of the x.coordinats with a ripple frsquency of

50 Es.



Fig. 5. WorkIng points in the %-% diagram.
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Fig. 6. Dynamical aperturewithout ripple.

The two crosses stand for the largest amplitude with
regular motion and the smallest amplitude with chaotic
motion respectively. In cases A and I the presence of a
strong resonancemakes the smear for the chaotic particle
rise strongly.
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Fig. 7. Dynamical aperture including the ripple.
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rig. 8. Ffl-epectrum of the x-coordinats for 2 rippling elements.
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Fig. 9. Ffl-epsctria of the x-coordinats for 20 rippling elements.
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Ref. 8

The polarity
sextupole resonances.

suppresses the firai-order

20mm

.-sa 2Q

-

2

tt
.5
a,
C
‘3

,-6Qx+Qz

16mm

12mm

1 S Smear%J B



Fig. 11. ttme shift vs. Smear.
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