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Abstract very fast outside the stable motion boundary because their

Dynamic aperture has been studied experimentally at trgeren C%ﬁjgseugrfgg Zlgxponentlally when the nonlinear motion
VEPP-4M electron-positron collider. A transverse bunch '

motion was excited by fast kickers. The beam intensity ™

and the amplitude of the coherent oscillations were mea-"" SO

sured turn-by-turn by the BPM. In this paper the technique ™ ,

of determining the dynamic/physical aperture is described. = j j
Several methods of increasing the dynamic aperture are® B I w
discussed. The results of computer simulation and simple = 1
model analytic prediction explaining the experimental data. == = . %
are presented.

Figure 1. A fast beam loss onto the dynamic (left) and

physical (right) aperture. The first 100 revolutions are

shown.

In Ref.[1] the results of the measurements of nonlinear

phase trajectories and amplitude-dependent tune shift atThis study shows that:

VEPP-4M are discussed. Here we concentrate on the apert. \When the kick amplitude is low, the BPM does not

ture limitation Study due to the nonlinear magnetiC field. indicate the intensity reduction: all partic|es move in-
The measurements were performed at the injection en-  side the acceptance along the stable trajectories.

ergy of 1.8 GeV with the following beam parameters: hori- 2. At some intermediate kick amplitude a long term

1 INTRODUCTION

zontal emittance, =35 nm, betatron tunaes, =8.620 and
v, =7.572, natural chromaticit§, =-13.6 and¢, =-20.6,
revolution periodr =1.2 us. Large contribution of the fi-
nal focus quadrupoles to the natural chromaticitpQ %
in the horizontal direction ang 60 % in the vertical direc-
tion) is compensated by the near-by sextupoles bf52

beam loss appears. The typical time interval for this
loss is about 10 ms, and it occurs because of the parti-
cle distribution cut off by the aperture limitation. Dur-
ing this time many other effects (including damping)
can take place, so it is difficult to extract the informa-
tion about the dynamic aperture from these measure-

andN ES2 families (6 lenses). The residual chromaticity is ments.
corrected in the arcs by 32 sextupole corrections distributed3. And only starting with the high enough amplitude of
along the dipole magnet€XS andF'S families). the kick, a short time (20-50 turns) beam loss is ob-
The dynamic aperture is measured by the coherentbeam served (Fig.1). Only this loss corresponds to the dy-
motion excitation[2],[3]. Coherent betatron motion is ex-  namic aperture limitation because of the fast growth
cited by fast electromagnet kickers in the horizontal or ver-  of the particle displacement outside the stable region.
tical planes. To measure the beam displacement and th
intensity of every revolution BPMy RP3 in the turn-by-
turn mode is used[4]. The measured BPM resolution (rm%
in this mode for the beam current range of 1-5 mA equals
~ 70 um for both directions.

eI'he total intensity decreases include both long and short
?rm parts but only the last one defines the aperture limita-
jon unambiguously.

Kick voltage dependence of oscillation amplitude

2 DYNAMIC APERTURE MEASUREMENT
TECHNIQUE

4 No beam losses

PEERE i

BPM reading (mm)

The measurement of the coherent beam motion allows to ot
determine dynamic or physical aperture as a displacement ar ﬂ Beam losses
at which the beam intensity loss occurs - the same way it A
does in the computer tracking. But contrary to simulation e
where a single pgr.tlcle. is tracked, in experiment we de?‘—ligure 2: BPM coordinate reading as a function of the kick
with a beam of a finite size and current. The later can cause
. . voltage.

many effects (coherent and incoherent) which obscure the
precise aperture measurement. Hence, the beam loss studppart from the beam intensity, the BPM also measures
has been carried out before performing a dynamic apertutiee position of the beam center of mass. The initial ampli-
measurement. We expected that the particles would be |dstde of the coherent oscillations is computed for the first 30
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turns to cancel all damping effects. For low amplitudes, the
BPM coordinate reading, linearly depends on the kick
voltageX,, = KU. However, when the fast beam loss is

observed, this dependence drastically declines from the lin-
ear one (Fig.2). To explain this fact we have assumed that 0a
the beam center of mass, (U) differs from the actual kick x )
amplitude X, just after the kick because some beam por- k {i

tion is lost and several dozens revolutions are not enough 0
for the quantum effects to restore the initial beam distri-
bution. This fact should be taken into account when the

dynamic aperture is measured by BPM. Figure 4: Measured dependence (z)
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measurements can include many different effects. For the
dynamic aperture measurement we proceed as follows:

1. The coefficient = X,,/U is found at the low kick
amplitude.

2. The kick voltage is increased till the half beam is lost
after the first 20 revolutionsg = I /Iy ~ 0.5.

3. The dynamic aperture is defined accordingitp =
KUy s.

Figure 3: Beam is kicked onto the boundary of the dynamic

or physical acceptance (left - phase space, right - beam dis-FOr a typical VEPP-4M lattice at the injection energy,
tribution). the measured aperture limitations at the azimuth of BPM

stationSRP3 are

To verify our assumption, we consider the beam kicked
onto the boundary of the dynamic or physical acceptance
A, = a, + Xy (see Fig.3). For the Gaussian distribution
P(z,2") with the rms beam size,, the ratio of the beam
intensity inside the stable phase area to the initial ene
I, /Iy is given by the error function

A, =45, A,=5.1,
o, =055, 0,=042,
5m:4u 5,2:121

Now the question is how to distinguish which one aper-
ture, dynamic or physical, limits the stable area? To an-
. swer this question we have measured the beam loss at the

e=1/2+ §erf(\/§—a), movable scraper. The scraper moves toward the beam or-

’ bit with a step as small as 0.1 mm and the fast beam loss

where "+” ("-") is taken whene > 1/2 (2 < 1/2). As- is studied. Fig.1 shows the beam loss without scraper and
suming thatd, > o,, we can integraté® (z,z’) overz’  when the latter is inserted into the vacuum chamber. One
from —oo to +oo. After the beam distribution tail is lost can see that if the boundary of the motion is determined
outside the stable acceptance, the BPM coordinate may bg the scraper, the beam intensity drops sharply during the

written as first revolutions, while for the dynamic aperture limitation
5 several dozens turns are required to get particles out of the
Xp=Xo—0,——= exp(—a—‘g) = Xo — 0, F (=), stable area.
/21 203 In case of VEPP-4M, we have the dynamic aperture for

where X, = KU is the linear kick amplitude. Knowing the horizontal plane and the physical aperture for the verti-

the value ofe, one can findF(z). In the reasonable range ¢@l plane.

of 2 = 0.2 + 1, F () can be approximated as
3 THEORY ANALYSIS

F(ee) ~1.6(1 — ). ) .
The VEPP-4M model lattice tracking demonstrates the hor-

Fig. 4 shows the measured value &fX () = X, — izontal dynamic aperture twice as large as the measured
X, () = 0, F(2e). The horizontal rms beam size extractedne.
from these data, = 0.54+0.12 mm corresponds quite well ~ The sextupole-induced horizontal resonance that is eas-
to that obtained by the beam lifetime measurements withily reached from the nominal tune, = 8.62 is 3v, = 26,
movable scrapew(, = 0.55 mm). and the phase space measurement shows typical triangle

From these measurements we can conclude that the fakape of the phase trajectories[1]. That's why to explain

beam loss (for 20-50 beam revolutions) actually relates tine discrepancy between the tracking and experiment, we
the aperture limitation, while the long term beam intensitgonsider analytically the horizontal dynamic aperture in the
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vicinity of the resonanc8r = m. This isolated resonance As the strong final focus sextupol&¥2.52 and N .52
can be described with the following Hamiltonian, strongly contribute to the harmonit;, we have decreased
their excitation current from 8.4 A to 4.3 A. The residual
) 3/2 chromaticity was compensated by the distributed sextupole
Hy = 6J; + @ + /(8)As Ty " cos3¢s, correctors in the arcs.

As was shown in Ref.[1], in our case the horizontal non-
linearity is defined by the octupole perturbation. So, we
have used the octupole coils in the arcs (which are not en-
ergized in the routine operation mode) to decrease the non-
linearity by a factor of 1.7.

1 27 B” The first way (sextupole harmonic reduction) results in

Az = Wﬁ/ ﬂi/zB—COS(?)(% — v0) + mb)de. the horizontal aperture enhancing up to 7 mm, which is

0 p more than 1.5 times larger than the initial one. On the
The action variable relates to the transverse displacemetintrary, the octupole corrections do not provide signifi-
asx(s) = /28.(s)J.. The stable motion is limited by cantaperture increase (5.4 mm). Measurements done after
two points which correspond to the actidp; (¢, = 0) combining the two approaches indicate that the aperture in-
andJ,» (¢, = 7). The first point is a resonance fixed pointcreased up to 5.9 mm which is less than that obtained with

where J, and ¢, is the action and angle variables,=

v, —m/3 is the distance from the resonanads the non-
linearity, andAs is the resonance driving term (azimuthal
Fourier harmonic of the sextupole perturbation)

and can be found from the sextupole correction only.
The latter seems to be rather strange because the track-
OH, 0H, .
A 0, 96, =0. ing for all three cases shows that the best result (up to 10

mm) is obtained in case when two kinds of corrections are

The second poinf,. is defined by the invariant Hamilto- used simultaneously. A possible explanation is that the
nian H, (J,1,0) = H,(J,2,7) that gives a fourth power Octupole perturbation excites additional high order reso-

equation which can be solved numerically. nances which create obstacles to the aperture increasing.
To calculate the horizontal dynamic aperture we will use
the experimental results presented in Ref.[1]. For our tune 5 CONCLUSION

pointy, = 8.620 the measured sextupole perturbation harrn conclusion, we have experimentally measured the dy-

- o ~1/2 : X - -
monic equalsds ~ —2.8 m~/2. This value reasonably ., aperture of the VEPP-4M storage ring using the

corresponds to .the. model one. On the contrary, the me irn-by-turn particle tracking system. As it was found for
sured nonlinearity is much more large than that obtain

EPP-4M, the horizontal aperture is limited by the nonlin-

from the VEPP-4R/11Fn0de| lattice. The experimental datg ,; fie|ds, while the vertical one is defined by the physical
showa = 3200 m~!. The study indicates the OCtUp‘)'eIimitation

field errors in the final focus quadrupoles (where the beta-

; h th | h The stable motion boundary, obtained with the single
tr.on functions reac the value more t an100m) as a P9¥sonance approximation, shows good agreement with the
sible source of this nonlinearity. Using these values, w,

: . , : fneasurement results.
can obtain the following dynamic aperture at the azimuth We have increased the horizontal aperture by the sex-
of BPM SRP3 (5, = 4 m): tupole resonance driving term reduction. But we failed to

Ao = (451, —3.3) @ do the same by the detuning compensation with the oc-

_ 1, 3). . : o
tupole field corrections. We suspect that this might be due

The measured dynamic apertuté,(= 4.5 mm) is ob- tothe additional higher-order resonances excited by the oc-
tained from the oscillations amplitude averaged over seftpole corrector.
eral dozens turns, hence to compare it with the theory re-

sult we need to take from (1) the mean absolute value which 6 REFERENCES
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