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Abstract

Dynamic aperture has been studied experimentally at the
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-
sured turn-by-turn by the BPM. In this paper the technique
of determining the dynamic/physical aperture is described.
Several methods of increasing the dynamic aperture are
discussed. The results of computer simulation and simple
model analytic prediction explaining the experimental data
are presented.

1 INTRODUCTION

In Ref.[1] the results of the measurements of nonlinear
phase trajectories and amplitude-dependent tune shift at
VEPP-4M are discussed. Here we concentrate on the aper-
ture limitation study due to the nonlinear magnetic field.

The measurements were performed at the injection en-
ergy of 1.8 GeV with the following beam parameters: hori-
zontal emittanceεx =35 nm, betatron tunesνx =8.620 and
νz =7.572, natural chromaticityξx =-13.6 andξz =-20.6,
revolution periodτ =1.2µs. Large contribution of the fi-
nal focus quadrupoles to the natural chromaticity ('50 %
in the horizontal direction and' 60 % in the vertical direc-
tion) is compensated by the near-by sextupoles ofSES2
andNES2 families (6 lenses). The residual chromaticity is
corrected in the arcs by 32 sextupole corrections distributed
along the dipole magnets (DS andFS families).

The dynamic aperture is measured by the coherent beam
motion excitation[2],[3]. Coherent betatron motion is ex-
cited by fast electromagnet kickers in the horizontal or ver-
tical planes. To measure the beam displacement and the
intensity of every revolution BPMSRP3 in the turn-by-
turn mode is used[4]. The measured BPM resolution (rms)
in this mode for the beam current range of 1-5 mA equals
' 70 µm for both directions.

2 DYNAMIC APERTURE MEASUREMENT
TECHNIQUE

The measurement of the coherent beam motion allows to
determine dynamic or physical aperture as a displacement
at which the beam intensity loss occurs - the same way it
does in the computer tracking. But contrary to simulation
where a single particle is tracked, in experiment we deal
with a beam of a finite size and current. The later can cause
many effects (coherent and incoherent) which obscure the
precise aperture measurement. Hence, the beam loss study
has been carried out before performing a dynamic aperture
measurement. We expected that the particles would be lost

very fast outside the stable motion boundary because their
amplitude grows exponentially when the nonlinear motion
becomes unstable.
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Figure 1: A fast beam loss onto the dynamic (left) and
physical (right) aperture. The first 100 revolutions are
shown.

This study shows that:

1. When the kick amplitude is low, the BPM does not
indicate the intensity reduction: all particles move in-
side the acceptance along the stable trajectories.

2. At some intermediate kick amplitude a long term
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-
ments.

3. And only starting with the high enough amplitude of
the kick, a short time (20-50 turns) beam loss is ob-
served (Fig.1). Only this loss corresponds to the dy-
namic aperture limitation because of the fast growth
of the particle displacement outside the stable region.

The total intensity decreases include both long and short
term parts but only the last one defines the aperture limita-
tion unambiguously.
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Figure 2: BPM coordinate reading as a function of the kick
voltage.

Apart from the beam intensity, the BPM also measures
the position of the beam center of mass. The initial ampli-
tude 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 readingXp linearly depends on the kick
voltageXp = 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
the beam center of massXp(U) differs from the actual kick
amplitudeX0 just after the kick because some beam por-
tion is lost and several dozens revolutions are not enough
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 3: Beam is kicked onto the boundary of the dynamic
or physical acceptance (left - phase space, right - beam dis-
tribution).

To verify our assumption, we consider the beam kicked
onto the boundary of the dynamic or physical acceptance
Ax = ax + X0 (see Fig.3). For the Gaussian distribution
P(x, x′) with the rms beam sizeσx, the ratio of the beam
intensity inside the stable phase area to the initial oneæ =
I1/I0 is given by the error function

æ = 1/2± 1
2

erf(
ax√
2σx

),

where ”+” (”-”) is taken whenæ > 1/2 (æ < 1/2). As-
suming thatAx � σx, we can integrateP(x, x′) overx′

from −∞ to +∞. After the beam distribution tail is lost
outside the stable acceptance, the BPM coordinate may be
written as

Xp = X0 − σx
1

æ
√

2π
exp(− a2

x

2σ2
x

) = X0 − σxF (æ),

whereX0 = KU is the linear kick amplitude. Knowing
the value ofæ, one can findF (æ). In the reasonable range
of æ = 0.2 ÷ 1, F (æ) can be approximated as

F (æ) ' 1.6(1 − æ).

Fig. 4 shows the measured value of∆X(æ) = X0 −
Xp(æ) = σxF (æ). The horizontal rms beam size extracted
from these dataσx = 0.5±0.12 mm corresponds quite well
to that obtained by the beam lifetime measurements with a
movable scraper (σx = 0.55 mm).

From these measurements we can conclude that the fast
beam loss (for 20-50 beam revolutions) actually relates to
the aperture limitation, while the long term beam intensity
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Figure 4: Measured dependence of∆X(æ)

measurements can include many different effects. For the
dynamic aperture measurement we proceed as follows:

1. The coefficientK = Xp/U is found at the low kick
amplitude.

2. The kick voltage is increased till the half beam is lost
after the first 20 revolutions,æ = I20/I0 ' 0.5.

3. The dynamic aperture is defined according toAx =
KU0.5.

For a typical VEPP-4M lattice at the injection energy,
the measured aperture limitations at the azimuth of BPM
stationSRP3 are

Ax = 4.5 , Az = 5.1 ,
σx = 0.55 , σz = 0.42 ,
βx = 4 , βz = 12 ,

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
movable scraper. The scraper moves toward the beam or-
bit with a step as small as 0.1 mm and the fast beam loss
is studied. Fig.1 shows the beam loss without scraper and
when the latter is inserted into the vacuum chamber. One
can see that if the boundary of the motion is determined
by the scraper, the beam intensity drops sharply during the
first revolutions, while for the dynamic aperture limitation
several dozens turns are required to get particles out of the
stable area.

In case of VEPP-4M, we have the dynamic aperture for
the horizontal plane and the physical aperture for the verti-
cal plane.

3 THEORY ANALYSIS

The VEPP-4M model lattice tracking demonstrates the hor-
izontal dynamic aperture twice as large as the measured
one.

The sextupole-induced horizontal resonance that is eas-
ily reached from the nominal tuneνx = 8.62 is 3νx = 26,
and the phase space measurement shows typical triangle
shape of the phase trajectories[1]. That’s why to explain
the discrepancy between the tracking and experiment, we
consider analytically the horizontal dynamic aperture in the
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vicinity of the resonance3ν = m. This isolated resonance
can be described with the following Hamiltonian,

Hr = δJx + αJ2
x +

√
(8)A3J

3/2
x cos3φx,

whereJx andφx is the action and angle variables,δ =
νx −m/3 is the distance from the resonance,α is the non-
linearity, andA3 is the resonance driving term (azimuthal
Fourier harmonic of the sextupole perturbation)

A3 =
1

12
√

2

∫ 2π

0

β3/2
x

B”
Bρ

cos(3(ψx − νxθ) +mθ)dθ.

The action variable relates to the transverse displacement
asx(s) =

√
2βx(s)Jx. The stable motion is limited by

two points which correspond to the actionJx1 (φx = 0)
andJx2 (φx = π). The first point is a resonance fixed point
and can be found from

∂Hr

∂Jx
= 0,

∂Hr

∂φx
= 0.

The second pointJx2 is defined by the invariant Hamilto-
nianHr(Jx1, 0) = Hr(Jx2, π) that gives a fourth power
equation which can be solved numerically.

To calculate the horizontal dynamic aperture we will use
the experimental results presented in Ref.[1]. For our tune
pointνx = 8.620 the measured sextupole perturbation har-
monic equalsA3 ' −2.8 m−1/2. This value reasonably
corresponds to the model one. On the contrary, the mea-
sured nonlinearity is much more large than that obtained
from the VEPP-4M model lattice. The experimental data
showα = 3200 m−1. The study indicates the octupole
field errors in the final focus quadrupoles (where the beta-
tron functions reach the value more than 100 m) as a pos-
sible source of this nonlinearity. Using these values, we
can obtain the following dynamic aperture at the azimuth
of BPM SRP3 (βx = 4 m):

Ax = (+5.1, − 3.3). (1)

The measured dynamic aperture (Ax = 4.5 mm) is ob-
tained from the oscillations amplitude averaged over sev-
eral dozens turns, hence to compare it with the theory re-
sult we need to take from (1) the mean absolute value which
equalsAx = 4.2 mm. The ideal VEPP-4M lattice gives the
aperture ofAx = (+10, − 5) that is significantly larger
than the measured one.

Apart from the analytic estimation, computer tracking of
the realistic lattice has been performed with the octupole
field incorporated into the final focus quadrupoles to pro-
vide the measured detuning effect. The tracking results
agree with the theoretical results.

4 DYNAMIC APERTURE INCREASE

To open the dynamic aperture we need to reduce either the
resonance driving termA3 or nonlinearityα. We have ver-
ified each of these ways as well as combined both of them.

As the strong final focus sextupolesSES2 andNES2
strongly contribute to the harmonicA3, we have decreased
their excitation current from 8.4 A to 4.3 A. The residual
chromaticity was compensated by the distributed sextupole
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.

The first way (sextupole harmonic reduction) results in
the horizontal aperture enhancing up to 7 mm, which is
more than 1.5 times larger than the initial one. On the
contrary, the octupole corrections do not provide signifi-
cant aperture increase (5.4 mm). Measurements done after
combining the two approaches indicate that the aperture in-
creased up to 5.9 mm which is less than that obtained with
the sextupole correction only.

The latter seems to be rather strange because the track-
ing for all three cases shows that the best result (up to 10
mm) is obtained in case when two kinds of corrections are
used simultaneously. A possible explanation is that the
octupole perturbation excites additional high order reso-
nances which create obstacles to the aperture increasing.

5 CONCLUSION

In conclusion, we have experimentally measured the dy-
namic aperture of the VEPP-4M storage ring using the
turn-by-turn particle tracking system. As it was found for
VEPP-4M, the horizontal aperture is limited by the nonlin-
ear fields, while the vertical one is defined by the physical
limitation.

The stable motion boundary, obtained with the single
resonance approximation, shows good agreement with the
measurement results.

We have increased the horizontal aperture by the sex-
tupole resonance driving term reduction. But we failed to
do the same by the detuning compensation with the oc-
tupole field corrections. We suspect that this might be due
to the additional higher-order resonances excited by the oc-
tupole corrector.
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