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DISCLAIMER

This document was prepared as an account of work sponsored by the
United StatesGovernment.While this document is believed to contain
correct information, neither the United States Government nor any
agency thereof, nor The Regents of the University of California, nor any
of their employees, makes any warranty, express or implied, or assumes
any legaf responsibility for the accuracy, completeness, or usefulness of
~Y information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or
service by ita trade name, trademark, manufacturer, or otherwise, does
not necessarily constitute or imply its endorsement, recommendation,
or favoring by the United States Government or any agency thereof, or
The Regents of the University of California. The views and opinions of
authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof, or The Regents of the
University of Cahfomia.

Ernest Orlando Lawrence Berkeley National Laboratory
is an equal opportunity employer.
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DYNAMIC APERTURE MEASUREMENTS AT THE ADVANCED LIGHT

SOURCE *

W. Deckingt, D. Robin, LBNL, Berkeley, USA
Abstract

A large dynamicaperture for a storage ring is of importance
for long lifetimes and a high injection efficiency. Measure-
ments of the dynamic aperture of the third generation syn-
chrotronslight source Advanced Light Source (AM) using
beam excitation with kicker magnets are presented. The
experiments were done for various accelerator conditions,
allowing us to investigate the influence of different working
points, chromaticities, insertion devices, etc.. The results
are compared both with tracking calculations and a simple
model for the dynamic aperture yielding good agreements.
This gives us confidence in the predictability of the non-
linear accelerator model. This is especially important for
future AJ3 upgrades as well as new storage ring designs.

1 DEF’INITIONOl?THE APERTURE

The aperture of an electron storage ring is the maximum
transverse and/or Iongitudhal deviation from the design or-
bit an electron can experience without being lost. The size
of the aperture can effwt both injection and lifetime. At the
~ where one injects horizontally offset from the stored
beam the on-momentum aperture has to be large enough to
accept the injected electron beam. From the point of view
of lifetime it is important to have both sufficiently large
on-momentum and off-momentum apertures. In particular
the lifetime of a low energy, low emittartce electron stor-
age ring like the AU31 is usually given by the scattering of
elrxtrons within a bunch (Touschek effect) and/or by elastic
and inelastic scattering of electrons with the residual gas.

When electrons scatter within a bunch, they may transfer
enough momentum to be outside the momentum aperture
of the storage ring. Depending on the dispersion timction
at the scattering position, scattered electrons start a beta-
tron oscillation in addition to the momentum offset. An
electron with a large betatron amplitude usually reaches the
off-momentum aperture at smaller momentum deviations.
Elastic scattering of elcdrons with the residual gas excites
betatron oscillations. The elastic scattering lifetime is thus
proportional to the on-momentum aperture. For more de-
tails about aperture measurements using lifetime investiga-
tions see [1], [2].

The aperture can be limited by several effects. The lin-
ear transverse motion of electrons is limited by the vac-
uum chamber aperture ZVC.. In the pr~ence of diSper-

.
“This work was supported by the Dwector, Office of Energy Research,

OftIce of Basic Energy Sciences, Materials Sciences DNision, of the U.S.
Department of Energy, under Contract No. DE-AC03-76SFOO098.

t Now at DESY, Hamburg, Germany.
%e ALS is operated wirh an energy of 1.5 -1.9 GeV and an emit-

tancc of3,5 -5.6 x 10-9 radm.

sion q this aperture is reduced by the off-momentum orbit.
The invariant physical horizontal aperture is the minimum
around the ring of APhv,,=(d) = (2%..(S) – 71(S)C$)2i&C(S)

‘p the relative momentum deviation. Disper-with 6=X
sion is usually only present in the horizontal plane leaving
the vertical physical aperture Aphy,,ymomentum indepen-
dent. The longitudinal motion of electrons is limited by the
height of the rf-bucket provided by the accelerating voltage
in the cavity.

The electron motion is also confined by dynamic effects,
leading to resonant or chaotic amplitude growth. The bor-
der of this motion is called the dynamic aperture Adgn,.(6)
and depends on the relative momentum deviation. The dy-
namic aperture is often estimated through tracking crtlcula-
tions.

One can also estimate the dynamic aperture using a sim-
ple model in the following way: Electrons are lost when
their tune satisfies a resonance condition. From knowing
the tune shift terms with amplitude, $, ~, and mo-

Y

mentum deviation, ~, ~, one can compute the tune
shift due to momentum and transverse deviations:

(1)
where Auv is the distance to the closest’ deadly’ resonance,
and K is the emittance coupling factor. Knowing the dis-
tance to the resonance defines a momentum dependent dy-
namic aperture.

From equation 1 several ways to increase the dynamic
aperture can be seen:

. Increase the distance to the closest’ deadly’ resonance

●

●

by choosing a‘ good’ working point.
Decrease the tune shift for large amplitude electrons.
TMs is addressed in the design phase by adquately
distributing the nonlinear elements. During operation
one can lower the chromatici~ ~ to small numbers.
Avoid excitation of resonances, which is achieved in
high periodicity machines, where a large number of
identical basic cells decreases the number of excitable
resonances.

The total aperture is the minimum of all the aperture lim-
itations discussed above. It is often difficult to distinguish
clearly between dynamic and physical limits in the mea-
surements. Only good knowledge of the vacuum chamber
dimensions, the optical functions and the emittance cou-
pling allows the separation of the two effects. We will thus
only use the term dynamic aperture in the following if we
can exclude physical limits.
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2 MEASUREMENTSOFTHE
APERTURE

A tool for aperture measurements is a beam kicker magnet.
This is a fast magnet which permits the kicking of the beam
over a single turn. A criteria for the aperture could be to
increase the kick amplitude until the beam is lost. A mea-
surement of this maximum Kickamplitude as a function of
an artificial aperture limit (horizontal scraper) is shown in
figure 1. This measurement serves as a crdibration for the
kicker voltage. It also.shows that at a certain point the kick
amplitude is independent of the scraper position. This is. .-
when the kicked beam hii; imother aperture in the ring.

–35 –lo –5 o
scraper position [mm]

Figure 1: Maximum Kicker voltage versus horizontal
scraper position.

To measure the aperture for off-momentum electrons,
the storage ring rf-frequency is changed to change the stor-
age ring energy. This simulates a ‘static’ off-momentum
situation, as the bunch centroid is not performing syn-
chrotronsoscillations. If the main reason for the dynamic
aperture is the tune shift with momentum deviation, this
‘static’ measurement should be sufficient.

Figure 2 shows a measurement of the aperture versus
momentum deviation. The measured aperture is asym-
mehic in momentum due to higher order tune shift terms,
which shift the lower momentum electrons faster towards
the integer resonance. At a momentum deviation ofs
–0.03 one can see a dip in the curve, which is interpreted
as a resonance which is overcome for lower momentum
electrons when the tune is shifted beyond thk resonance.
To estimate the dynamic aperture with synchrotronsoscil-
lations, the dynamic aperture is assumed to be the small-
est envelope fitting into the measured aperture. With syn-
chrotrons oscillations it may be possible for electrons to
cross through resonances like the one at J N –0.03 in fig-
ure 2. The synchrotronstune at the ALS is VSN 0.008 or ap-
proximately 125 turns per synchrotrons oscillation. There-
fore the dashed-dotted line, representing the inner enve-
lope, is a somewhat pessimistic approximation of the dy-
namic aperture including synchrotronsoscillations.

Figure 3 shows a comparison of the m~ured aperture
with tracking calculations and with the tune-shift model.
Electrons were tracked through the ALS lattice with a six-
dimensional symplectic integrato~. The following errors

z~e ~c~ng code TRACY2 WaS used.
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Figure 2: Maximum kick amplitude versus momentum de-
viation at the following storage ring conditions: v= =
0.31, Vv = 0.22, & % 0.5, <Y x 0.5. The solid line is
the raw measurement, while the dashed dotted line shows
the derived dynamic aperture assuming synchrotronsoscil-
lations.
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Figure 3: Comparison of measured aperture (dashed-dotted
line), tracking calculations (solid line / circles), and tune-
shift model with a Avy = –0.14. The tune was v= =
0.31, Z/y= 0.22.

and constraints were included in the model to simulate the
realistic machine

Physical aperture borders were included in the track-
ing to prevent electron oscillations outside the realistic
vacuum chamber. This is important because large am-
plitude electrons may perform kwge, but stable oscil-
lations which would be outside the physical aperture
but not lead to a loss of the electron in the tradcing.
Linear field errors are simulated according to the op-
tics measurements done at the ALS with the response-
matrix fitting method [3]. This errors lead to a f?-beat
and thus a break in periodlcity.
Random skew quadruple errors were distributed in
all quadruples of the lattice and adjusted to obtain a
1 % coupling.
The wiggler (see below) was simulated as a chain of
hard edge dipoles obtaining the correct linear focusing
and longitudinal dynamics properties.

tune-shift AVVfor the tune-shift model was chosen to
fit the measured a~erture. Measurements, tracking and the
tune-shift model agree rather well for large off-momentum
electrons. For on-momentum electrons the measurement
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shows smaller horizontal amplitudes. The horizontal phys-
ical aperture of the ALS is N 20 mm thus the measurement
(and the tracking) show that the horizontal aperture is lim-
ited through dynamic effects.

To investigate the dependence on the tune, the tune is
moved towards the integer resonance, parallel to the u=—Vv
coupling resonance. Figure 4 shows the aperture for this
tune setting, again compared with tracking calculations and
the model. The measured dynamic aperture is only slightly
smaller than in the previous case (figure 3) and the tracking
and tun~shift model agree better with the measurements.
The integer resonance defines a clear limit for the dynamic
aperture. The trackkg thus shows the expected behavior
(increase of dynamic aperture with distance to the inte-
ger resonance) while the measurements indicate that on-
momentum electrons are lost at almost the same large trans-
verse amplitudes. Large transverse amplitude particles are
for instance more sensitive to additional nonlinear fields,
which we have not included in the tracking.

The effect of periodicity breaking in a highly periodic
machine can be shown with the insertion of a wiggle# in
the ALS lattice. The vertical focusing effect of the wig-
gler is locally compensated, which leaves a bre.akhg of the
ideal 12-fold symmetry. The aperture measurement shows
a slight degradation of the dynamic aperture when the wig-
gler is closed (see figure 5 compared with figure 4). This is
in good agreement with tracking calculations.

To show the importance of coupling, an aperture mea-
surement was performed with the skew quad circuits pow-
ered. This should decrease the on-momentum dynamic
aperture considerably, because electrons with large hori-
zontal amplitudes are coupled in the vertical plane, where
they are lost at the small gap vacuum chambers4. Thk sit-
uation was also modeled in the tracking. The results are
displayed in figure 6. The agreement between measure-
ment and tracking is good, The tune-shtft model fails in
this case, because it does not take into account the vertical
aperture limit.

3 CON~LUSION

The aperture of the ALS was measured with the help of a
horizontal kicker magnet. The results of this measurement
agree very well with previous measurements using lifetime
techniques [1], [2]. The dynamic aperture is also derived
from tracking studies and from a rather simple model. The
agreement between measurement and trackhg is good. The
nonlinear accelerator model has to be improved to predict
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Figure4: Comparison of measured aperture (dashed-dotted
line), tracking calculations (solid line / circles), and tune-
shift model with a Avv = –0.11. The tune was shifted to
V== 0.27,Vv= 0.18.
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Figure5: Comparison of measured aperture (dashed-dotted
line), tracking calculations (solid line / circles), and tune-
shift model with a Avg = -0.1. The tune was v= =
0.27, Vv= 0.18 and the wiggler was closed.
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Figure 6: Comparison of measured aperture (dashed-dotted
line), tracking calculations (solid line / circles), and tune-
shift model with a AVY = —0.09. The tune was V= =

0.27,Vv = 0.18 and the wiggler was closed. In addition
the skew quadruple circuit was powered.
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