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Abstract

The single-bunch current limit and tune shift with current
have been documented over time in the 7-GeV Advrmced
Photon Source (APS) storage ring as a function of lattice,
chromaticity, and number of small-gap insertion device
(ID) chambers. The contribution to the machine coupling
impedance of the 8-mm-gap ID chambers was reported
earlier [1]. One 5-mm-gap ID chamber was installed in
December 1997. This required changing the lattice to pre-
serve the vertical acceptance. The new lattice reduced the
average vertical beta function at the 5-mm chamber as
well as at all the other ID chambers and so has also low-
ered the effect of the vertical coupling impedance. As ad-
ditional 8-mm and 5-mm chambers are planned, a more
detailed characterization of the impedance is essential.
This includes separating the effects of the transitions be-
tween the small-gap chambers and the standard chambers
from the resistive wall impedance of the small-gap chamb-
ers themselves. In this paper, we report on the transverse
instabilities and thresholds observed in the vertical and
horizontal planes. From these observations, various con-
tributions to the coupling impedance are derived.

1 INTRODUCTION

The maximum single-bunch current achieved in the APS
storage ring under standard operating conditions is 18 mA.
This current limit is most sensitive to the chromaticity,
~ = Av/Ap/p. For these conditions, the chromaticity was
(4, 7), where the parentheses indicate & and $ in that or-
der. The low j3ylattice installed for use with the 5-mm-gap
ID chamber lowers the vertical coupling impedance, but
reduces the effectiveness of the chromaticity-correcting
sextuples. The chromaticities are presently about (1.5, 4).
The single-bunch current limit is subsequently reduced to
-6 mA, determined by the transverse instability threshold.

Typical multibunch user operations require less than 2
mA per bunch in “triplets” mode, and about 4 mi$fbunch
in “singlets” mode. Although present operations are not
limited by the single-bunch current limit, additional 8-mm
and 5-mm chambers are planned, which will increase the
machine coupling impedance. Experimental studies were
undertaken to characterize the single-bunch instabilities,
and theoretical studies (modeling) are being carried out to
determine the impedance model that best fits these data.
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The instability threshold, growth rate, and current limit
were studied as a function of chromaticity, rf voltage
(bunch length), rf frequency, and orbit position. The
growth rate was also measured as a function of current.
The instability was monitored using beam position moni-
tor (BPM) history modules, a .sEeak camera, and the tune
measurement system.

2 TUNE SLOPE

The present complement of twenty 5-m-long small-gap
chambers results in tune slopes of -0.0026 per mA verti-
cally and -0.0008 per mA horizontally. The vertical tune
ilope was reduced by 40% after reducing <~> in the ID
chambers by 60%. Figures 1 and 2 show the vertical and
horizontal tune waveforms, respectively, as a function of
current. These were obtained by increasing the current in
small steps, while using an HP89440A vector signal an-
alyzer to record the hem” response to a ch~ed rf signal.
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Figure 1: Vertical tune vs. single-bunch current.
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e 2: Horizontal tune vs. single-bunch current.
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Figure 2: Illustration of the FSE “safety gap.” In the middle
region, stored beam is lost und injected beam does not exit
the photon b-lne.

In addition to dipole shorting, we simulate other faults
that might conspire to produce an amident. For example,
suppose that a magnet downstream of the shorted dipole
also malfunctioned, producing a “conspiratorial” kick that
compensated the missing field from the dipole. In such a
scenario, the perturbation of the stored beam orbit could be
greatly reduced, making the FSE gap smaller.

For each scenario we must simulate the stored beam and
injected beam. For the stored beam we simply compute the
closed orbit in the presence of a particular FSE and other
errors; we then track a single particle on this closed orbit to
see if it is lost on an aperture.

The acceptance of a photon beamline is easily computed
from knowledge of the apertures and does not depend on
magnet settings or other variables. Hence, for the injected
beam, we chose to track backwards from the photon beam-
line using an acceptance-filling beam, ending at the up-
stream end of the ID straight. If any particles exit the sec-
tor, then we assume that they might also reach the injection
point i.e., the parameters of that simulation correspond to
extraction of injected beam. If no backtracked particles exit
the sector, then no injected particles could exit via the pho-
ton bearnline under those conditions. Tracking only to the
beginning of the sector greatly reduces the number of possi-
ble parameters that might infiuence the computations, with
the downside that our results may be very conservative.

The apertures in the ring and photon beamline are clearly
crucial to these simulations. In the simulations, we used all
available apertures in the ring: the extrusion and (per sec-
tor) eight bellows, two “crotch absorbers,” and three “end
absorbers.” Since the photon beamlines are drift spaces
for the electron beam, we used only the two acceptance-
defining apertures, namely, the crotch absorber and wedge
absorber (which form a pair at the start of the beandine)
plus the photon safety shutter. Not all sectors have identi-
cal aperture configurations, but all have the same elements.

Because the position of most of the apertures cannot be
measured directly, we determined tolerances on their posi-
tions. In the simulations, these tolerances were included by
increasingtheapertures by the toleranceamount. For ex-

ample, a *43 mm aperture with a *5 mm tolerance is sim-
ulated as a +48 mm aperture. This extremely conservative
procedure was necessary because of the time required to do
randomized simulations using tolerances.

3 ACCIDENT SCENARIOS

We chose a number of scenarios that are most likely to
lead to an accident. To make our results somewhat lattice-
independen~ we used 22 lattices with integer-spaced hori-
zontal tunes from 18.2 to 39.2, except where noted. Also,
except where noted, simulations vary FSE so that the limit-
ing values (indicated in Figure 2) are found. me scenarios
are the following:

Type 1 A single dipole shorts, but no other faults occur.
Type 2 A single dipole shorts and there is a worst-case

compensating dipole field in a quadruple or sextupole
downstream of the dipole in the same sector. The worst-
case compensating field is the one that best corrects the
orbit distortion, limited by the maximum field that can be
produeedby the magnet. This scenario simulates both large
singlemultipole misalignments and shorting of the muM-
pole (in a conservative way, as the quadruple or sextupole
field is not affected). Since the the compensating field is
downstream of the dipole, it affects stored beam but not
backtracked beam, which is the worst possible scenario.

Type 3A single dipole shorts and there is a combination
of a gradient error and worst-case dipole field in a single
quadruple in the same sector. The gradient errors take
20 values that range between the limits that move the tune
into the integer and half-integer resonances, subject to con-
straints on the polarity of the quadruple. To reduce com-
putation times, these simulations are performed only for
v= = 35.2 (the standard tune) and v= = 20.2 (the worst
case for me 2). In addition, a ftxed FSE is chosen for
each of the stored-beam and backtracking runs. The result
is evaluated and the FSE inputs me adjusted until approxi-
mate boundaries are found for each type of run. Once these
are found for one aperture configuration, they are gener-
ally valid for similar configurations, which saves consider-
able computation at the expense of sometimes giving pes-
simistic estimates of the FSE gap.

Type 4 A single dipole shorts and a single quadruple
in the same sector has its polarity reversed. These runs are
done only for backtracked beam, as we assume that the tune
error is compensated by adjustment of other quadruples in
the ring, so that the stored-beam simulations from ~pe 1
can be used. This scenario is one that might arise if dur-
ing replacement a power supply converter is miswired and
the beam is stored again after adjusting the tunes using the
other quadruples.

Figure 3 shows some representative data tlom simula-
tions for ~pe 1. When aIl scenarios have been performed
for an aperture configuration, we analyze the data to ob-
tain the minimum FSE gap. Given the many conservative
assumptions and the extreme nature of the scenarios, a pos-
itive minimumFSE gap indicates a safe configuration.
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Figure 3: ~ical ‘l@e-l simulation results.

4 COMPUTATIONAL METHODS

Given the complexity of the top-up tracking, some might
expeet that we would have developed a new code for our
problem. However, rhe program used was elegant [3],
an existing code that does 6-dimensional tracking and other
accelerator computations. The physics demands on the
code were modest and could have been met by any number
of codes. Tbe only modMcation made to el egant was the
addition of integration of field maps, neeessary for back-
tracked beam simulations where the beam is very far off
axis in sextuples or quadruples. What was vital for our
purposes was that elegant uses the SeIf-Describing Data
Sets (SDDS) file format [4, 51. Like all SDDS-compliant
programs, elegant doesessentiallyno postprocessingor
datadisplayitself. Rather,it relieson thepowerfulSDDS
Toolkit, a group of about 70 generic data processing and
display programs, that permits simplified development of
postprocessing scripts for analysis of large amounts of data
fkom many simulations.

For top-up safety tracking, about 500 runs are required
for aperture configuration. These runs are grouped accord-
ing to whether they simulate stored beam or backtracked
beam, and according to the failure scenario. For each sce-
nario type, a TclfTk script is used to setup and submit the
simulation runs. This script is itself usually invoked by an-
other script that starts all the runs involved in a particular
aperture configuration. These scripts greatly simplify the
task of setting up and running a new round of simulations.
A roundof simulationsfor a sectortakesabouttwodaysto
runon 20 Sun Ultra 1 and Ultra 30 workstations managed
by the Distributed Queueing System [6].

For each scenario, a specific script is used to postprocess
the data and produce a simple results file (again, an SDDS
file). These scripts also detect problems (e.g., missing data
that might result from a workstation crashing), and to pre-
vent using bad data, any simulations with problem data are
deleted and must be run again. The user can easily do this
by reinvoking the submission script. Like startup, postpro-
cessing can be invoked with a single command. This com-
mand exeeutes the scenario-specific scripts, then collates
the scenario-specific results files into a singie result file. In

addition, the script produces a single value-the minimum
FSE gap-showing whether the configuration is unsafe.

Both the startup and postprocessing scripts use the
SDDS Toolkit for data preparation and analysis. In ad-
dition to using SDDS files for all output, elegant uses
SDDS files for configuration of tracking and for tracking
input. Most of these files are prepared automatically by the
scripts or by other elegant runs (a few represent exter-
nal inpu~ e.g., the apertures, and are prepared manually).
For example, in some scenarios a closed-orbit simulation
with conspiratorial orbit correction will be performed, and
a series of values giving quadruple and corrector strengths
will be saved. These data are loaded sequentially by a
backtracked beam simulation, in order to replicate exactly
the conditions of the stored-beam simulation. Thus, there
is no manual copying of data from one simulation to an-
other, speeding the work and eliminating the possibility of
transcription errors (an important consideration given the
safety-related nature of the computations). Other examples
of SDDS data used as simulation input are the coordinates
of tbe acceptance-filling particles for backtracking and the
multipole strengths for tbe 22 different lattices used in the
simulations.
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