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ABSTRACT

r

A workshop on Automated Beam Steering and Shaping (ABS) was held at CERN in December
1998. This was the first workshop dedicated to this subject. The workshop had two major goals: to
review the present status of ABS algorithms and systems around the world and to create a
worldwide ABS community. These proceedings contain summary reports from all sessions,
contributions from several presentations held at the workshop, and a complete set of abstracts for all
presentations, i

in

WHAT IS ABS?

The acronym ABS stands for Automated Beam Steering and Shaping. It was invented a few years
ago when the new control system of the CERN PS became operational and its programs were
redesigned for the PS complex itself, and for the LHC beam whose emittance has to be preserved
within a strict tolerance limit. The work carried out by Simon van der Meer on the full automation
of the CERN antiproton source, served as a model for how this could be automatized. During the
preliminary studies it became clear that the algorithm of closed orbit correction based on an
iterative least squares method could be generalized to any correction of a first-order perturbation
such as steering, and chromatic and geometric aberrations. The method then evolved into what is
now the ABS architecture made of a database, application programs, matrix builders for each type
of correction, and the correction algorithm (MICADO [micado]). During the ABS Workshop held
at CERN in December 1998, ABS was given a wider meaning to include all forms of algorithms
and software packages which are used as intelligent tools by operators in the control rooms of our
accelerators for correcting trajectories, orbits, working points, etc. A quick enquiry around the
world laboratories before the workshop, did not, however, provide another term.
At the PS Divison, ABS can be considered as mainly a minimization problem involving illconditioned matrices, the main work being to establish accurate optics files, make and verify
correction matrices, and create easy-to-use software for the operation crew. This work is obviously
of great importance as the ultimate aim of all ABS exercises is better beams for the users. The main
machine physics aspects lie within the development of matrices for new types of corrections, a nontrivial problem for which work still remains to be done.
In a larger perspective, ABS is much more than a matter of matrix inversion. The aim of the ABS
Workshop, and the resulting proceedings, is to give an overview of ABS at different accelerator
laboratories, and to explore the potential of the subject. Furthermore, although ABS presentations
are common at most major accelerator physics conferences and workshops, there has so far not
been a meeting point for those working on the subject. With the ABS Workshop we hope that we
have created such a meeting point, which will serve as a forum for exchanging ideas, and as an
initiator of common projects.
Attendance at the workshop was well beyond our expectations and we feel that the time we set
aside for this event was well invested. The decision to publish proceedings was taken very late, and
therefore some of the participants could only contribute an abstract. However, we feel that it is
worthwhile going ahead and publishing this first set of collected papers. We hope that this group
will continue to meet as we believe that ABS procedures are essential for efficient operation of
future large and small accelerators.

B. Autin and M. Lindroos
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SUMMARY OF PRESENT ABS SYSTEMS
L. Hendrickson
SLAC, Stanford, USA
Abstract
The session on present ABS Systems is summarized. A variety of systems
have been created, but there are many common elements, including algorithms,
operational challenges, and goals. Similarities and differences between the
systems are noted, and highlights of various talks are described.
1.

INTRODUCTION

The session on present ABS systems included nine talks, reporting on existing automated systems from
several laboratories around the world. There is a wide variation in complexity and sophistication among
the different systems. Limited hardware and software resources are a common situation, and the sophistication of automated systems is necessarily matched to local requirements. Key goals of the packages
include providing more reproducible beam conditions, reducing tuning time, and optimizing luminosity. Higher order tuning packages are used in several facilities. In several facilities, the controls history
shows a trend of increasing levels of automation in response to increasingly demanding requirements.
At present, common algorithms and needs are addressed among the labs, but common software
among multiple projects is not typical. In many cases, different experiments at the same site use diverse
controls interfaces, resulting in duplication of software effort and increased complexity for users. An
effort to standardize algorithms as well as software and human interfaces could be of benefit for many
facilities. The COCU package is a positive step towards this goal, providing a machine-independent
correction package with a choice of algorithms which has been used at several different experiments.
Automated steering packages have common challenges, such as recognising and eliminating unreasonable beam position monitors (BPMs), and enhancing numerical stability and robustness. Decisions
must be made about number and placement of measurement and control devices. A common operational
strategy is to limit the number of correctors, and to minimize their strength. Difficulties with coupling
or crosstalk between horizontal and vertical planes, or between separate beamlines or beams are addressed. Several projects have encountered questions of compensating for hysteresis and nonlinearities
of correction devices.
A common question for controls designers is choice of the location at which the beam position
is stabilized. At Jefferson lab, there is a proposal to introduce "virtual monitors" to allow choice of
the stabilization point, in addition to providing a tool for improved numerical stability. For the SLC
feedback system, a similar function is provided by movable "fit points", which can be placed at any
modeled location in the accelerator, including component locations and arbitrary marker points.
Response-based matrix methods are typical. Singular Value Decomposition (S VD) and Micado algorithms are widely used. In some cases, model-driven matrices are adequate, but for many experiments
a measurement of the response matrix is required. In discussions at the workshop, there was general
agreement that when measured methods are used, it is advisable to study any discrepancies between the
measurements and the model to gain a better understanding of the machine and to improve the model.
Steering packages are typically available under user control, with an application run on demand,
and an opportunity for users to review proposed corrections before making a decision to implement or
reject changes. Users have an opportunity to select a range for steering, and devices to be included or
excluded. Many systems allow a choice of several steering algorithms, and some provide a selection of
packages with varying levels of automation.

Time scales range from high bandwidth feedback systems, to once-a-day tuning packages, to
once-a-year procedures. Hardware considerations frequently limit the bandwidth for control, including
controls architecture and magnet response limitations. Some fully automated systems require minimal
operator intervention, while others involve more substantial user control and interaction. There is a
trend towards improved controls response time and additional feedback systems as experiments mature.
Feedback algorithms include PID control, state space formalism, as well as simple response algorithms.
Oracle databases are common, although they are not typically used for real-time information.
There are also file-driven configurations, and several types of real-time databases. A variety of control
system hardware and architectures is seen; in many cases the systems use "vintage" hardware that is no
longer state-of-the-art, since technology is changing rapidly and many control systems are long-lived.
2.

Automated Tuning and Feedback Systems at the SLC

Pantaleo Raimondi spoke about some of the tuning and steering packages which have contributed to the
success of the latest SLC run at SLAC. The luminosity for the 1997-1998 run was substantially increased
over previous runs, due in large part to improvements in tuning and optimization procedures.
In the linac, a two-beam dispersion free steering algorithm was used successfully. This takes
advantage of information from electron and positron beams traveling down the same beamline, since
imposing the same orbit on both beams is equivalent to minimizing the dispersion. The algorithm uses
Singular Value Decomposition to fix the orbit while minimizing the corrector strengths.
A stronger focusing lattice and weaker BNS profile also contributed towards minimizing emittance
in the linac. An automated, generalized optimization package facilitated adjustment of emittance bumps
in the linac as well as other parameters. Finally, an automated, reliable subbooster phasing method was
developed for the linac, to help maintain a stable, well-understood energy profile. Figure 1 shows a
graphical display of the "dithering" phase measurement. The subbooster phase is moved up and down by
a small amount, with repeated measurements of the energy taken at each point. The results of a cosine
fit of the energy versus phase are used to determine the desired phase setting.
Emittance control in the arc sections was improved by a new orbit centering technique which minimized wakefield effects. Improved emittance measurements in the final focus facilitated minimization
of synchrotron radiation growth. These new procedures resulted in the smallest emittances ever seen in
the final focus of the SLC.
Feedback systems are used in every major region of the SLC to control parameters such as intensity, steering and energy as well as higher-order control. State space feedback algorithms are used,
with Kalman filters and Linear Quadratic Gaussian regulators. A specialized algorithm is used to damp
beam noise at and near the Nyquist frequency of 60 Hz. A fully-automated optimization feedback system uses subtolerance excitation, or "dithering" techniques to maximize luminosity by adjusting final
focus parameters and averaging luminosity monitor readings over many pulses. The optimization system
provides substantially improved resolution over the previous method, which involved manual scans and
user interaction. The new method results in improved reproducibility and luminosity, as well as freeing
operators for other tuning. The optimization feedback is also used as a high resolution measurement
device for manual tuning of higher order aberrations. As a result of these new tuning procedures, the
final focus is effectively corrected up to the third order.
The SLC experience has shown that improved online applications, feedbacks and software diagnostics are of great benefit for complex and challenging machines.
3.

ABS at the PS Division

Michel Martini reported on automated steering and tuning procedures for the PS complex at CERN.
The goal for the PS complex is to provide high brightness beams for colliders. This is accomplished by
minimizing beam emittance blow up and particle losses. Steering and matching are performed for the PS
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and associated transfer lines. The Micado solver is used. The PS systems are more fully described in a
later section. A view of the facility and associated beamlines is shown in figure 2.
4.

ABS at CRYRING

Ansgar Simonsson of MSL reported on some of the tuning techniques used at CRYRING, an atomic
physics facility in Stockholm, Sweden.
Feedback for the electron ion source is used to control the anode voltage, improving stability for
the beam energy and the current. In the injection line, a beam centering procedure varies a quadrupole,
and determines that the beam is centered if the spot does not move on an inserted screen, adjusting
steering elements as needed. This manual procedure will be replaced with an automated Labview system.
Of interest to many at the workshop was an intensity optimization system, with a "stupid but
indefatigable" virtual operator. A Pascal optimization program varies parameters up and down, keeping
changes that result in increased intensity. The concept and some system benefits are similar to the SLC
optimization feedback: the system is faster than a human, and it still works when a human is distracted.
5. Beam Steering and Control at DAFNE
Catia Milardi described techniques and results for trajectory control of the DAFNE facility at Frascati.
Commissioning has been completed and orbit control systems are working well. DAFNE is a doublering F-factory, with circulating electron and positron beams. The transfer line includes 23 beam position
monitors, and the trajectory correction is used to optimize the beam current transmitted to the rings.
VME is used for controls in the transfer line and in the rings.
In the rings, the closed orbit correction system must manage challenges due to cross-talk between
the electron and positron rings, and between the rings and transfer line. The correction system must
optimize the coupling and control the positions of the beams at the interaction points. Local closed bumps
are used for collision control. Vertical tuning is particularly important due to the beam dimensions, and
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fine tuning is accomplished using a luminosity monitor.
A schematic of the system used for the closed orbit acquistion is shown in figure 3. The BPMs are
multiplexed, and the acquisition system runs at 5 Hz. Several algorithms for closed orbit correction have
been tried, including best corrector, harmonic method, and orbit decomposition eigenvector methods.
The response matrix is measured, and is independent from the model or from corrector calibrations.
In the future, more work will be done to use the response matrix measurements in DAFNE modeling.
Figure 4 shows a comparison of the closed orbit before and after correction.
At the interaction point, in addition to bringing the beams into collision, the synchronization is
tuned by making small adjustments to the RF cavity phase. Beam coupling is controlled with skew
quadrupoles, and the beam lifetime is enhanced by proper tuning. A novel arc lattice is used, with
a Bending-Wiggler-Bending (BWB) configuration. This has resulted in decreased damping times and
better emittance tunability.
6.

Online Beamline Centering at PSI

Automated systems for beam position monitoring and control at PSI were described by Thomas Blumer.
Several accelerator facilities are supported, including a meson factory, spallation neutron source, proton
therapy and irradiation areas, as well as an injector with many different particles. Good controls are
needed due to the very high intensity beams which require good stability, and the strong dependency of
the beam characteristics on intensity.
The controls hardware architecture includes VME, CAMAC, ethernet, and Alpha/Vax, HP and
SUN workstations. Software architecture includes a message-based communications system. Oracle
databases are used to store device information, while ASCII files are used to store program configurations. A graphical user interface enables viewing of results and modification of control parameters.
Several applications are provided for both open and closed loop control of beam position and intensity
parameters, and for measurement of beam characteristics. A generalized PID-based feedback controller
is used to stabilize a two-by-two system, with a repetition rate of 3 Hz. Stabilization is effective at the
beam position monitor locations, although alternatives are being studied.
7.

Automatic Beam Tuning at Ganil

Automated tuning packages at Ganil were described by A. Savalle. Systems have been developed for
transverse matching, beam centering and achromaticity. Tuning for the cyclotrons and associated transfer
lines can take 24 hours. Automated systems speed up tuning, optimize beam parameters, and improve
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reproducibility. Figure 5 shows a user interface display for the system. The betatron matching system
has been operational since 1997, and has been faster and more reliable than the previous manual method.
Beam sizes are measured with profile monitors, and an online beam optics calculation is used to optimize
the beam transfer matrix. The automatic beam centering system uses profile monitors to measure the
beam center, and a least squares fit is performed to determine corrections which center the beam while
minimizing corrector values. Noise on the profile monitor measurements is a limitation for both the
matching and centering packages. An additional package was developed to decorrelate the transverse and
longitudinal planes, resulting in fully achromatic beam in the matching section by optimizing quadrupole
settings. Initial tests are encouraging.
8. ABS at the SPS and LEP
Joerg Wenninger reported on automated systems for SPS and LEP, which are large circular accelerators
at CERN. Much of the steering software for the two machines is common, even though the two machines have very different operational goals. SPS orbit control has simpler requirements, and is mainly
concerned with minimizing beam losses, while LEP is concerned with optimizing the vertical orbit for
maximum luminosity and polarization. As a result, most of the developments have been geared towards
the requirements of LEP.
The COCU orbit correction package is used, in combination with a main user interface and display
dataviewer. A user interface display for the LEP orbit control is shown in figure 6. The dataviewer and
COCU are identical for both machines. COCU is a machine independent package which supports a
variety of correction algorithms. It was developed at CERN for SPS and LEP, but has been adopted at
several other facilities.
For SPS, the twiss parameters are stored in an Oracle database, and other machine parameters
and data are stored in files. Global MICADO corrections are used, in addition to local bumps and other
corrections. All orbit correctors for the two machines are based on modeling parameters, without using
measured response matrices.
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At LEP, all hardware and modeling parameters are stored in an Oracle database, with orbits updated to the database every 40 seconds. MICADO is the most popular algorithm. Golden orbits are
found through an empirical tuning process, but tests using SVD for orbit and dispersion correction looked
promising, and a more complete implementation is planned for 1999. An autopilot application maintains
the orbit, with corrections every 2 minutes. A Hydrostatic Levelling System was installed around the
quadrupoles to monitor movement associated with orbit drifts. At the interaction point, the vertical beam
collisions are adjusted with electrostatic separators. Local separator bumps are scanned to find the optimal setting, based on luminosity monitor and deflection measurements. Figure 7 shows a display of the
beam-beam deflection as a function of separation.
Automated beam steering has been essential for the operation of SPS and LEP. The implementation
of Dispersion Free Steering for LEP is planned for 1999.
9.

Orbit Correction Methods - Basic Formulation, Current Application at Jefferson Lab, and
Future Possibilities

Yu-Chiu Chao presented an overview of orbit correction methods which are applicable to CEBAF and
to other facilities. A summary of general challenges encountered in orbit correction at any facility was
included, along with symptoms, sources and possibilities for solutions. An example depicted in figure
8 shows a situation in which there are not enough monitors to correctly detect an orbit excursion. An
optimization program was used to identify optimal locations to add monitors in order to improve the orbit
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Fig. 8: Monitor Deficiency Detection and Elimination from Jefferson Lab

detection. The program also identified redundant correctors, which had resulted in excessive correction
and poor reproducibility. In order to improve response singularies and other numerical problems, Chao
proposes a Virtual Monitor algorithm, which is capable of controlling the orbit at an arbitrary location.
Further information about these techniques is provided in a later section.
10.

Automated Beam Position Control in the ESRF Storage Ring

Laurent Farvacque described two independent systems which are used for automated orbit correction at
ESRF. The goal is to stabilize the beam to 10% of the beam size in both the horizontal and vertical planes.
A periodic automated orbit correction system performs a correction every 30 seconds to control medium
and long-term effects, and a global position feedback system regulates short term effects. Singular Value
Decomposition (SVD) is used. Figure 9 shows the optical functions in the ring.
The response matrix is augumented to include additional effects: adjustment of the RF frequency
acting on the orbit through the dispersion, and keeping the sum of the correctors constant so that the
energy of the particles is constant. Results for measured response matrices were compared to the model,
with good agreement as shown in figure 10. Limiting the number of eigenvectors reduces the sensitivity
to BPM drifts by a factor of 2, minimizing emittance growth. The automated correction system requires
specific beam and BPM conditions, in order to ensure the reliability of the calculations.

R = 134.3890
ALPHA= 1.839E-04
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Fig. 10: Comparison of Measurement and Modeled Response Matrix at ESRF
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ONLINE BEAMLINE CENTERING AT PSI
S. Adam, T. Blumer, A. Mezger
Paul Scherrer Institute, PSI, CH-5232 Villigen, Switzerland
Abstract
Primary beamlines at the PSI accelerator are equipped with automatic stabilization of the center of gravity of the particle beam. Position pickups, steering
magnets and the control system are used for this process. The hardware, the
software with the used algorithms and the implemented data structures are explained. The upgraded package includes an Oracle database, the prediction
of the steering influences based on actual magnet settings and the closed loop
control process. Included are auxiliary programs for development and maintenance. Over 10 years of experience in operation, performance, and encountered problems are explained. Plans for future improvement and enhancement
are outlined.
1. PSI Situation of Accelerators and Beamlines
The cyclotron accelerators at PSI produce beams with intensities exceeding 1.5 mA. These beams are
split in two places to provide simultaneous service for different facilities
2.

Control System

The control system implements a classical distributed architecture. Front end computers are HPrt_743
risk processors in VME with the HPrt operating system. Serial CAMAC loops are used for the process interface. The communication is based on Ethernet and implements a message oriented protocol
developed in house. Open VMS Workstations form the operator interface.
3.

Reason for online beam centering

The high intensity beams have a power of up to 1 MW within a few square mm's. This demands a
high stability in the beam trajectory so as not to destroy delicate components that need to be near to the
beam. The small apertures at collimators and targets and the requirements from experiments demand high
stability for beam position. Instabilities are caused for instance by discharges in electrostatic elements
or the accelerating cavities. An additional problem is the strong dependency of the beam characteristics
on intensity. This causes problems for the recovery of the beam after an interlock. The variation of
beam properties is caused by the intensity dependence of the space charge effects and by the variable
asymmetric collimation in transverse phase space that is used for intensity control.
4.

Beam control

The following applications for beam control exist, in addition to the closed loop centering.
• Open loop beam position compensation for switching on and ramping of beam intensity.
• Open loop beam position centering with the moving wire profile monitors.
• Transport with an interface for acquisition and setting of beam line elements and the measurement
of the beam characteristics. The operator may then "close the loop" by setting recommended new
values.
• Online measurement of influence parameters of steering elements to positions for the verification
of machine model data.
• Generic two by two parameter PID control task, including methods to measure transfer functions
and frequency response of the controlled system.
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5.

Data structures

The description of the structure of the beam lines and the data for the optical elements is derived from the
general accelerator database in ORACLE. For each beam line this data is transformed to a file in ASCII
format and exported to all workstations. Additional data used for configuring is also in from of ASCII
files. The preparation of the static data structures for the workstations is done offline.
6.

Influence prediction

At process initialization the actual settings of quadrupoles and bending magnets are acquired. Together
with the beam line structure file, this data is used to calculate the influence matrix of the steering elements
on the beam positions. The prediction is based on the transport algorithm. For use by the closed loop
correction, a quadratic selection of this matrix is inverted.
7.

Control process

The actual control process is implemented as a classical PID loop where the input and output parameters
are represented as vectors. The correction vector is calculated by multiplying the error vector with the
inverted influence matrix. At present we support only quadratic matrices and stabilization at the location
of beam position monitors. Other configurations with additional boundary conditions are being studied.
The determination of the influence matrix is part of the control process, on request the operator may
repeated this procedure online to correct for changes in quadrupole settings after tuning the beam line.
The underlying control system provides the interface for the acquisition of the beam positions and setting
of the correction values to the steering elements. Graphical User Interface Like all applications on the
control system the beam line centering control process uses Xwindow Motif as graphical user interface.
The user surface provides extensive control over the behavior of the control task. Values of references for
beam positions, P-, I-, D gain, filter constant for feedback and minimum beam intensity for activation of
the closed loop may be adjusted by sliders or by increments. At initialization the screen image is created
using the beam line and configuration data files Performance The beam itself has a noise spectrum far
exceeding our capabilities in frequency response for measurement and control. The machine is operated
in a static way, so the magnets are made from solid iron they are not laminated hence they are slow,
having time constants in the order of 0.1-1 second. The position pick ups are similarly slow with time
constants of 0.3 sec. We have chosen a repetition rate of 3 Hz for the closed loop position control.
8.

Problems

There are no really severe problems but we still question some facts The stability, linearity, beam intensity
independence and noise of the beam position measurement could be improved. This is no wonder in all
closed loop systems the acquisition of the controlled value is the most critical part of a all other errors are
within the loop and therefore they are reduced by the gain of the system. The precision of the predicted
influence values is another critical point. These errors produce a temporary violation of the waist to waist
transformation in the beam line. In our case the waist at extraction is reproduced at the target station,
instabilities inherently occur in the direction of the extracted beam. When the beam intensity is ramped
up to its nominal value after a interlock, the position of the beam at the target station is shifted causing
an additional beam trip.
9. Future developments
Include the possibility to specify beam positions at locations along the beam line that are not at the
position of a position measurement. This will allow to specify the beam position at a target station
where it is not possible to place a monitor. To solve this wee need algorithms for the calculation of
the effective orbit outside the position sensors, including the compensation for all errors in the system.
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Online check of the correctness of the used influence matrix. This will alert the operator in case of a
malfunctioning device and then help to localize the fault. The closed loop provides a lot of data online
about the characteristics of the system. Correlation methods on a model have shown encouraging results.
In the real case however this failed. This leads to the next theme. Compensation of the hysteresis of
the magnets. In a closed loop regulation, the individual corrections that are applied in each iteration are
small in amplitude and vary in sign, they are similar to a small noise signal. As the local hysteresis loop
of the magnet is comparable to the correction amplitude a compensation of this effect may improve the
predictability of the system.
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ABS AT THE PS DIVISION
M. MARTINI
CERN, Geneva 23, Switzerland
Abstract
The ABS program (Automated Beam Steering and shaping) is a
general automated correction system of any first order perturbation
of the reference fields. The system has been implemented in the
CERN PS complex in view of the production of high brightness and
high intensity beams for the Large Hadron Collider (LHC), for
which all the causes of emittance increase have to be removed, and
to ease the day-to-day operation task. The present achievement of
the ABS program deals with beam trajectory and mismatch
controls. All the first order corrections, related to linear or nonlinear fields, are realised using an iterative linear solver. The
corrections are characterised by matrices stored in a database with
on-line access. The database contains all relevant parameters of the
machines. Applications for different types of presently operational
corrections for the PS complex are reviewed.

1.

Introduction

Providing high brightness (i.e. phase space density or intensity emittance ratio) and high
intensity beams in the accelerator chain for the Large Hadron Collider (LHC) sets tight
tolerances to the transverse beam emittance blow-up. The issue is to maintain any transverse
emittance increase along the injectors at a low level and to avoid even a small fraction of
particle loss because this leads to excessive equipment irradiation. A major source of
unwanted emittance blow-up is mis-steering and mismatch in the beam transport between the
accelerator chain.
The ABS program (Automated Beam Steering and shaping) provides a generic, fast and
safe automated beam trajectory controls and mismatch optimisation in all the machines of the
CERN PS complex [1,2]. ABS strategy has proven to strongly ease the operator's task while
drastically improving the result of optimisation and it is implemented in many of the transport
channels of the LHC injector chain. The ABS architecture is aimed at providing the operation
with a set of user friendly application programs to control the transverse properties of the
beam in all circumstances. Its components are a universal correction algorithm, application
programs and a relational database which provides a storage area for all the machine data [3,
4]. All the components are interrelated. The database has been designed not only for general
documentation but also for providing the input to the symbolic optics program BeamOptics
and to the computation of the correction matrices [5]. The application programs have been
made generic by dividing them into two parts: one particular to the correction of a specified
machine, the second being an interface with the correction algorithm. On-line software
control modules can then be re-used for a large multiplicity of correction schemes and
machines [6].
The ABS program has been launched in the PS complex for many years. Today,
applications for various types of beam steerings are operational for the Linac, the PS booster
rings (PSB), the PS Ring and their transport lines. Application of beam shaping is currently
under implementation and testing in the transport line between the PS and the SPS [7]. In the
following the problems which have been met and their solutions will be reviewed. In the
transfer between Linac and PSB, the beam size has to be carefully monitored before the
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switching magnet which delivers the beam to the four PSB rings. To this end, the correction
matrix has been built considering the space charge defocusing effects. In the transfer from
PSB to PS, the four beams have to be matched concurrently to make the four ring optical
parameters identical at the PS entry. The strict tolerances imposed by the LHC beam implied
that the edge effects of the recombination quadrupoles must be taken into account and a
system of quadrupoles has to be put in for matching purpose at the entry to the PS. Unlike to
the procedure applied to the Linac, the correction matrix was evaluated analytically since
space charge is negligible at PS injection energy. Correction of the coherent oscillations at PS
injection, correction of PS closed orbits at low energies and correction of beam trajectories in
the transfer line which connects the PS to the SPS are straightforward: all correction matrices
were evaluated analytically.

2.
2.1.

First-order correction methods
General perturbation

Small perturbations associated to arbitrary fields (whatever linear or non-linear) can be
handled as first order perturbation of the beam phase space trajectory or, equivalently, of the
beam emittance, because the emittance can be interpreted as a measure of the maximum
amplitude of the betatron oscillations. The outstanding feature of first order perturbations lies
in the property of superposition of the fields, that is individual perturbations add and the
techniques of linear algebra apply. In Floquet's coordinates, the normalised position q and its
derivative q with respect to the phase fj, are:

q

= ^
dju

In the absence of a perturbation, the phase-space trajectory is a circle of radius r, the
square root of the emittance e. A field error dB given by a thin lens magnet integrated field
dBl yields a kick

dq = -Jp—
P
producing, to the first order, phase space amplitude r and phase fi errors
dr = sin ju dq
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Fig. 1 : Perturbation in the normalised phase space. The right hand part of the figure is a blow-up of
the upper right triangular like shape of the left hand part

dju = —cos judq
r
Any first order perturbations yields observations described by a measurement error
vector b (e.g. beam positions). A correction is characterised by a matrix A which contains as
many columns as possible correctors and as many lines as observations. Each column
describes the effect of one corrector on the "observables". The corrections are the components
of a vector x minimising the norm of the residual vector y = Ax + b . The corrections are
calculated using the iterative linear solver Micado. The procedure Micado proposes
corrections using a few number of correctors chosen among all the correctors available. At
each iteration one more corrector is added, keeping all previously selected correctors but recalculating their strengths, such that the new residual vector norm is minimised. Micado ends
when the residual vector norm is comparable with measurement errors.
Micado solver: At the fc" iteration
i)

Compute the vector xik) = {Xj}j£[j
(k)

}[}

) T

for j - \...m with j'& j } . . . j •£ jk_l

x =-(Af ' Af)- 1 Af )T b

where A;-A) is the concatenation of Aj*"0 with t h e / column of A = {atj Yjt{.'"m . Af
being t h e / column of A, m and n are the total number of correctors and monitors.
ii)

Compute the norm of the residual vector y j k )
I i t Vv

I*• _ _ \ \

\ \ -X- Y

iii)

r\

JA

j

J i

j

The Ic" best corrector minimises the norm of the m-k+1 vectors

I yj k ) 1= m i n I yj k ) I
2.2.

Dipolar perturbation: Steering and closed orbits

A dipole field error induces a steering error in a transport channel and a closed orbit
distortions in a circular machine. All the particles are affected similarly by a dipolar
perturbation (i.e. dq = constant) and the change of the normalised phase space radius dr is
equivalent to a change of position dx = -^ (idr of the beam centroid measured by screens or
electrostatic pick-up stations. In Fig. 2 the unperturbed normalised phase space circle is
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shifted vertically under the dipolar perturbation (where the unperturbed beam trajectory lies at
centre of the coordinates). Hence, the perturbed phase space circle rotates around the centre of
the coordinates yielding the beam centroid motion, namely the perturbed trajectory as
measured at pick-up stations.

Fig. 2 : Phase space transformation due to a dipole error

Correction matrix elements a.} for steering and closed orbits relate the orbit error Ax. at
monitor / due to a unit kick at corrector j . They are given by

if

M-

0

Fig. 3 : Trajectory and closed orbit distortion in a transport channel and in a
circular machine
for a transport channel and
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for a circular machine, respectively.

2.3.

Dipolar perturbation: Combined steering matrix

In case of combined steering of many transport channels, there is a common part where all
incoming beams are affected by common correctors. Hence, the steering matrices have
coupling coefficients which consider the action of a same corrector on different beams. The
steering procedure works on all beams globally.

Fig. 3 : Combined transport channels
Corrector group 1 Corrector group 2 Corrector group 3
Monitor group 1
au
0
0
Monitor group 2
a2l
a22
a2i
Monitor group 3
0
0
a33
Table 1 : Correction matrix for combined transport channels

2.4.

Dipolar perturbation: Coherent oscillations

Fig. 4 : Coherent oscillations in a circular machine (two turn trajectories). The
right hand part of the figure is a blow-up of the right square of the left hand part
Coherent oscillations happen when the injection trajectory of the incoming beam is not colinear to the closed orbit of the receiving ring. The coherent oscillations are due to steering
errors in the upstream injection channel provided that the closed orbit has been corrected
beforehand. The correction of the coherent oscillations requires a minimum of two correction
magnets per plane. The beam trajectories are measured on all the electrostatic pick-up
monitors of the ring. The contribution of the closed orbit to the particle position is eliminated
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by taking the difference between two consecutive ring trajectories. The correction matrix
elements a., of the coherent oscillations relate the trajectory difference Axa-Axu between two
successive machine turns at monitor i due to a unit kick at corrector/ It is given by

as = 2sinnQ
2.5.

cos(\fi, -jUj\

Quadrupolarperturbation: Betatron matching

Transferring a beam from one circular machine to another through a transport channel may
result in a unsuitable matching of the incoming beam with the acceptance of the receiving
machine. Such a mismatch can be infer from the measurement of the beam profile at screens
or secondary emission monitors (SEM-grids). The correction is carried out using quadrupoles
in the transport channel. This technique is also valid for tune adjustment, chromaticity
correction and dispersion mismatch. A quadrupolar field error distorts the beam envelope and
changes the phase. In Fig. 5, the normalised circular phase space trajectory is transformed into
an ellipse. The correction matrix elements b.. and a., relate the Twiss parameter errors of the
betatron function and its derivative at monitor i due to a unit quadrupolar kick at corrector j ,
written in a standard way as A/3/J3. and Aar-aAf5{'/?., by means of the formulae

Fig. 5 : Phase space transformation due to a quadrupole error and envelope
oscillation

These expressions can be extended to include the simultaneous betatron and dispersion
matching correction strategy.

3.

Data base

3.1.

Tasks

The accelerator database provides a standardised documentation of every machine accessible
to any user and is a unique basis of all the machine data which facilitates the maintenance. It
contains all the data necessary to carry out beam steering and shaping corrections and to do
optics computations. The database components are interconnected and replace the data files
which describe the lattices of the PS complex. The data stored in database feed on-line both
the correction programs (steering application) for the corrector information and the Micado
solver (computation module) for the correction matrices. In addition, a link using the
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Mathematica functions MathLink provides the input to the symbolic optics program
BeamOptics and to the computation of the correction matrices.

3.2.

Architecture

The kernel of the system is the relational Oracle accelerator database. Data are entered
through the object-oriented interface ACCIS (Accelerators Information System). A dynamic
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Fig. 6 : System software architecture

link with the database allows the system to recover optics data and to run applications on-line.
The description of the elements in the database is performed by means of end user modules
using either a PC based interface or the World Wide Web.
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3.3.

Structure

The machines of the CERN PS complex are organised as a tree structure composed of two
kinds of classes: machine and operation. The machine class yields the topological description
of rings and transfer line layouts while the operation class defines the optics description of the
lattices and the characteristics of correctors and monitors for each ABS process (steering,
closed orbit, etc.).

4.
4.1.

ABS Applications
Transfer between Linac and PSB (50 MeV)

The Linac beam is continuous but is considered as composed of four parts chopped into
batches injected into the four PSB rings. In the transfer between Linac and PSB, the steering
had to be corrected due to energy variations of the beam, the stray fields of the neighbouring
PS machine and the changes originating from drifts in bending magnet power supplies. At 50
MeV the beam is submitted to strong space charge forces and the optics is calculated to
ensure a good transmission of the beam envelope. The beam steering in the Linac to PSB
injection line (composed of three parts: LT, LTB and BI) is carried out using 13 correctors per
plane. Beam trajectories are observed by means of 14 electrostatic pick-up stations.
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Fig. 8 : Pick-up signals in the transport line between Linac and PSB rings (actual and expected after transverse
corrections)

22

4.2.

Transfer between PSB and PS (1 GeV)

The four PSB beams have to be lined up at the entrance of the PS ring so that the common
correction of coherent oscillations in the PS machine yields small emittance blow-ups. Each
PSB beam trajectory must be individually steered using two correctors in each ring and one
corrector in the ejection line for each plane (additional correctors are available in the vertical
plane).
The correction matrix is thus hybrid and has closed orbit and transfer line components.
Moreover, there is a common part in which all beams are affected by common correctors. The
steering techniques operates as a whole on the four beams. Beam trajectories are observed
using 10 electrostatic pick-up stations in the recombination region (BT) and pick-up's in the
PS injection line (BTP).

Fig. 9 : Vertical recombination of the four PSB rings

4.3.

Coherent oscillation correction in the PS (1 GeV)

The coherent oscillations at injection into the PS machine are corrected by means of two
successive machine turns measured shortly after injection. The correction is performed using
two correction magnets per plane (up to three correctors are used in the horizontal plane).
Beam trajectories are observed with the 40 pick-up stations installed around the PS ring.
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4.4.

Closed orbit correction in the PS (up to 3.5 GeV/c)

The PS horizontal and vertical closed orbits at low energies are corrected using a few magnets
chosen among 50 horizontal and 20 vertical correctors. Beam orbits are observed similarly to
beam trajectories for the coherent oscillations.
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Fig. 11: Graphics user interface - Interactive windows used for the closed orbit correction (input to the
correction algorithm and calculated currents ready to be sent to the power supplies)
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4.5,

Transfer between PS and SPS (up to 26 GeV/c)

In the transfer (TT2 and TT10 lines) between PS and SPS machines the steering has to be
corrected in order to take advantage of the full range of the secondary emission monitors
(SEM-grids) which measure the beam profiles. The beam emittance is evaluated by means of
three monitors. Beam steering is achieved using up to three horizontal and two vertical
correctors. Beam trajectories are observed in TT2 by means of two sets of SEM-grids, each
with a different resolution. Additionally, these instruments are also used for measuring the
beam shapes required for matching correction.
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5.

Conclusion

The ABS procedure implemented in the PS complex and based on the general first order
perturbation framework has proven to be efficient and helpful. The good conformity among
predictions and measurements observed in the different accelerators and transport channels
validates the correction methodology. The technique can now be made available for steering
and shaping corrections in the Antiproton Decelerator (AD), the PS Experimental Area (East
Hall) and subsequently in the SPS and LHC machines. Furthermore, future developments of
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ABS towards new correction schemes may be to consider corrections of tune, chromaticity,
off-momentum orbits, orbit dispersion and dynamic aperture.
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ORBIT CORRECTION METHODS - BASIC FORMULATION,
CURRENT APPLICATION AT JEFFERSON LAB, AND FUTURE
POSSIBILITIES
Yu-Chiu Chao
Thomas Jefferson National Accelerator Facility, Newport News, VA 23606 USA
Abstract
A. Orbit Correction System Optimization: Recipes for optimizing an orbit
correction system configuration at the design level are presented. Linear
algebraic tools are applied to various flavors of response matrices to
uniformly control unobservability, uncorrectability, and response matrix
singularity. Application at Jefferson Lab is discussed. B. Orbit Correction
at Jefferson Lab: Unique challenges posed by orbit correction, as well as
algorithms and tools developed at the CEBAF accelerator at Jefferson Lab
are discussed. C. Orbit Interpretation and Virtual Monitors: A new
approach to developing an orbit correction package with software structural,
algorithmic and operational advantages is introduced. It consists of an orbit
interpretation module, a virtual monitor module, and a generic steering
engine. Mathematical formulation, algorithms prototyped and tested on
simulated and real data, and future possibilities are discussed.
1

INTRODUCTION

Orbit correction has been among the most studied problems of accelerator control. Algorithms have
been developed at various laboratories to meet specific demands. Some of these algorithms, such as
MICADO [1] or SVD [2], have found much wider applicability than was originally envisioned, and
are approaching the status of universal steering engines through their many reincarnations.
The main purpose of this report therefore is not to introduce one more steering algorithm, but
rather to present a formalized approach to orbit error and correction, with steering engines being one
(important) link in the larger process of accelerator system design, operation and improvement. From
this approach we are able to formulate orbit correction issues in an analytic framework, and develop
quantitative design criteria, recipes for system optimization, and tools for visualizing and controlling
various types of errors under a single unified scheme, even before orbit correction is applied.
The unique design and physical constraints of the CEBAF accelerator at Jefferson Lab imposed
special demands on orbit correction, which inspired most of the studies presented here. Application
of these tools and general experience on orbit correction at CEBAF will be discussed throughout this
report. Despite their somewhat parochial origin, these tools were developed with the most generic
orbit correction system in mind, and should be universally applicable regardless of the specifics of a
given system.
Throughout this report extensive use will be made of response matrices, which characterize not
only the linear behavior of the orbit correction system, but also, when generalized, the error-induced
orbits and the unobserved effects of orbit correction. Complete knowledge of these generalized
response matrices affords quantitative predictions on the global performance of an orbit correction
system, and ability to control errors at a higher level. The advantage of response matrices over more
intuitive methods, such as betatron phase counting, in analyzing orbit correction problems should also
be noted, in that the former can always give unambiguous answers in otherwise ambiguous situations.
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Orbit correction can fail for a number of reasons. We can nonetheless place the blame on either
of the two fundamental causes: design flaw (static) and run-time system breakdown (dynamic). These
are listed in Table l.l 1 . A good orbit correction algorithm should successfully handle problems
related to response matrix degeneracy and input error, and provide insight into dynamically generated
uncorrectability. It is however advisable, and usually unavoidable, to address static unobservability,
response matrix singularity, and uncorrectability by re-configuring the orbit correction system.
Table 1.1
Problems Encountered in Orbit Correction (Anywhere)
PROBLEM
Response matrix
degeneracy
Fundamental
unobservability
Fundamental
uncorrectability

SYMPTOM
Excessive correction
Unobserved orbit error
Over-sensitivity
Poor reproducibility
Large residual orbit

SOURCE
Static
Dynamic
Static
Dynamic
Static
Dynamic

Error in input data
Model error

Undetectable orbit error
Breakdown of correction
Failure to converge

Dynamic
Dynamic

EXAMPLE
Redundant correctors
Missing monitors
BPM deficit by design
Missing monitors
Corrector deficit by design
Corrector Limit
Misalignment / Injection error
Unaccounted kick
Bad BPM calibration
Quadrupole gradient error
Multipole components in dipole

The very act of steering impacts parameters other than orbit at the beam position monitors
(BPM). These parameters are important for machine performance in general, and crucial for the
successful operation of CEBAF due to its unique operational requirements. Table 1.2 shows a list of
such parameters relevant to CEBAF, the area of relevance, their impact on machine performance, and
the agent responsible for coupling them to the monitored orbit. The number of recirculations (5) in
the linacs is small enough to make simultaneous multiple pass steering possible, and large enough to
make it almost a necessity. This is also included in Table 1.2.
Table 1.2
Generalized Orbit Correction Scenarios (at CEBAF)
OBJECTIVE
Energy calibration

AREA
Arc

Angle control

Re-injection
Spreader/Recombiner
Spreader/Recombiner
Spreader/Recombiner
Septum magnets
Between dipoles
Recirculation linac
S preader/Recombiner

Path length control
Dispersion control
Orbit at unmonitored
locations
Multiple pass orbit

IMPACT
Energy/path length/
dipole string/setup
Baseline setup

COUPLING
Dispersion & energy
feedback
Betatron propagation

RF synchronization
Energy stability
Baseline setup

Betatron propagation
Chromaticity
Betatron propagation

Baseline setup

Common steering
elements

In Section 2 a complete recipe based on extended response matrices is given for eliminating
static configuration flaws in an orbit correction system with minimal set of elements, thus optimizing
the balance between performance and economy. Application at CEBAF is discussed. In Section 3 we
describe the special challenges posed by orbit correction at CEBAF, and the tools developed to meet
them. In Section 4 a new algorithmic scheme is introduced with a more global approach, taking into
account the underlying orbit, sources of error, and generalized constraints. Out of this approach a
self-contained orbit interpretation and control program emerges with software structural, algorithmic,
and operational advantages. The errors of Table 1.1 are revisited under this formalized scheme.
'Empirical model and adaptive algorithms are two solutions to model errors, which will not be covered here.
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2

ORBIT CORRECTION SYSTEM OPTIMIZATION

As stated in Section 1, static steering problems arising
from configuration flaws are best addressed by system
re-configuration to ensure that the orbit correction system performs at a desired level everywhere. In the following we present a proven set of recipes [3] aimed at
configuring orbit correction system with optimal balance
between performance and economy. Through this program the three static problems in Table 1.1, unobservability, response matrix singularity, and uncorrectability,
are controlled uniformly to within tolerances defined by
operational needs.

All
Elements

MCA I
. ! . , . . . , ! , , [;., r . p i r - [ , T j , ^

,ir,in,Mii-.,i:.;-ini.;mi:n

Correctors.;;

•

responder

The essence of this program lies in extending the
actuator
scope of the response matrix beyond its description of
responder/actuator
the real actuators (correctors) and responders (BPMs), to
that of the "virtual" ones. A set of linear algebraic tools,
Figure 2.1
SVD being among the most useful, can be readily
Extended Set of Response Matrices
applied to such an extension, yielding insight into the
global behavior of the orbit correction system. Fig. 2.1 shows, in addition to the real response matrix
MCM, the extended response matrices, in dashed lines, constructed out of "virtual" actuators and
responders. As these matrices will recur throughout this report, they deserve more explanation2.
2.1
2.1.1

Extension to more general response matrices
Error-to-monitor response matrix MEM

The error-to-monitor response matrix MEM summarizes the disturbance in any of the beam coordinates
at all monitors by all potential physical errors. The latter includes injection errors, magnetic field
errors, misalignments etc., and the actual matrix elements consist of optical transfer elements Mn,
Mi2, and Mi6 between error locations and monitors. In constructing MEM one must identify all
potential sources of errors the orbit correction system is designed to correct. To make MEM more
realistic, design tolerances on magnet and alignment can be incorporated by scaling individual
columns of MEMto reflect the design characteristic.
2.1.2

Error-to-all-location response matrix M

The error-to-all-location response matrix MEA summarizes the orbit disturbance at all representative
locations caused by all physical errors described above. These representative locations, not tied to any
physical elements, should effect coverage of the beam line dense enough to capture all potential orbit
extremes. They will be collectively denoted by a set CA, which typically consists of all the electromagnetic element locations, critical ends of drifts, and any user selected location of interest.
2.1.3

All-location-to-monitor response matrix Mm

The all-location-to-monitor response matrix MAM summarizes the orbit disturbance at all monitors
caused by coordinate errors at all representative locations in the set CA.
2.1.4

Corrector-to-all-location response matrix M°A

The corrector-to-all-location response matrix MCA summarizes the orbit disturbance at all
representative locations caused by all correctors.

2

For simplicity we describe everything in the x-plane only with conventional coordinate assignments of 1, 2,
5, 6 for position, angle, path length and momentum offset.

29

2.2

The optimization program

After establishing extended response matrices for a given hardware and optics configuration, we can
look into the global performance of the orbit correction system by applying various linear algebraic
tools to these matrices. The optimization program described in this section provides efficient,
quantitative and unambiguous answers that may elude intuitive inspection of the optical lattice or
numerical simulation. In addition a set of recipes establishes the path to reaching desired tolerances
on unobservability, response matrix singularity, and uncorrectability.
The program starts with a configuration of orbit correction system, namely, a set of correctors
and BPMs, out of which all extended response matrices are constructed. It proceeds to check for the
following configuration flaws and remove them iteratively in exactly the order given below3'4.
2.2.1

Monitor deficiency -*• Fundamental unobservability

This is the situation where well
behaved orbits at all monitors
cannot guarantee the same everywhere. In other words, blind
spots exist making potentially
harmful orbit at some location
unknowable.

__

orbit induced by orthonormal
combination of errors
error source

D

Large undetectable
orbit from 1VFA
propagation

BPM

First the generalized error-to-monitor response matrix
Orbit corresponding to
small singular value of \f'M
MEM is properly scaled to reflect
design magnet and alignment
Figure 2.2
tolerances. Unobservability is
Monitor Deficiency
indicated by the presence of
null space vectors or very small singular values of MEM. In both cases the system fails to meet a numerical criterion defined through operational requirements. The matrix MEM is singular value
decomposed (SVD) into ortho-normal combinations in the corrector space. Combinations
corresponding to singular values short of the numerical criterion are identified, indicating
unobservable error effects. The error-to-all-location response matrix MEA is then applied to these
combinations to get error-induced orbits at all relevant locations. The largest element in each of the
orbit vectors is identified and, if this number exceeds a second numerical criterion for acceptable
unobserved orbit, a new monitor is added at this element or its vicinity. The procedure is iterated
until MEM no longer has null space vectors or singular values smaller than the criterion. A typical step
leading to added monitor is shown in Fig. 2.2.
2.2.2

Monitor redundancy -> Hardware excess & unjustified corrector requirement

The reason that we need to worry at all about too many monitors is that once the minimally
necessary set of monitors is achieved, adding more would not improve observability, and may even
place unjustified constraint on the correctors in the following step.
The program starts with the projection operator nEM [3] associated with MEM, which divides any
orbit vector into parts inside and outside the subspace spanned by the columns of MEM. FIEM is applied
to all unit vectors in the orbit space representing unit offset at each BPM. The length of each resulting
vector, representing coupling between errors and monitors, is calculated. All BPMs with length
1

Conceptual outline rather than detailed procedure will be given here as the latter can be found in Ref. [3].
It should be noted that general accelerator design respects the following numerology: NE>NM>NC, where NE,
NM and Nc are the total number of potential errors, monitors and correctors respectively. Thus the matrix MEM
has more columns than rows and the opposite is true for MCM. The optimization program is most relevant when
this is the case, and if not, will likely leave the system in this state at the end.

4
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smaller than a numerical criterion are deleted as they do not reflect enough error of interest.
The program then moves on to orthogonality checks, which is done with the Gram determinant
[3] to ensure absence of redundancy in the observable orbit. If a numerical criterion is not met,
iterative elimination of monitors is done with SVD on MEM and identification of the dominant monitor
in the resulting monitor combination with the smallest singular value. This is repeated until MEM
passes the Gram-determinant test.
2.2.3

Corrector deficiency -*• Fundamental uncorrectability

This is the most basic requirement of any orbit correction system, namely, there must be enough
correcting power to counteract errors, whether injection, electromagnetic kick, or misalignment.
The program performs SVD on MEM to obtain ortho-normal combinations of error-induced orbit
vectors. Or, if there is enough confidence in the last two tests on monitor behavior, all unit vectors in
the orbit space can be used instead with proper scaling reflecting design error tolerances. The
projection operator nCM associated with the real response matrix MCM, and the pseudo-inverse of MCM
[3], are then applied to all orbit vectors to obtain the uncorrectable fraction and the required corrector
strength for each orbit vector. Both outcomes are subjected to numerical criteria to identify corrector
deficiency. Iterative addition of correctors is achieved through comparing projection of column
vectors of the all-location-to-monitor response matrix MAM and the "residual" orbit vector derived
from the deficiency test above. Iteration ends when both numerical criteria are met.
2.2.4

Corrector redundancy -> Hardware excess & response matrix singularity

This is the cause of excessive corrector strengths and unobservable orbit excursion resulting from
orbit correction. If economy of hardware is not a concern or surplus correctors are needed for special
purposes, this program can be skipped and the response matrix singularity left to be handled by smart
steering algorithms. For example, the virtual monitor algorithm described in Section 4 addresses this
problem with algorithmic and operational advantages.
The program performs SVD on MCM and evaluates its condition number, a measure of the
evenness in the corrector effect distribution. It also calculates the Gram determinant of MCM to
determine the orthogonality of the corrector effects. Both are compared to numerical criteria. If either
criterion is not met, the index of the largest element in the SVD generated ortho-normal corrector
combination corresponding to the smallest singular value is identified. This index points to the
corrector to be removed unless it corresponds to a deliberately retained corrector, in which case the
corrector corresponding to the next largest element is removed. This is repeated until both criteria are
met. The criteria for corrector non-deficiency used in the last step should be monitored at each
iteration to prevent over-reduction.
2.3

Application at CEBAF

The optimization program was used during commissioning of the CEBAF accelerator to provide a
quantitative guidance on orbit correction effectiveness. Orbit correction system in every section was
subjected to the tests described to ensure same level of performance. Areas where steering difficulties
were encountered were found to be the same areas that stood out significantly in the tests. The
recipes described above were then employed to re-configure the orbit correction system until it passes
the tests. The improvements have been corroborated by improved steering reproducibility, corrector
strength and orbit excursion, which translate into operational and even optical gains.
An additional advantage of formally optimizing the orbit correction system was realized when
steering algorithm was developed for CEBAF, demanding various exception handling measures built
into the algorithm. We were able to refer to the baseline configuration for estimates on effectiveness
of such measures, knowing in the first place that the former was free of static problems.
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2.3.1

Monitor Deficiency

It was realized from the monitor deficiency test of 2.2.1 that undetectable error-induced orbits inside
all 5 passes of the East Extraction Region were 5 times larger than anywhere else in CEBAF. This
was supported by high steering sensitivity and poor corrector reproducibility in this region regardless
of method of steering. According to simulation this undetectable orbit could sample multipole
components in nearby dipoles and cause emittance distortion of up to 10%. The optimization
program identified 5 new monitor locations to bring undetectable orbit level in line with the rest of the
machine. Steering efficiency and corrector reproducibility have improved to the same level as the rest
of the machine since these monitors were installed.
2.3.2

Corrector Redundancy

Excessive correction in lower arcs and poor reproducibility in spreaders and recombiners during
machine setup at CEBAF suggested excessive coverage of beam line by correctors. The corrector
redundancy test of 2.2.4 was applied to the entire accelerator and correctly identified the most
offending correctors in lower arcs, with singularity index 20 times greater than anywhere else. It also
established a prioritized sequence of corrector removal in spreaders and recombiners. Corrector
deficiency criteria were monitored at each step to prevent over-reduction. The machine has been
operating with this reduced corrector set. Neither previous steering problem nor compromise in orbit
correctability has been observed.
3

ORBIT CORRECTION AT JEFFERSON LAB

Jefferson Lab operates its
CEBAF accelerator, with
which it is often synonymous, as a nuclear physics
research facility currently
delivering CW electron
beam to three fixed-target
experiments with energy
upto5GeV. CEBAF consists of injector, multi-pass
linacs, re-circulating arcs,
beam separation (spreader)
and recombination (recombiner) structures, and
extraction lines to experiments. These are shown in Fig. 3.1. The complex trajectory manipulation, often simultaneous in
multiple passes, the need to satisfy multiple beam and optical constraints in both transverse and longitudinal dimensions, the deviation from smooth, periodic FODO lattice in many areas, and the space
limitation on instrumentation all guarantee a rich environment for steering challenges. These challenges, as well as existing and proposed solutions, are discussed in the following subsections.
3.1

Steering engine

A locally developed algorithm, PROSAC (Projective RMS Orbit Subtraction And Correction), is used
at CEBAF as the generic steering engine with a strong emphasis on fully exploiting hard corrector
limits while strictly conforming to them5. This turns out to be a valuable feature in many cases.
5

An alternative method of eliminating corrector combinations through SVD when corrector limit is reached is
intrinsically pathological. Since SVD only deals with orthogonality of the response matrix, it can misinterpret
large corrector values caused by fundamental uncorrectability as singularity-induced, and proceed to overeliminate correctors. An algorithm for correctly eliminating correctors under SVD has been conceived at
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The principle of PROSAC is very simple. All correctors are mapped by the response matrix
into "effective orbit" vectors, which are compared in turn to the real orbit vector and the one with the
largest projection on the real orbit, either normalized or un-normalized, is used to truncate the orbit
vector up to the corrector limit. This process is iterated until a user-defined reduction target is met.
Corrector prioritization is also carried out to let the user apply the most effective subset of the
correction while achieving most of the correction goal.
Accompanying PROSAC are exception-handling algorithms for either data pre-processing to
eliminate errors or guarding against operational problems. These are discussed in the following.
3.2

Solution to dynamic problems

Dynamically occurring steering problems at CEBAF that require algorithmic exception handling are a
subset of Table 1.1. We will describe them below.
3.2.1

Dynamic response matrix singularity and unobservability

With the absence of static monitor deficiency and corrector redundancy guaranteed, response matrix
singularity happens only when some BPM's become unavailable at execution time. Two algorithms
were used to prevent adverse effects of excessive correction due to near-singularity.
•

Corrector elimination: SVD is performed on the response matrix and a procedure similar to that
described in Section 2.2.4 is executed.

•

Additional orbit constraint: Trajectory fitting is performed on the orbit and corrector data. The
projected orbit at missing BPM's is added to the real orbit before steering.

These methods can in principle be either too heavy-handed or misrepresenting reality if too
many BPM's are missing6. In practice, however, they have kept the steering process from diverging.
It should be noted that the real cause of the difficulty is that, with missing BPM's, we also get
fundamental unobservability. When too many BPM's are missing, the system configuration is no
longer adequate for orbit correction.
3.2.2

Error in input data

Systematic offsets in BPM readings present major impediment to successful orbit correction. At
CEBAF the procedure of "quadrupole centering" is performed on BPM's at critical locations to
mitigate this problem. This is done by varying the strength of the quadrupole next to the BPM in
question while changing the beam position at the same location. Beam is considered "centered" when
downstream orbit oscillation induced by quadrupole variation is smaller than a specific tolerance.
BPM database is then updated to reflect this center. Currently this procedure is done manually at
strategic areas to provide zero-th order information on the machine baseline.
BPM offset error at CEBAF has partly inspired the orbit interpretation algorithm, to be
discussed in Section 4, with the aim of separating fundamental uncorrectability from monitor input
error, and deducing the underlying orbit for correction. This algorithm has been successfully applied
to real data at CEBAF to identify BPM's with offset errors and to resolve the underlying orbit and
dipole kicks in linacs and spreaders.
Finally built into PROSAC is a crude version of the orbit interpretation algorithm which aims at
identifying extreme BPM offsets. This is invoked as a user option.

CEBAF but not tested on line. The optimal approach to the corrector limit problem, correctly handling both
fundamental uncorrectability and response matrix singularity, would be using PROSAC on orbit generated by
the virtual monitor algorithm, to be discussed in Section 4.
6
Again, the correct way to address this problem is to use virtual monitors or equivalent algorithms, if not too
many BPM's are missing.
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3.2.3

Dynamic uncorrectability

This is usually not a cause of concern unless uncorrectable orbit indicates anomalous injection or large
unaccounted disturbance. The orbit interpretation algorithm discussed in Section 4 has also been
motivated by attempts to identify this effect. Currently no exception handling is built into PROSAC
to address this problem, other than indirect inference from extreme apparent BPM offsets.
3.3

Special steering scenarios

A summary was given in Table 1.2 of special steering scenarios encountered at CEBAF. We will
describe below methods developed or planned to accomplish these tasks.
3.3.1

Energy calibration

The lowest energy arcs in CEBAF are used as spectrometers to both calibrate and stabilize energy out
of the linacs. Energy stabilization is possible due to large dispersion in the arcs exploited by the
energy feedback system. But before feedback can be invoked linac energy has to be matched to the
arc dipole with a "standard" arc orbit pattern established. PROSAC is employed to perform the task
of simultaneously establishing the standard orbit and matching the energy. This is done by including
the momentum offset dp/p as an extra corrector with associated Mi6 as response matrix elements, and
forcing the averaged physical corrector strength to that needed only for counteracting earth field while
allowing individual variations to correct local orbit. This procedure decouples the non-dispersive
orbit from the dispersive orbit and corrects both in a single step. The same algorithm has been used
for higher energy arcs where linac energy can no longer be changed, but simultaneous correction of
orbit and path length, or orbit and main dipole strength, may be desired.
3.3.2

Angle control and beam threading

With many junctions between functional modules of CEBAF, clean injection from section to section
is an important issue. Currently PROSAC can be configured to perform injection optimization into
multiple pass linacs where local steering is not possible. This is done with orthogonal correctors to
cover injection phase space, with orbit in the downstream section providing target of correction.
For other sections PROSAC provides the "zero angle" option, which freezes the strengths of all
correctors between the last two BPM's at zero before applying correction. If the remaining correctors
are not driven to limits, and if the optical transfer between the last two BPM's is not close to point-topoint imaging, then the outgoing beam angle should be close to zero. This technique has also been
used for beam threading with PROSAC when the arcs were first commissioned.
Real and absolute angle control, nonetheless, is possible only with the introduction of virtual
monitors, to be discussed in Section 4.
3.3.3

Steering with common dipoles

In the spreaders and recombiners of CEBAF main vertical bending dipoles have significant effects on
the orbit. Due to the machine setup sequence dipoles common to multiple passes can couple lower
pass injection errors to higher passes. Off-line orbit interpretation has been performed to disentangle
multiple pass effects with reasonable results. During commissioning a prototype program has also
been developed to use, among other correctors, the common dipoles to simultaneously fix injection
and correct local orbit for multiple-pass spreaders and recombiners.
With CEBAF in its production phase, the need to adjust individual dipoles has decreased
significantly. However in order to respond to flexible energy requirements from the experiments, it is
planned for the next phase of PROSAC to include some of these dipoles as orbit correction elements
for more efficient baseline setup.
3.3.4

Path length control, dispersion control, and orbit at un-monitored locations

Absolute control of these parameters are not possible without the virtual monitor algorithm, which is
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not implemented at CEBAF currently. They are planned for the next phase of PROSAC.
3.4

Simultaneous multiple pass steering in the linacs

Linac 5-pass Orbit (mm) 03/25/98
In early 1998, large and persistent orbit
X: Dash: Before, Solid: After
patterns in all 5 passes inside the CEBAF linacs
were seen to develop, defying pass-by-pass correction. This was blamed on possible misalignment and unaccounted disturbances. Significant
difference in betatron phase advances between
different passes and absence of correctors
exactly coinciding with all potential errors left
higher pass orbits at the mercy of first pass
corrections. This was exacerbated by unknown
systematic offsets in the BPM's. Effort was
first made to determine the underlying errors,
including injection, sources of kicks, and
Linac 5-pass Orbit (mm) 03/25/98
monitor offsets.
This highly constrained
Y: Dash: Before, Solid: After
analysis yielded very reliable estimates on
monitor error and underlying orbit. It was
realized from simulation that using all the
correctors inside the linac, which affects all
passes differentially, as well as injection fixes
from individual upstream recombiners, we could
reduce the orbit in all passes significantly. This
was done in the South Linac, using PROSAC as
the steering engine7.
Fig. 3.2 shows the
outcome with all 5 pass orbits displayed in
tandem for each plane. The solid line in x-plane
is an order of magnitude smaller in RMS than
Figure 3.2
the dashed line8. A total of 12 horizontal and 13
Multiple Pass Linac Steering
vertical correctors in the linac and 10 (2X5) correctors in each plane in the recombiners were used to
achieve this orbit reduction at 135 locations (27 BPM X5 passes) in each plane [5].

4

ORBIT INTERPRETATION AND VIRTUAL MONITORS

In earlier sections we discussed exception handling methods for minimizing dynamically occurring
steering errors, as well as for controlling generalized beam and optics parameters. It was noted that
these methods are less than perfect mainly because of ignorance about the underlying errors. This is
what prompted a study into ways of approaching the orbit correction problem with a more
comprehensive and consistent formulation such that all types of errors and their effects on steering are
accounted for under a single unified scheme. From this formulation we can gain insight into the
underlying problem, disentangle errors with overlapping signatures, reconcile between conflicting
steering objectives, and create arbitrary steering scenarios with optimal exception handling ensured.
A conventional way of developing orbit correction program is shown in Fig. 4.1 where steering
constraints at CEBAF are used as an example. In this approach a steering algorithm, for example
SVD, is coded to solve the most generic steering problem. More Sophisticated features, such as
needed for exception handling and generalized constraints, are then added as operational need
develops. Complexity multiplies as the program is modified to accommodate these features. In the
end one has a steering program which can meet a unique set of operational requirements.
7
8

Some correctors were driven to their design limit in the process, justifying the choice of PROSAC.
Most solid spikes correspond to malfunctioning BPM's.
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The shortcoming of this approach is obvious. From the software viewpoint, incremental and ad
hoc feature enhancements undermine modularity and flexibility,
making it harder to incorporate alternative error handling features
and steering algorithms. From the
machine operational viewpoint, information inside the program is
inaccessible to other interested
clients such as magnet or alignment. There are also algorithmic
limitations to orbit correction with
this approach to be discussed later.

Generalized Constraints
Angle
Path length
Dispersion
Unmomtored orbit
Multiple pass

Exception Handling

1 Generic 1
1 Algorithm 1

v

*

[
Fix-All
1 Steering
^ Program

\

|
1
J

y

Response
singularity
Dynamic
uncorrectability
Error in
input data

Input Orbit

Figure 4.1
Orbit Correction Program - Conventional Approach

We can on the other hand widen the scope and follow the alternative approach of Fig. 4.29. The
orbit, hardware, and model data are input to an orbit interpretation module, which interprets the underlying error and orbit by separating contributions from fundamental uncorrectability and input
monitor error. The algorithm used for this analysis can be interchangeable since it responds to a well
defined, fixed set of inputs. The output of this module is available to other clients interested in the
performance of magnet, alignment, or diagnostics, as well as to the second component of this
package: the virtual monitor module.
Orbit Interpreting
Input Orbit
The virtual monitor module does not
Other Clients
Algorithm
&
Magnet
perform any analysis, but upon input of
Machine State
Alignment
Dynamic
the interpreted orbit'", manipulates all
Diagnostics
uncorrectability
generalized steering constraints, and
Virtual Monitor
Error in
most importantly, singularity control,
Algorithm
input data
into a set of "virtual" orbits and reAngle
sponse matrices. The virtual objects are
Path length
indistinguishable from the real ones for
Dispersion
the steering engine. When they are inUnmonitored orbit
put to the steering engine, the outcome
automatically satisfies all constraints on
Multiple pass
generalized coordinates and response
Response
singularity
matrix singularity. It is also less prone
to input monitor error due to screening
Figure 4.2
by the orbit interpretation algorithm.
Orbit Correction Program - Alternative Approach
The third component of this package is
the generic, interchangeable steering engine.
This approach exhibits multiple advantages over the conventional one, as elaborated below.
• Software structural advantage
All feature enhancements are done through interchanging orbit interpretation algorithm or
steering algorithm, with well-defined and fixed inputs.
Feature enhancements will never touch the virtual monitor module, which executes a fixed
procedure with all options anticipated.
Important information from orbit interpretation is available to other clients.
9

Notice the migration of various components from Figure 4.1 to Figure 4.2.
This will be given at all monitored and un-monitored locations and in all monitored and un-monitored
coordinates. For example, the interpreted orbit can contain information about path length inside a dipole.
10
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•
•
-

Being an independent module as opposed to ad hoc add-on features, the orbit interpretation
algorithm can be developed in a much more compact and consistent manner.
Algorithmic Advantage
Steering outcome inherits optimal screening of input monitor error by orbit interpretation.
One can set absolute targets for generalized constraints, as opposed to actuating only increments
without orbit interpretation.
Controlling singularity through virtual monitors is superior to corrector elimination or correction
strength minimization which, not fully exploiting the response matrix, can be too heavy handed.
Singularity control through virtual monitors automatically takes into account constraints on
generalized coordinates.
Operational Advantage
User can see the underlying picture, important in diagnosing anomalous cases.
User can satisfy different steering objectives simultaneously, avoiding unnecessary iterations.
User can create on-the-fly steering scenarios more easily and confidently.

As we will see below, the orbit interpretation and virtual monitor modules require minor
modification to an existing steering algorithm. The main enhancement comes from establishing
generalized response matrices of Section 2, which are fixed entities in the database once established.
4.1

Orbit interpretation

Let us begin by asking what makes up an observed orbit at a monitor located at point p. Staying
within the x-plane for simplicity, we have
= I M % • C\

corrector kicks

k

+ ZM°jf • 5JC; + IL'LMfj'• 5xaj

injection & misalignmenterrors

a J

monitor error

(4.1)

where we decomposed the x-orbit Ot at p into contributions from correctors C at locations k, injection
errors Sx", misalignment errors Sx at locations a, and monitor error A. Misalignment error stands for
all field and geometry errors in the beam line that can change any beam coordinate. Since injection
error satisfies this description, we can classify it under misalignment and rewrite Eq. (4.1) as

TJ&tf + Af ,
k

a+0 j
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T =K +A
where we have on the left hand side the "naked orbit" T, consisting of all known measurements, and
on the right hand side all the unknown errors, including the generalized misalignment K, and monitor
error A. If the naked orbit T is blindly input to any steering engine, the best outcome one can expect
is determined by the projection operator associated with the response matrix MCM given by
1

E =n i
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where E represents the residual orbit. The projection operators FI1 and FI divide the orbit space into
the part outside the subspace spanned by the column vectors of MCM and that inside, or, orbit
uncorrectable and correctable by MCM. The residual E stands for the real residual orbit after correction
even if the apparent residual orbit may be different due to monitor errors. Eq. (4.3) shows that K and
A have opposite effects on the residual orbit, which consists of all misalignment errors uncorrectable
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by MCM, and all monitor errors correctable by MCM. The former is fundamentally uncorrectable, but
the latter is spurious, disguised as alignment errors to compromise steering effectiveness. The
ultimate goal of orbit interpretation is to disentangle these contributions, with their mostly distinctive
signatures, to achieve optimal steering". To do this, we resort to the error-to-monitor response matrix
MEM of Section 2 and perform the analysis discussed in the sections below.
4.1.1

Using alignment errors as virtual correctors

Each column of MEM can be regarded as the effect on the orbit by a "virtual corrector" corresponding
to the misalignment error. A generic steering algorithm can be applied, using MEM as the response
matrix, to the orbit T of Eq. (4.2) to get
MEM

.fc+Aj+nji

.(K+A)
(4.4)

We can then interpret TK as the real orbit generated by misalignment errors, to be used for orbit
correction, and discard TA as spurious monitor error. In practice only a subset of MEM can be used in
Eq. (4.4) since the problem is highly under-constrained. Let U° be a sub-matrix of MEM containing
part of the column vectors of MEM, substituting U° for M™ in Eq. (4.4) and applying orbit correction in
the fashion of Eq. (4.3) on the interpreted orbit TK results in a new residual orbit

E=

i
MCM

1

k • K + n1' .n1' . A .

*K+ n '
MCM

Uo

MCM

(4.5)

Uo

Eq. (4.5) is graphically represented in Fig. 4.3. Both K and A are partitioned by the 4 projection
operators into complementary parts. Depending on the content of U°, the final residual error E
consists of different components of K and A, as shown in Fig. 4.4.
•

Alignment biased: This corresponds to the case where U° is empty, thus the input orbit is
completely blamed on monitor errors. The interpreted orbit is identically zero and basically no
orbit correction is necessary. In a more relaxed variation U° can contain only injection errors and
steering on the interpreted orbit amounts to an injection fix based on the global fitting of the orbit
to injection coordinates.

•

Monitor biased:
This corresponds to the case where U° spans the entire orbit space, thus the
input orbit is completely blamed on alignment errors. The interpreted orbit is identical to the
apparent orbit and orbit correction is done to eliminate as much as possible the apparent BPM
pattern. This is what normally happens with simple-minded steering.

Alignment bias reflects an emphasis on the global consistency, favoring long range orbit pattern over local deviations, whereas the monitor bias
prefers local flexibility, bending trajectory to fit monitor readings wherever
needed. In the intermediate case U°
takes on a finite subset of MEM, allowing
trade-off between the two contributions.
For example, it is often found that a
minimal subset of vectors in M contributes the most toward reducing the
residual TA of Eq. (4.4). This minimal
subset is then a natural choice for U°.

Components
ofK

Components
of A
Figure 4.3
Error Partition by Projection Operators

11

The term "interpretation" is already a hint of the highly under-constrained nature of the problem. In such
cases intelligence of the algorithm used for interpretation is crucial.
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4.1.2

Including monitor errors as virtual correctors

We can expand the scope of virtual correctors of Eq. (4.4) further to include monitor errors, The
latter, instead of passively falling off as the
K
A
residual orbit of steering by virtual
correctors, can now actively match to the Extreme Alignment (Global) Bias
->
orbit pattern as a distinctive error signature. E = K
This is done by augmenting M with columns making up the NMXNM identity ma- Intermediate
trix, NM being the number of monitors. We E
K
denote this new response matrix MEMM. The
"
residual orbit after steering by MEMM will be
attributed to noise only. This scheme allows the monitor error to be identified ex- Extreme Monitor (Local) Bias
actly as what it is, and not misinterpreted
as a misalignment error. The net effect is a
Figure 4.4
more accurate separation of K and A, thus a
Residual
Error
with
Different Uo Choices
smaller E.

= i

4.1.3

A Igorithm for optimizing if

n

It is obvious by now that the element critical
to the success of orbit interpretation is an in- Optimal Separation
telligent algorithm which decides on the conK
L
E
MCM
tent of U° that disentangles K and A, such
Figure 4.5
that the residual orbit E approaches the funIdeal Residual Error
damental uncorrectability shown in Fig. 4.5.
Due to the under-constrained nature of the problem, there is ample room for user preferences. For example, whether there is more confidence in alignment and field accuracy or monitor accuracy, whether
emphasis is on global consistency or local flexibility, whether minimal total RMS or smallest number
of errors is preferred in the makeup of U°, etc. Relative weighting between different errors also reflects the user's bias, which ultimately depends on realistic evaluation of the steering situation. Once
these preferences are set, however, it is up to an automated algorithm to decide on the content of U°.
A collection of algorithms are listed in Table 4.1, most of which have been tested for this purpose.
Also listed are optimization biases of
each algorithm. SVD and QR-decomTable 4.1
Orbit
position are established mathematical
Interpretation Algorithms
algorithms. SUSMIC was locally de- Algorithm Alignment /
Error RMS / Global /
veloped for optimizing solutions for
Monitor Bias Number Bias Local Bias
under-constrained systems.
These SVD
weighted
variable
RMS
three algorithms span the spectrum of
QRD
weighted
variable
mixed
preference between minimizing error
none
number
variable
RMS and error number. Being con- SUSMIC
mixed
RMS
ceived as analytic and exact Prototype 3 variable
algorithms, they also share emphasis PROSAC
none
mixed
variable
on minimizing response matrix sin- MICADO
none
number
variable
gularity, and preclusion of noise cutoff
as a physical option. These can be positive or negative features depending on the situation.

=

Prototype 3 is an iterative algorithm developed exclusively for orbit interpretation and tested on
real data at CEBAF [4], It applies a prioritized sequence of SVD-generated alignment error
combinations to the orbit. At each successive application the residual orbit is used to update a
weighting factor on the BPM's such that distinct monitor errors can stand out above noise. The
iteration terminates when an unnatural jump is detected in the total magnitude of alignment errors,
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signaling monitor errors being misinterpreted as alignment-induced. The algorithm also provides
continuous interpolation between alignment and monitor biases, and automatic optimization on this
interpolation. It has been applied to real data at CEBAF and successfully demonstrated isolation of
monitor errors from misalignment errors. Piecewise concatenation of alignment-biased and monitorbiased interpreted orbits has also been experimented as steering input, showing advantage in special
cases, although automation appeared difficult.
Recently attention has been turned to MICADO as the orbit interpretation engine. Since
MICADO was conceived as a corrector selection algorithm, it possesses two unique advantages.
Firstly it aims at minimizing total number of errors instead of total error RMS, avoiding smearing out
localized error effect and mixing monitor error into alignment error. Secondly it allows for residual
noise after correction, avoiding exaggeration of errors that happens with exact algorithms. PROSAC,
with its corrector prioritization feature, may also prove effective as an orbit interpretation engine in
minimizing number of errors. There has been no test with MICADO or PROSAC at this point.
4.1.4

Orbit interpretation for multiple pass orbit

Orbit interpretation can be applied to multiple pass orbit sharing common alignment and monitor
errors. Here the problem shifts away from being under-constrained and may actually become overconstrained, greatly improving the predictive power of orbit interpretation. This was indeed the case
with the simultaneous multiple pass linac steering described in Section 3 [5].
4.2

Virtual monitors

As indicated in Fig. 4.2, the virtual monitor algorithm performs the following functions.
4.2.1

Generalized steering constraints

Once the interpreted orbit is established, we have knowledge of all beam coordinates at all locations,
whether directly observable or not. Steering constrints on these coordinates can be easily output to a
generic steering engine disguised as ordinary constraints at "virtual" monitors. In this scheme we can
even constrain the absolute values of these coordinates if there is enough confidence in the interpreted
orbit. The constraint on orbit-dependent dispersion is realized through
j*6 k
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Z Tfj
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ij6

(4.6)

where SM is the change in dispersion from location a to location b due to orbit changes SX at all
locations c between a and b. M and T are first and second order optical transfer elements. Thus SAfb
can be directly input to the steering engine as a virtual orbit with associated response matrix being the
right hand side sums of Eq. (4.6) with SX° replaced with real response matrix elements Mj2.
4.2.2

Controlling response matrix singularity

After the complete set of response matrices is assembled, connecting correctors to both real and
virtual monitor inputs,
the
orbit induced by orthonormal
Large undetectable
algorithm enforces singularity
combination of correctors
orbit from M CA
control in the form of yet more
propagation
correctors
virtual monitors. This is done
BPM
by automated placement of
virtual monitors at strategically
chosen
locations
coupling
strongly to singular combinaOrbit corresponding to
tions of correctors. This is a
small singular value of M CM
better way of controlling sinFigure 4.6
gularity than limiting or elimiSingularity Control through Virtual Monitors
nation of correctors, because it

A

D
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is always the singular combination of correctors, not individual ones, that causes steering problem.
Indiscriminate limiting or elimination of individual correctors targets harmless and offending
combinations equally, thus compromising steering effectiveness. The advantage of singularity
constraint through virtual monitors is especially apparent in cases of disabled BPM's.
To do this, the program performs SVD on MCM for its condition number, and calculates its
Gram determinant. Both are compared to numerical criteria. If either criterion is not met, the SVD
generated corrector combination with the smallest singular value is identified. The corrector-to-alllocations matrix MCA is applied to this combination. The index of the largest component of the outcome vector points to the location for a new virtual monitor, with its orbit given by the interpreted
orbit. Iteration stops when the system passes both numerical tests. The procedure can be visualized
from Fig. 4.6.
At CEBAF steering with virtual monitors has been experimented in the spreaders, extraction
region, and arcs. It demonstrated ability to bypass monitor errors in orbit correction, and good
singularity control without unnecessary compromise of corrector strengths. It has also been tested for
angle control in the spreaders. The entire package of orbit interpretation and virtual monitor
algorithms has not been developed for routine operation at this point.
4.3

Application to orbit reproduction

The majority of steering effort in accelerator operation goes into reproducing an established standard
orbit, where the goal is to minimize the difference between the standard and absolute orbits, rather
than the absolute orbit itself. In such operations the orbit interpretation and virtual monitor algorithms
are even more effective since the relative orbit usually exhibits effects due to far fewer errors than the
absolute orbit. Clean separation between error sources by orbit interpretation is much more
achievable, and the outcome can be very useful for machine diagnosis. Extension to relative orbit at
virtual monitors is straightforward. This guarantees a much more complete orbit reproduction than is
possible with only real monitors.
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ABS AT CRYRING
Ansgar Simonsson and Anders Kallberg
Manne Siegbahn Laboratory of Physics, Stockholm, Sweden
1. Introduction to CRYRING
CRYRING is a facility mainly for atomic physics. The main parts are a synchrotron and storage ring
with 52 m circumference and 0.06jBrjl.44 Tm, an electron cooler, and two ion sources. The first one
is an electron impact ion source, which mostly produce singly charged ions of atoms and molecules.
Examples are NDzO+, O%, N£, and Ca+. The second source is an EBIS source for highly charged
ions, e.g. P&s4+. The beam currents in CRYRING are quite low, and often we have currents in the range
of 100 nA. An experiment takes usually a week.
Typical is that we have new settings every week, and in addition we often have to change ion
during an experimental week, so we cannot rely on old settings when we start the machine.
2.

Feedback to the Electron Impact Ion Source

In the ion source electrons from a filament wire ionises the neutral gas surrounding it. During operation
the filament becomes thinner and thinner and it has to be replaced after a period from six hours to two
weeks, depending on how aggressive the ions are.
When the filament becomes thinner one needs to lower the filament current. We often use a
feedback program which reads the anode voltage and keep this constant by varying the filament current.
Stability is gained in two ways; firstly the ion energy is kept constant since it is the sum of the
platform voltage and a part of the anode voltage. Secondly, some experiments are made with metastable
ions produced in the source, and the ratio of metastable ions depends on the anode voltage. In these
experiments it is essential to keep this fraction of metastable ions constant.
3.

Beam Centring in the Quadrupoles

For several years we have aligned the beam in the injection beamline by centring the beams in the
quadrupoles. We insert a screen and view it with a camera. Next the field in a quadrupole is varied and
we observe if the beam spot on the screen moves. If it does we adjust the steering element before the
quadrupole. At present we have a Pascal application program INJLINE that varies the quadrupoles and
asks the operator how much the beam spot has moved on the monitor and then calculates and sends a
new value to the steering element. This operation is repeated on three screens for three focusing and
three defocusing quadrupoles.
We are working to make this fully automatic and then also substantially faster. We use IMAQ
Vision for Lab VIEW to analyse the video signal and find the changes. So finally we will have a Lab VIEW
program that varies quadrupoles, finds the changes, and adjusts the steering elements, but right now the
IMAQ-LabVIEW program only finds the position changes and the operator has to transfer the number
between the programs.
There is also another Pascal program, which does the same thing in another beamline. This program reads the position of the beam spot from a strip detector. Due to a breakdown of the ion source this
program still has to show it usefulness, especially since we have not used this method previously in this
beamline.
4.

Intensity Optimisation

The low current makes it impossible to use many beam control methods and we usually look only at the
intensity during beam transport optimisation. For example we cannot get position information from the
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pick-ups.
The intensity can be optimised automatically by the Pascal application program OPTI which we
call "the virtual operator". The program reads a list of parameters from a file, which contains names,
suitable steps, and scaling information. The beam signal could be read from a strip detector, a Faraday
cup, or from a spectrum analyser. Next the virtual operator systematically varies the parameters up and
down, and changes that increase the are kept. A selection of parameters can also be optimised in pairs,
i.e. quadrupole doublets and steering elements.
This program is more stupid than a human operator is, but nevertheless it in many cases works
better. For example, if the operator is bored or having lunch, or when the cycle time is either less than a
few tenths of a second or a second and longer. In the first case OPTI is faster and in the second case it has
much better patience. A final example, and maybe the best one, is when you want to optimise parameters
where experience doesn't help, such as the twelve correction dipoles in the ring.
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THE RHIC/AGS ONLINE MODEL ENVIRONMENTS
K. Brown, J.Niederer, F. Pilat, T. Satogata, A. Alai Tafti, S. Tepikian, N.Tsoupas, J. van Zeijts
Brookhaven National Laboratory, USA
Abstract
An integrated online modeling environment, for use by AGS and RHIC physicists and commissioners, is being developed. This environment combines the
modeling efforts of both groups in a CDEV client-server design, providing
access to expected machine optics and physics parameters based on live and
design machine settings. An abstracted modeling interface has been designed
as a set of adaptors around core computational modeling engines (CMEs) such
as MAD and Teapot++; this approach allows us to leverage existing survey,
lattice, and magnet efforts, as well as incorporate new model engine developments.
To model RHIC at BNL, this implementation uses both UAL, a C++ modeling package developed at Cornell, and bl, a fast linear modeling environment
previously used during the RHIC Sextant test, as core CMEs. This environment gives RHIC commissioners and their optics correction applications online access to expected RHIC optics throughout the commissioning process.
A 'complete' RHIC model, with measured survey errors, and measured and
statistical field errors, is available through RHIC SXF lattice files; a separate
'fast' RHIC model uses only the design lattice. Both models integrate with the
RHIC ramping system and can access both design and live magnet strengths.
To model the AGS and Booster at BNL, this implementation uses a version
of MAD developed at BNL that allows traditional lattice structure analysis,
single pass beam line analysis, multiparticle tracking, interactive graphics, and
the use of field maps. Online modeling of the AGS and Booster is a significant challenge due to their short cycle times (2.5-5 s for AGS, 5-7.5 Hz for
Booster). With a requirement that the model updates within an AGS cycle
or faster, the system provides full accelerator model information (as opposed
to a naive application specific model) within this period using live data from
all relevant accelerator devices. This version of MAD, which is a traditional
monolithic application, has been ported to SGI and Sun Solaris platforms.
This talk will describe the architecture of the RHIC/AGS modeling environment, including the application interface through CDEV. I will also show recent results and modeling examples.
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AUTOMATED BEAM POSITION CONTROL IN THE ESRF
STORAGE RING
Laurent Farvacque
ESRF, Grenoble, France
Abstract
Beam stability as a strong impact of the performance of a Synchrotron Radiation source like ESRF. An excellent resolution in the beam position control
is imposed by the small beam dimensions at the source points (10 m rms in
the vertical plane) while the stability is affected by the strong thermal effects
linked with the beam intensity variations between the refills. It appears clearly
that the largest perturbations correspond to slow fluctuations (24 hours?) so
the correction was separated between slow corrections (every 30 seconds) and
fast correction (up to 100 Hz). The slow correction is performed by a fully
automated orbit correction program running every 30s. It uses 224 Beam position monitors (BPM) and 96 steerers in each plane. It is based on a SVD
algorithm chosen for its flexibility in
• optimizing the compromise between correction efficency and sensitivity
to BPM drifts,
• dealing with failing BPMs or steerers.
The response matrix may be or measured experimentally for routine tunings or
theoretically derived from the model of the machine for experimental tunings.
Special care is taken in using experimental calibrations of BPM offsets and
of BPM drifts with beam intensity. The fast correction is performed by a fast
global feedback system acting in the vertical plane only and using 16 BPMs
anf 16 steerers. The crosstalk with the slow system is avoided by canceling
the DC response of the feedback system, meaning that this system may safely
ignore the slow drifts of its sensors.
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AUTOMATED TUNING AND FEEDBACK SYSTEMS AT THE SLC
L. Hendrickson and P. Raimondi
SLAC, Stanford, USA
Abstract
A linear collider requires extensive automated tuning and feedback systems
to optimize and maintain high performance. At the SLC, these systems have
evolved through several generations as operational experience and a higher luminosity regime resulted in new requirements. Major breakthroughs helped
the SLC achieve record luminosity in the 1997-98 run. Dispersion-free steering based on an SVD algorithm provided improved trajectories and a fast rf
phasing procedure helped maintain a stable linac energy profile. A generalized
optimization system facilitated emittance tuning. Many of the feedback systems used throughout the SLC to control beam trajectories, energy, etc. were
upgraded and a novel optimization feedback system was used to maximize
luminosity by tuning final focus parameters.
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BEAM STEERING AND ORBIT CONTROL AT DAFNE
C. Milardi, M. E. Biagini, C. Biscari, G. Di Pirro, A. Drago, A. Ghigo, S. Guiducci, M.R. Masullo, G.
Mazzitelli, M. Preger, F. Sannibale, M. Serio, A. Stecchi, A. Stella, C. Vaccarezza, G. Vignola
LNF-INFN
Abstract
The commissioning phase without experiments of DAFNE, the Frascati double
ring F-factory, has been completed. Single bunch luminosity exceeding 1030
cm -2 sec -1 has been obtained. Accurate beam position control is mandatory for luminosity achievement. Each ring, 100 m long, is equipped with 45
Beam Position Monitors and 31 correctors per plane. The integer part of both
betatron tunes is 5. The closed orbit of the two Main Rings of DAFNE is
essentially dominated by the magnetic cross-talk between the two rings due
to fringing fields of dipoles and wigglers, the cross-talk between some of the
transfer line magnets and the rings, and the effect of the ion clearing electrodes
in the electron ring, since the residual misalignments of the magnets are much
better than the required tolerances. The horizontal reference for the closed
orbit is complex because of the off-axis trajectories in the interaction regions
(IR), the splitters which separate the two beams at the IR ends, the presence of
wigglers, and finally the four different types of dipoles. The line along which
quadrupoles and sextupoles have been aligned corresponds to the line defined
by the nominal bending radius of the dipoles, and this line is taken as reference
for the closed orbit. The aim of the closed orbit correction is the optimization
of the coupling and the exact overlap of the two beams at the interaction points
(IPs). Several closed orbit correction methods have been implemented and
used: best corrector method, harmonic method, orbit decomposition by eigenvalue of the measured Response Matrix. Coupling of the order of few 10~ 3 ,
well below the 1% design value, has been achieved in both rings, by correcting
the vertical orbit within ± 1 mm and the horizontal one within ±2 mm with
respect to the reference line. Coupling tuning over a large range is easily obtained using the skew quadrupoles. The vertical overlap of both beams at the
IP, critical since the vertical dimension of the interacting bunches is 20 mm, is
obtained with localized steering bumps with 5 mm accuracy.
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AUTOMATIC BEAM TUNING AT GANIL
A. Savalle, P. Gillette, E. Lemaitre, E. Lecorche, C. Leboucher, M.H. Moscatello
Grand Acclrateur National d'lons Lourds, IN2P3(CNRS)-DSM(CEA), BP 5027, 14021 CAEN
CEDEX, FRANCE
Abstract
The GANIL facility consists of 3 successive cyclotrons : C01 or C02, CSS1,
CSS2. A fourth one : CIME, is to be added in 1999 (SPIRAL project). The
tuning of these cyclotrons, including the transfer beam lines, may be achieved
in approximately 24 hours. Efforts must be made to reduce the time necessary
to set up the machine, and to improve beam intensity and quality.
Thus, the tuning is progressively made automatic. As regards the beam lines,
our programs have been written these two last years. Automatic transverse
matching and beam centering are now operational.
The GANIL beam lines are composed of sections with separated functions.
The matching section includes 4 magnetic quadrupoles and 3 beam profile
monitors. By construction, the beam is matched if the beam presents a crossover on the central profiler, and if the beam size on the middle profile monitor
is half of the value of the other ones. This disposition made the matching easy
to check visually.
The quadrupoles are initially set to theoretical values. The manual tuning consisted in varying one quadrupole, visualizing the effect on the beam sizes, then
trying another quadrupole, and so on.
The automatic matching program uses now an on-line beam optics calculation.
It first translates the beam sizes on the 3 profile monitors in terms of emittance
and betatron functions. The second step is to calculate the betatron functions at
the entrance of the first quadrupole, using the transfer matrix from one point to
another. The third step is to optimize this transfer matrix, so that the betatron
functions correspond to a matched beam.
Automatic matching is operationnal since the beginning of 1997, and really
makes the tuning easier.
Similarly, an automatic beam centering program is now used.
The first step of the method is to measure the beam center of gravity as seen
by the wire profile monitors.
The second is to calculate the matrix M related to the effect of each steerer
on each monitor. Let P be the vector of the beam centers of gravity and S
be the vector of the steerers intensities. It is desired that : P = —MS .
Thus, the solution may be determined as : S = -{MTM)~1MTP
with MT
the transposition of the matrix M. This coresponds to a least-squares fit. In
addition, the corrector values are simultaneously minimized.
The results of the beam centering program are very convenient. The beam
centers of gravity in both planes after automatic beam centering are bellow 1
mm, and the tuning is really faster and more reproducible.
In writing these programs, the main work was to add all the data needed in the
beam optics calculation in the data base used for operation. This addition has
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required some modification of the structure of this data base, and, thus, some
modification of other programs.
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ABS AT THE SPS AND LEP
Joerg Wenninger
LNF-INFN
Abstract
LEP and SPS are large circular accelerators equiped with more than 100 orbit monitors and corrector dipoles in each plane. At the SPS orbit control is
mainly used to minimize beam losses, while for LEP the orbit is a crucial parameter for lumonisity performance. Various algorithms and strategies have
been developped for LEP to find "Golden Orbits" that optimize the dispersion
and the beam emittances. Despite those differences, the two machines share a
large amount of control software for beam steering. The experience and problems related to beam steering at such large machines will be presented. The
limitations of orbit control system sharing between the two machines will be
reviewed.
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ALGORITHMS
E. Wildner
CERN

Abstract
The algorithms are the kernel of the problem to steer and shape particle
beams. Depending on the specific conditions for a certain problem the data
used by the algorithm has to be well prepared and the algorithm should be
such that depending on the input information, numerical and other problems
are avoided. The first part of the summary report, gives a simplified general
view of the different problems and ideas that were presented. In the second
part the different ideas related to what has been said in the first part are
pointed out for each of the presentations.
1.

GENARAL SUMMARY

1.1

Model based systems

Automatic beam control needs some kind of strategy. This strategy can be based on the
existence of a model of the system or work in a way such that the desired control state can be
achieved without predefined knowledge of the process. Models can be theoretical or empirical.
Control strategies based on a model obviously require that the system can be represented by a
model to the detail needed by the control strategy or the required accuracy. Accelerators are designed
from models, but it often appears that the real machine does not behave like the initial model predicts.
If this is the case, investigations have to be made and the model revised or refined. Frequent problems
that may be discovered are geometric problems (misaligned elements or measurement devices) and
field problems.
Another important issue is the beam instrumentation, reliability must be good and accuracy
must be within specifications. Some redundancy of information gives the advantage that the system
can perform reasonably even if parts of the system fail (missing monitors for example).
The model based control mechanisms often lead to important improvements in the
understanding and cleaning up of the process to be controlled.
When theoretical models cannot be set up or when the best theoretical model that can be found
is not accurate enough, one can still make the control procedure automatic by using experimental
transfer matrices. Either one can do this for the complete system or as a refinement of the initial
model to control residual errors. Systems can also be linearized, assuming that the errors are small or
that one can use an iterative control method.
A way to model highly non linear coupled systems is to use neural nets. Based on an
experimental exploration of a sufficiently large domain of the control space, a neural net model and
an adapted control strategy can be set up.
1.2

Systems where no model can be set up

If there is too little knowledge about the behavior of the system to be able to set up a model,
one can use algorithms, which explore parameter space and try to find a good setting of the input
parameters. This can be done in a random way or by using some clever strategy.
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1.3

Data preparation

One of the critical issues in automated beam control is the quality of the data fed into the
algorithms. During commissioning of the control algorithms, the measurement devices have to be
checked and calibrated, the correct positioning in the beam line has to be verified for example. In
spite of this preparative work, monitors may break down, noise may influence the readings and drifts
may appear. Noisy measurement can be treated by harmonic analysis. Faulty monitors can lead to
numerical problems, wrong corrections or unwanted corrections. Systematic effects on the orbit have
to be removed, for example momentum errors.
Sometimes a "zero orbit" or trajectory does not correspond to the optimum working conditions.
There are sometimes target orbits different from the ideal theoretical orbit which have to be identified
and included in data preparation.
1.4

Correction strategies

Different strategies can be used in trying to find the correction. One might want to find
dominant kicks; few effective correctors are wanted especially in the beginning of the correction
procedure, since for example non linearities might be important if the orbit is far from the target.
Global and local corrections have to be distinguished. Sometimes a limited part of the orbit needs to
be corrected. Most of the algorithms can work on a limited region of the machine.
1.5

Matrix conditioning

The transfer matrix has to be conditioned to avoid numerical problems. Missing monitors, for
example, can cause linearly dependent columns and the matrix has to be reconditioned. This is
however time consuming and it is more interesting if one can anticipate the problem by not using
correctors causing such problems. A very rigorous method to avoid problems with singular response
matrixes is the Single Value Decomposition method (SVD). By this, singular values can be found and
correctors corresponding to those can be removed from the available corrector set.
1.6

The algorithms

Generally, the algorithms minimize the distance, according to some norm, of the measured
orbit to the wanted one. The MICADO algorithm is one of the most often used, especially for
trajectories where it quickly gives a good result. It is based on a least squares minimization.
MICADO first chooses the most efficient corrector for the minimization. By keeping this corrector an
additional corrector is chosen that gives the best correction and so on. The disadvantage is that for a
given number of correctors, the best subset of available correctors is not necessarily chosen. There are
algorithms that help out of this dilemma, but one has to find tricks not to exceed wanted response
times.
The SIMPLEX method uses the 1, norm for minimization of the distance between the wanted
and the measured orbit. SIMPLEX can include linear constraints or inequality constraints.
Complete least squares methods need non singular, well conditioned matrixes. It is important to
check that that there is no overcompensation using too many correctors.
Genetic and evolutionary algorithms are well known techniques for numerical optimization.
Interesting features of this technique are ease of development and independence of readout noise and
set point drifts. Lack of speed can be compensated by a good choice of the set point generation
mechanism and by choosing appropriate quality factors. A mixed type of modeling can be done where
genetic algorithms are used for fine tuning of the optimization based on beam line models.
The basic idea of the genetic algorithms is to explore the parameter space to find an optimum
using nature's way of producing new genetic sets. New correction sets are produced by using
"selection", "reproduction", "crossover" and "mutation" on the "parent" corrector set to produce
better performing "descendants" (better corrector sets). Offspring sets are produced not only from
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looking at the parent's genes but also from taking the mutation amplitude (or its efficiency, judged
from the improvement of the correction) into account. A wide search for the optimum configuration
of a given system is done by generating and selecting better and better sets of input parameters based
on predefined quality factors.
1.7

Speed

The efficiency of the algorithms is very important since many of the correction programs work
on line; examples will be given in the summaries of the talks..
1.8

Modularity and transportability

The methods described are well known and the task of beam steering and beam shaping is a
very general minimization problem. This means that it is possible and profitable to write libraries and
transportable and modularized software. The most time consuming part however, is the construction
of the man machine interface. To reuse and share MMI software is inherently very difficult because of
the choice of hardware and of special software products. Methods for data preparation can be shared,
and also general methods for the matrix construction from machine layout information (data base
description of the machine).
2.

THE TALKS

2.1 Algorithms and Closed Orbit Correction package for SPS and LEP, W.Herr, J.Miles,
CERN
The Closed Orbit Correction Utilities (COCU) program is an example of very general program
for closed orbit correction. It is machine independent, has high performance and is extendable (highly
modular). The program works from a sequence of commands that can be generated from the man
machine interface. All knowledge of the machine comes from the data structure. A certain number of
modules can be called that prepare the input data so as to ensure that the algorithms do not have
numerical and other problems. There is a large number of different algorithms for optimization are
available (MICADO, SIMPLEX, MINC2, PSINOM, SVD, Chebyshev...). Local and global
correction criteria can be used. The package allows for very fast response, which is a crucial issue,
especially in view of LHC where orbit corrections are needed with 10-50 Hz frequency.
For the LCH, modules that treat partially uncoupled machines have to be developed. Common
elements for the two beams, ground motion compensation and long beam-beam interactions also have
to be taken into account.
The COCU package has been used essentially for the CERN SPS and LEP.
2.2 Simultaneous matching of Dispersion and Twiss Parameters, M.Giovanozzi, A.Jansson,
M.Martini, CERN
Dispersion control is important for large momentum spread beams. A linearized matrix is used
together with the MICADO algorithm, which proposes a few larger corrections to gain in accuracy. A
combined matrix is constructed to have both dispersion and Twiss parameter matching in the same
optimization procedure. Units and sizes have to be chosen to give a well conditioned problem. The
method has been tested in the TT2 transfer line between the PS and the SPS. By creating random
error seeds and measuring the correction effect. If iterative correction is used, higher order effects can
be neglected. Convergence was guaranteed to be within the limitations of the measurement devices.
The system is implemented as an open system stressing modularity and reusability.
2.3 Beam Transport and Optimization Tools based on Evolutionary Strategies, L.Catani,
INFN Sezione Roma 2
The talk described how beam steering and shaping can be done using Evolutionary Strategies at
LISA, the 25MeV linear super conducting accelerator of ENFN-LNF.
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For beam steering, one application has been shown, where one can clearly see that the
optimization procedure, in spite of a non monotonic control space, finds a path to follow to achieve
better and better correction. Starting from bad transport conditions, it took 6 minutes to achieve an
rms value of the positioning errors comparable to the readout noise of the BPMs. Instrumentation
noise and parasitic effects is a source of perturbation for the process, but did not prevent the evolution
towards an optimized configuration. The algorithm can be refined by finding better selection
mechanisms for the off spring. Defining the quality factor that best fits the system is another issue.
For example by weighting of the contribution of the to the rms value, the algorithm can for example
start at the beginning of the beam line as an operator would do. Another example was presented
where for a constant energy spread, the alignment of the beam and the beam size at the end of the
beam line are optimized. A clear reduction of the beam size is obtained when the beam is better
aligned.
The method cannot be proven better than model based systems and no guarantee of finding
always the same result can be given. However, it gives a "good enough for the purpose" result. The
long execution time is a drawback that can be reduced only by faster computers and by optimizing the
algorithm.
2.4

Tuning Knobs for the PS-SPS Transfer Line, G.Arduini, K.Hanke, CERN

Global betatron and dispersion matching in the transfer line between the CERN PS and the SPS
has been performed based on a carefully checked theoretical model and measured input parameters.
The Twiss parameters at the entry of the line can be determined from the measurement of the beam
profile at three different locations in the line using SEM or OTR monitors. The dispersion and
dispersion derivative is measured along the complete line and the first turn of the SPS and the initial
values at the entry of the line are determined using a three-parameter fit. For the matched optics a
tuning tool has been developed to correct for the unavoidable residual mismatch. It is based on the
response matrix of eight quadrupoles in the matching section of the line which has to be inverted in
order to compute the required correction. Since in general the matrix cannot be inverted, singular
value decomposition (SVD) is used to recondition it. The resulting tuning tool has been
experimentally tested during the 1998 run. Starting from a matched optics, the horizontal and vertical
beta functions were detuned and the effect on the injected beam monitored by a mismatch monitor
installed in the SPS. Both simulations and the measurements show that the tuning tool works fine for
all beam parameters except the horizontal beta function for which a non-linear behavior was found.
The studies will be continued during the 1999 SPS run.
2.5

Beam steering at ELETTRA, E.Karantzoulis, Sincrotrone Trieste

Beam orbit stability is a very critical issue in all third generation synchrotron light sources.
Special care has to be taken in the case of ELETTRA, because of mismatched energy at injection.
Global beam correction is done once per run or less. Local correction systems use selected BPMs near
the quadrupoles in the straight sections and the appropriate correctors. Local correction is done every
5 minutes to keep the orbit within 5 microns rms and is totally automatic.
The COCU package has been used at ELETTRA and has evolved into Gloc which is more user
friendly (COCU is "expert oriented"), and has an elaborated user interface. The algorithm used for
orbit correction is based on SVD, which insures that corrector kicks give reasonable improvements.
The algorithm has been used to correct the dispersion by combining steering and the dispersion
matrixes. Creating bumps without perturbing the global orbit makes the local corrections. However
some "bump leakage" might appear. New algorithms are being developed to avoid this to happen.
2.6

Beam Threading in the LHC, H.Grote, CERN

The multipole fields of the LHC dipoles kick off center particles. Simulations including the
dipole field and alignment errors show that particles do not even make one turn without correcting the
trajectory. This situation can be remedied by using a "threader" that calculates settings for two
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upstream correctors from the transverse position and the slope at the offending position, such that
with this extra double kick, position and slope become zero by using a linear machine model and
iterations. BPMs are installed behind each quadrupole and the correctors in front of them. The
procedure was tested and refined for LEP. The results were that pickups with bad performance have
to be eliminated, and that more than two monitors have to be used for each correction to avoid
excessive excursion of the trajectory over a larger part of the machine. This means that one has to find
the optimum trade-off between corrector bumps and orbit amplitudes. The intention is to implement
these improvements (inclusion of the COFFEE program to eliminate bad pickups and a fit mechanism
to bring the orbit down without creating large bumps).
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BEAM TRANSPORT AND OPTIMIZATION TOOLS BASED ON
EVOLUTIONARY STRATEGIES
L. Catani
Istituto Nazionale di Fisica Nucleare - Sezione di Roma II, ROMA ITALY
Abstract
This paper presents experimental results and off-line evaluations of a
software tool for automatic beam transport optimization that uses an
optimization algorithm based on Evolutionary Strategies, developed for
the LISA 25 MeV linear superconducting accelerator of INFN-LNF.
The main advantage of this approach is that the definition of the
optimization procedure doesn't require the analysis of the beamline. In
this way the optimization of the beam shape, or its automatic steering, can
be obtained even when the beamline's model is unavailable or
insufficient diagnostic impede the definition of the response matrix.
1.

INTRODUCTION

Genetic and Evolutionary Algorithms are well known techniques for numerical optimization.
They allow a wide search for the optimum configuration of a given system by generating and
selecting best sets of input parameters on the basis of some previously defined quality factor. The
latter, to be defined in such a way as to best represent the desired characteristic and the behavior
of the system to be optimized, is the only information needed by the algorithm. Experimental
results and off-line evaluations of a software tool for automatic beam transport optimization that
uses an optimization algorithm based on Evolutionary Strategies (ES), developed for the LISA
25 MeV linear superconducting accelerator of INFN-LNF [3] are presented in the following. The
main advantage of the ES approach in our case is that the definition of the optimization
procedure does not require a detailed understanding of the beamline behavior. Optimization of
the beam shape, or automatic beam steering, can thus be obtained even when detailed modeling of
the beamline is not available or when insufficient diagnostic impedes the definition of the
response matrix. The described preliminary experiment evidenced other benefits of the technique
such as its ease of development and implementation, independence from readout noise and set
point drifts, and a high degree of flexibility that makes the tool particularly useful for setting up
at commissioning and later optimization of the beamline. An off-line study of the algorithm has
also shown that its main limitation, speed, may be improved with an appropriate choice of the
generating operator and the quality factor. Other possible applications can be envisaged, such as
the simultaneous optimization of beam parameters obtained from mixed type of diagnostics
(e.g.BPMs + Toroids + visual beam spot position detectors +...) and the fine tuning of beamline
models to be used by model-based optimization algorithms.
2. APPLYING EVOLUTION STRATEGY TO BEAM TRANSPORT OPTIMIZATION
The basic idea of the algorithm used for the transport optimization comes from the so
called Evolutionary Strategy [1, 2] an attempt to translate into mathematical form the optimization
method of biological systems.
Following the ES, the optimization of a set of N variables ("genes") x\, i=0,..N-l, starts
from an initial population of M possible configurations Pj, j=0,..M-l. These will be the parents of
a new generation of D new configurations P'k, k=0,..D-l produced applying the ES operators to
Pj. Using the Genetic Algorithms terminology those operators can be called as selection,
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reproduction, crossover, mutation. In general they select the parental points, generate new
configurations (descendants) mixing their values x[, add a random mutation and evaluate for
every P^ its fitness or quality factor, the latter being the only information given to the algorithm
to perform optimization. Among the D new points, the M fittest ones will be chosen as parents for
the next generation. The key feature of the algorithm is that the generation of the offspring is
performed considering not only the genes of the parents but also the mutation amplitudes that
generated them. One thus selects both the best values and the most effective mutation amplitude
toward the optimized value. The (M+D)-strategy, the M best of all M+D individuals survive to
became parents in the new generation, has been chosen for this application.
The descent to the deepest point of a surface in a N-dimensional space is the pictorial view
of the process. If the surface is smooth and represented by a monotone function of all xj (as in
the minimization of N independent real numbers) then the procedure will easily find the
optimized parameter's configuration. However, in the optimization, say, of a set of beam
correctors in minimizing the RMS displacements A at some downstream Beam Position Monitors
(BPM), the defined quality factor is obviously not a monotone function of the corrector values xj.
Moreover, the larger is the number of the correctors, the harder the optimization will be.
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In spite of that, the algorithm has proven to be able to find the way to achieve a better than
the initial correctors configuration. Fig.la shows the 3D optimization path obtained from the
simulation for a system of 8 correctors trough 200 generation loop. Each point in the graph is the
average of all parent values for every generation; its coordinates are (Xeven, X ^ , A)

xf.-xt

and xf are respectively

the values of i-th corrector is its final value at the end of the procedure. One we can see from the
graph that the procedure defines a search path to the optimized configuration, while the result of
the application to the same problem of a simple random search would have been, in the same 3D
graph, a cloud of scattered point. The effectiveness of ES with respect to a random search RND is
again evident in Fig.lb. The RND curve represents the best A produced after a number of
iterations, 396 in total. For the ES curve, the 396 new configurations are produced in 66 loops of
6 descendants. For every loop the parents average fitness is shown.
3. EXPERIMENTAL RESULTS
In the experimental set up Ns=6 was the number of controlled correctors and A the RMS
displacement of the beam to be minimized on the NBPM downstream beam position monitor. M=4
parents (at the beginning all identical and equal to original corrector's values) and D=12 offspring
per generation were used.
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The results of one of the tests are presented in Fig.2 showing the A vs. generation number
curve and the initial and final beam position at the chosen BPMs.
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Fig. 2 Result of Transport Optimization Algorithm.

In this particular case the optimization started from a bad transport condition and after a
few loops a better corrector's configuration was found. The A curve stopped decreasing when the
values of the BPM signals were of the same order of the readout noise.
Instrumentation noise as well as the modifications of the beamline optics performed while
optimizing have been evidenced as sources of disturbance for the process but did not prevent the
evolution toward an optimized configuration, although they did in some case influence its
convergence speed. Parasitic effects like electrostatic charging of the beam pipe or power supplies
drift can be considered as undesired (usually weak) slow varying extra correctors; their effect will
also be compensated by the procedure.
For on-line optimization applications of the method a reasonable speed of evolution
towards the optimized configuration is also required. In this respect an unavoidable limitation of
the method is that the evaluation of quality factors requires every new generated configuration to
be applied to the beamline and the beam response to be measured.
In this preliminary application approximately 6 minutes were needed to run trough the 9
generations shown in Fig.2 when, with the injector repetition rate set at lHz, a 3 sec. delay was
allowed between the setting of new values of correctors and the readout of BPMs.
4. SIMULATIONS AND ALGORITHM OPTIMIZATION
Evolutionary Strategies techniques have two main kinds of "tuning knobs" to adjust the
algorithm to the particular application. The first are the operators applied at each generation to
generate and select new offspring. The second is the definition of the quality factor that best fits
the system and the desired result while giving the proper feedback to the optimization algorithm.
For instance, in the original version of the procedure every new offspring was generated
selecting each of its genes xj at random from anyone of the actual parents; then a random
mutation was applied. One can argue that this works well when the xj are independent which is not
the case here because the value of a corrector clearly depends on those of preceding ones. Instead
of this mixing of variables one could use something like a donation or a mixing of two halves of
correctors set. One should also recall that, while mixing of parent genes is a fundamental
requirement for the ES to be able to search through the largest number of configurations, for this
particular on-line application the main task is not to find the absolutely best configuration but
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only a better than the initial one and in a reasonable time. The described modification of the ES
algorithm does actually improves its speed for particular applications, such as the trajectory
optimization one we are considering while it may be less effective for other kinds of optimization.
The selection of the parents to be duplicated should be guided by their quality factor and the
latter could even be used to control the mutation amplitude, in order to have a fine search when
the procedure is approaching the optimum. In defining the quality factor it is also advantageous
to use a weighted RMS displacement at the BPMs rather than a pure RMS one. With appropriate
weight functions assigned a priori to the various correctors, the procedure will start optimizing
first the elements at the beginning of the beamline, as a human operator would.
To analyze these modifications four types of optimization algorithms have been defined
and tested by simulations on a test beamline; the results of several runs have been statistically
analyzed. For all runs the number of loops allowed nL depended on the number of offspring to
be produced and tested at every generation loop, D, in such a way as to keep D»nL=h, with h=240.
In evaluating the performance of the different configurations, execution time was not considered,
on the assumption that, in an actual on-line application, it would have been the same for all.
The graph in Fig.3a shows distributions of d values, where 3=<Ainjtjaj/Afjna]>, for all
examined types of optimizing algorithm including the original one //. The poorer performance
of type tl is, we believe due to the random selection of corrector values from different parental
configuration as in the original ES algorithm. Fig.3b shows the same distribution curves for type
t4 algorithm and the same six correctors but differently weighted for the purpose of computing
the quality factor. The weight function used is
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The parameter x is the weight function parameter. The lower the value of T, the higher will
be the weight of the first correctors in the quality factor A. The graph shows that an appropriate
choice of x produces better performances; i.e. the algorithm finds better correctors configurations
after the same number of iterations.
A weak dependence on the number of descendants D is also evidenced, particularly when
few correctors are used; in such cases, for a given value of the product D»Loops, it is better to have
larger number of generations. Random fluctuation of readout signals (noise) proved to be less
dangerous than expected. The RMS noise level mainly determines the lowest achievable value of
A. Finally, for a given algorithm the highest evolution speed should follow from the best
compromise between the number D of descendants (i.e. the evaluations to be performed) per
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generation loop, and the reduced ability of the algorithm to evolve towards the optimized
configuration resulting from a limited offspring (and parents) population.
5. ANOTHER EXAMPLE
With the beamline simulation program we have also tried to test the application of the
algorithm to other optimization problems. The following example shows the optimization a
beamline consisting of quadrupoles and drifts and equipped with a set of six dipole correctors.
The beam is assummed to have a constant, given energy spread and the algorithm does search for
the corrector configuration that gives both the best beam alignment along the channel and the
lowest beam size at the end of it, taking into account the dispersion introduced by the correctors
themselves. The following pictures show the evolution of trajectories (Fig.5a), beam envelope
(Fig.5b) and corrector values (Fig.5c) before and after (thick lines) optimization and at
intermediate optimization stages (i.e. after 5, 10, 100, 200 generations). Fig.5d compares the
dispersion function, computed using BeamOptics [6], before and after (thick line) optimization. It
can be seen that both the beam alignment and its size at the end of the beamline have been
reduced. Furthermore, beam size is actually reduced all along the channel, mainly through
reduction of the corrector RMS strength (almost halved) that minimizes and compensates the
corrector generated dispersion. Similar results have been obtained even with non zero dispersion
at the entrance of the channel, showing that the method can compensate an unknown initial
dispersion. It is worth reminding once again that we cannot prove that the result obtained is the
best possible achievable for the given beamline and, obviously, we cannot guarantee that an
identical result is produced at each attempt. One has rather to stop the process once a good
enough for the purpose result has been obtained.

Fig.5a - Beam Trajectories

Fig.5b - Beam Envelope

Fig.5c - Steerer Values

6.

Fig.5d - Dispersion

CONCLUSION

While the described approach to automatic beam optimization may not be able to compete with
model based or analytical methods, it can be extremely valuable when the previous ones cannot be
used either because a model is not available or because insufficient diagnostic prevents one from
defining a proper corrector matrix. Furthermore, it can also be easily configured to optimize a set
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of different parameters and beam characteristics, as seen in the previous example, or to fine tune
the model to be used by other, model based optimization systems.
A rather long execution time of the optimization procedure is the main drawback of the proposed
ES algorithm. A fast control system and a high beam repetition rate help to reduce the evaluation
time of input configurations, and thus the overall execution time. Obviously because the settings
produced during the process are not predictable, a low power operation mode must be available so
that the beam can be driven through any trajectory without risking damage to the hardware.
Further studies of the technique are foreseen, to investigate other possible applications and to
improve mainly its speed and efficiency.
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TUNING KNOBS FOR THE PS-SPS TRANSFER LINE
G. Arduini, K. Hanke
CERN, Geneva, Switzerland
Abstract
Transverse emittance preservation will be an important issue for the LHC injector chain. Minimisation of the blow-up at injection by tuning independently
Twiss parameters, dispersion and dispersion derivative is therefore mandatory.
The optics of the transfer line between the PS and SPS machines was modelled
and matched using the program package MAD. Tuning knobs were developed
using a singular value decomposition (SVD) algorithm. Coupled to the measurement of the Twiss parameters at a given point downstream of the correction
elements they provide a fast correction algorithm for the betatron mismatch.
1.

Introduction

The transfer line between the PS and the SPS machines will be an important part of the LHC injector
chain [1]. In order to optimise beam and emittance transport, the line must be matched accurately to
the measured lattice functions at the PS extraction point and the nominal lattice functions at the SPS
injection point.
The transfer line optics was modelled using the program package MAD [2]. The geometry of the model
was verified versus the official CERN survey data [3], while the correct magnetic behaviour was verified in a series of measurements [4]. Based on the model, the line was successfully re-matched [5].
For the matched optics, we found a betatron mismatch after filamentation of 1.0 in both planes. This
clearly fulfils the LHC requirements. The dispersion mismatch after filamentation was computed to 1.7
in the horizontal and 1.0 in the vertical plane1. The residual mismatch is both due to the unavoidable
discrepancy between model and reality and due to the uncertainty in the measurement of the initial optical parameters. It is therefore mandatory to tune selected beam parameters without changing the global
setting of the line.
2.

Correction Mechanism

To compensate for the unavoidable discrepancies between model and real machine as well as for the errors of the measurement, tuning knobs were developed to tune independently the beam parameters. They
are based on the inversion of the matrix (f^j-J ,(h3 = 1,-8) where Aj =
(oih(v),Ph{v),Dk^v),D'h^)
and Kj is the strength of the j t h matching quadrupole2. As a first attempt only the eight independent
quadrupoles of the matching section controllable from the SPS control room have been considered.
Frequently, as in our case, the coefficient matrix for a given optics will be either singular or numerically
close to singular. Singular value decomposition (SVD) algorithms provide a tool to diagnose a matrix
and to solve the resulting system of equations even for ill-conditioned matrices [7]. Simulations using
the reconditioned matrix show that an independent linear variation of all the parameters can be obtained
except for fin for which a non-linear behaviour is observed.

3.

Experimental Results

The tuning tool was tested with beam, using the SPS mismatch monitor [8]. This system is based on a
turn-by-turn measurement of the beam size with an OTR screen and a fast CCD camera. The oscilla1
2

See Ref. [5] for details.
See Ref. [6] for details.
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Fig. 1: Horizontal /3-function (upper left plot), horizontal mismatch factor (lower left plot), vertical /3-function (upper right
plot) and vertical mismatch factor (lower right plot) at the exit of the transfer line versus variation applied using the tuning
knob. Starting from a matched optics (A/3 = 0), the /3-function is detuned by ± 10% and ± 20%.

tion of the beam size indicates betatron mismatch at injection into the SPS if no dispersion mismatch is
present. While the oscillation of the beam size is a measure of the mismatch, it is important to obtain
also the values of a and (3. This can be done by measuring the beam profile at three consecutive turns in
the SPS. The Twiss parameters can then be obtained in the same way as from a multi-grid measurement
in a transfer line.
Since measurement of the Twiss parameters can be performed quickly, while measurement of the dispersion is time consuming, it was decided to detune the horizontal and vertical /3-functions and to measure
Twiss parameters and mismatch factor using the SPS mismatch monitor. Starting from a matched setting, the /3-functions were detuned by ±10% and ±20%. The upper left plot in Fig. 1 shows the expected
change of the horizontal /3-function (dashed line), the result obtained from the simulation and the measured values. It can be seen, that already in the simulation the expected variation is not achieved. As
far as the measurement is concerned, only the points for A/3// = 0, -10 m and -20 m could be measured
due to a technical problem. For the initial setting (A/3# = 0), the measured value lies already below the
theoretical one. This means that this setting is not perfectly matched, which is consistent with a geometrical mismatch factor of 1.3 obtained from a multi-grid measurement in the line [5]. The measurement
suffers from significant fluctuations in the horizontal plane which do not allow a conclusion. From the
measured Twiss parameters, the mismatch factor can be computed. The lower left plot in Fig. 1 shows
the geometrical blow-up versus change of /?# for the same measurement. Again, the measurement suf-
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Fig. 2: Horizontal a-parameter (left plot) for the tuning of 0H and vertical a-parameter (right plot) for the tuning of 0V shown
in Fig. 1.

fers from significant fluctuations. The a-parameter was computed from the same measurement. The left
plot in Fig. 2 shows the variation of a # , which is supposed to remain unchanged. Also in this case, the
statistical error is large and a conclusion impossible. All beam parameters were measured at the same
time in the vertical plane, where they are supposed to be unaffected by the variations in the horizontal
plane. This is in fact the case. The results are presented in detail in [6].
The same measurement was done in the vertical plane, where all five settings could be measured. The upper right plot in Fig. 1 shows theoretical, simulated and measured values of j3y for five different settings
of the tuning knob. All data agree within the statistical error. From the same measurement, the vertical
mismatch factor was computed. The result is shown in the lower right plot in Fig. 1. For the matched
optics (Afiv = 0), a geometrical mismatch factor of 1.1 is found which is in perfect agreement with the
result obtained from a multi-grid measurement in the line. Detuning the /?-function at the injection point
in both directions leads to an increase of the mismatch factor as expected. The vertical a-parameter
is shown for the same measurement in the right plot in Fig. 2. It remains unaffected by the variation
of Pv as specified. All beam parameters in the horizontal plane remained also unchanged during this
measurement. The results are presented in detail in [6].
4.

Conclusion and Outlook

A straight-forward analytical approach was used to develop a tool for selective tuning of beam parameters
in the PS-SPS transfer line. Eight independent quadrupole strengths are used as free parameters to tune
eight beam parameters. A coefficient matrix which contains the variation of the Twiss parameters as a
function of eight quadrupole strength parameters was generated based on a MAD simulation of the line.
It was reconditioned and inverted using a singular value decomposition algorithm. The resulting system
of equations can be solved and yields the change of quadrupole strength required to obtain a given change
of any of the Twiss parameters while the others remain unchanged.
A MAD simulation showed that the tuning knob works fine for all beam parameters except the horizontal
/3-function. A first measurement with beam, carried out during the 1998 SPS run, showed that the tuning
knob works fine for the vertical /3-function. For the horizontal ^-function the results do not allow a
conclusion.
It is planned to improve the tuning knob by using more magnets as degrees of freedom. It will then
be implemented into the SPS control system and provide, coupled to the SPS mismatch monitor, an
automated mismatch correction mechanism.
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SIMULTANEOUS MATCHING OF DISPERSION
FUNCTION AND TWISS PARAMETERS IN A TRANSFER
LINE
M. Giovannozzi, A. Jansson, M. Martini
CERN, Geneva, Switzerland
Abstract
Dispersion matching in a beam transfer line is an important issue in
order to avoid blow-up and luminosity reduction. This is the case for the
LHC beam, due to its small emittance and relatively large momentum
spread. The dispersion matching can be performed with quadrupoles,
but one has to impose the additional constraint of leaving the Twiss
parameters unchanged, to preserve the betatron matching.
A first order pertubative approach, using the MICADO solver, has been
applied to the problem of simultaneous betatron and dispersion matching. A theoretical derivation of the correction matrix, as well as simulated and experimental results are presented.
1.

Introduction

The performance of the new generation of circular machines heavily relies on the injector chain
performance. In order to achieve the design luminosity all sources of emittance growth should
be avoided. This means that the transfer lines between the various machines should be carefully
tuned in order to match the beam parameters at the injection point of the next circular machine.
If one neglects the emittance dilution produced by injection oscillations, which can be
cured by properly steering the beam using the injection elements, the other sources of mismatch
are the dispersion mismatch and the betatron mismatch.
In the first case the dispersion or its derivative at the end of the transfer line do not match
the values for the circular machine due either to dipolar or quadrupolar errors along the transfer
line, or wrong initial values at the entrance of the beam line. The resulting emittance growth
is quite sensible. This effect is in fact similar to an injection mismatch: particles with different
energies enter into the machine at a wrong position and/or angle and perform betatron oscillations. In the second case, the Twiss parameters at the injection point do not agree. The injected
beam ellipse will rotate in phase space to match the machine parameters, hence producing beam
dilution. Also in this case the source of mismatch can be found in the transfer line quadrupoles,
or the initial values.
The correct approach to this problem is to find a strategy to simultaneously correct both
dispersion and betatron mismatch. The simple technique of reducing the betatron mismatch
without controlling the dispersion is not enough. Such a combined approach is imposed by the
large momentum spread foreseen for the LHC.
In the present note, the correction matrix is derived using a perturbative approach and
assuming that only quadrupoles can be used to correct the mismatch. A careful analysis of the
high order terms is carried out, although the first order is usually enough to achieve good results. Different techniques are applied to the problem of minimising the mismatch: a MICADO
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approach and a full minimisation algorithm. These techniques have been bench-marked by using a model of the TT2 transfer line and also by performing some real measurements using the
26 GeV/c LHC-like beam: an overall reduction of the mismatch could be achieved in all the
cases considered.
2.

Twiss matching

The starting point for the analysis of the Twiss matching is the study of the evolution of the
Twiss parameters along a transfer line. It is well-known [1] that the optical parameters between
two sections of beam line evolve according to the following rules

An =
C2pc-2CSac + S2lc
am = -CCfc + iCS' + SCfe-SS'-yc,

(1)
(2)

Here the transfer matrix between corrector and monitor is given in terms of the so-called
cosine-like C and sine-like S functions and their derivatives

Furthermore, the parameter 7 = (1 + a 2 )//? has been introduced.
To quantify the effect of a betatron mismatch and to determine the approach to compensate
such a mismatch, it is common use to insert a thin lens quadrupolar element at the location of
the corrector. This will generate a variation in the optical parameters downstream and such a
variation can be measured by using a beam monitor device. In this case the transfer matrix
between the corrector and the monitor can be obtained from Eq. (3) by multiplying by the thin
quadrupole transfer matrix. The final result is
1 c m

^

_(C

S \ ( l

0\(C+SAk

~ \C'

S'J \Ak

l)

S\

\C' + S'Ak

K}

S'J '

where Ak is the integrated gradient of the error. By using the matrix (4) in Eq. (2), one can find
the resulting Twiss parameters at the monitor location, namely

+ S2pc(Ak)2

An = Pm + 2S(C/3c-Sac)Ak
am

=

(5)
2

am + [2SS'ac-{CS'

+ SC')(3c]Ak-SS'{3c(Ak) .

(6)

It is customary to use the following variables to evaluate the betatron mismatch:
\

Pm

Pm

in which (A/3)m = /?m - f3m and (Aa)m = amtransfer matrix Tc^m

am. Using the standard parametrisation of the

/
- ^ (cos Afi + ac sin A/x)

VPmPc sin A/x
, (8)
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)

where A/J, represents the phase-advance between the corrector and the monitor, Eq. (8) together
with the expression (6), allows to recast the mismatch vector in the following form:
(AA;)2

ft
(Ak)2.

(9)
(10)

The expression (10) of the mismatch vector contains linear and non linear terms in the
quadrupolar gradient Ak. The linear part represent the well-know contribution to the (3- and afunctions [2]. The same equations hold true also for the other plane, provided the sign of AA; is
changed.
The nonlinear terms are usually dropped as the whole approach is based on a linear approximation. In fact, one should compute the transfer matrix from the first quadrupolar corrector
to some monitor, including all the correctors in between, namely

or

where A^m is the number of correctors between the beginning of the beam line and the monitor
m. It is quite easy to prove by induction that the quantities C, S, C' and S' are polynomial
functions of the gradients Afcj. More precisely one has:
C = CNm(Aklt Ak2, • • • AkNm)

S = SNm^{Ak2,

Ak3, • • • A/c N J

& = C^JAh,

S' = S'^iAkz,

Ak3, • • • AA;Nm),

Ak2, • • • AkNm)

where Ci(x\,x2, • • • , xn) is a polynomial of order j in the variables xi, x2, • • • , xn. To obtain the correct expression for the propagation of the /?- and a-functions, taking into account
the nonlinear terms in the gradients Aki, one should evaluate the structure of the polynomials
C, S, C", S'. By using the symbol [-\t to represent the homogeneous polynomial of order i in
the quadrupolar gradients, it is possible to recast Eq. (12) in the following form
L-* c
. Q
i ^i+l-m ( gt
gt Q

j Akj

7j
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where 7[_j represents the transfer matrix between corrector i and corrector j .
To find out the quantities \J3\U [aji it is simply a matter of replacing C, S, C, S' with the
quantities C, 5, C", 5" in Eq. (2) and grouping terms of the same order in the gradients Aku
namely

j=0

j=0

j=o

(13)

|amj, = -(J2
j=o

j=o

j=o

where it has been used the following expression for the product of homogeneous polynomials
C, S of degree N, M respectively:
N

NM

M

i=0 j=0

3.

i

i=0 j=0

Dispersion matching

When bending magnets are present in the transfer line, the evolution of the dispersion function
should be included in the formalism used to correct a mismatch in the optical parameters. The
approach is now based on 3 x 3 transfer matrices [3]. The propagation of the dispersion function
from a corrector location to a monitor placed downstream can be written using the matrix
(15)
The 2 x 2 sub-matrix represents the transfer matrix for the betatronic motion between corrector
and monitor. The quantities f, £' are different from zero only when bending magnets are present
in the transfer line.
It is customary to introduce a quantity W defined as

W = ^[D2 + (aD + PD')2},

(16)

similar to the Courant-Snyder invariant. In a bending-free region of a transfer line W is invariant
and it is called Dispersion invariant [1,4].
It is possible to repeat what was done for the betatron matching. The dispersion at a given
monitor is linked to the value at the location of an upstream corrector (a normal quadrupole) and
the transfer matrix of the section in between. The presence of a quadrupolar error, simulated by
a thin lens element, modifies the transfer matrix, according to the following
(17)
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The modified dispersion at the monitor location is then given by
Dm
D'm

=
=

Dm + S DcAk
D'm + S'DcAk,

(18)
(19)

where
Dm
D'm

= C Dc + S D'c+£
= C Dc + S' D'c+Z'.

(20)
(21)

In this case, the existence of the dispersion invariant suggests to define a dispersion mismatch vector as
>

u

ra

rn—

' V r/va\L-XJ-y

)m I j

K^^-/

where (A£>)m = Dm-Dm
and (AD')m = D'm - D'm.
Once again, by using the form (8) for the transfer matrix between the corrector and the
monitor, it is possible to obtain the expression of the dispersion mismatch vector
(AD) r

=

v ^ ^ c S i n A / ^ AA;

(23)

Ak.

(24)

VPm

In the case of the dispersion mismatch, the vector is a linear function of the corrector strength.
The same expressions hold for a dispersive transfer line.
The approach used in the computation of the nonlinear terms depending on the quadrupolar gradients in the expression of the Twiss parameters can be applied even for the dispersion
function. In this case the knowledge of the polynomial functions C, S, C", S' allows to derive
the development of D, D' as a function of Afcj, namely

(25)

[D'm\{ = Dc[cr\i + iyc[s'\i + si^'t
where 8ii0 is the Kronecker delta.
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4.

Correction strategy

The first approach consists in dropping the nonlinear terms in the Eqs. (14) and (26). Then one
can build up a correction matrix in the standard way (see for instance Ref. [2])
\
a;

0?
)f
(AD)?

=c

(26)

where C is an 8N m x Nc. Here N m stands for the number of monitors, while Nc is the number
of correctors. The matrix elements Cjj can be written as

&

d

= pfsm

for 1 < j < Nc and i = 8(Z—1) + 1 , 1 < J < N m . Note that one should in general include a
weight factor between the betatronic part of the matrix and the dispersion part. This is obvious
since the betatronic matrix elements have unit m~2, while the dispersion part has unit m~ 3//4 .
For all the measurements and simulations presented in this note this weight factor was set to
unity, which was found to work fine, but that is just one possible choice. It is likely that a bad
choice of weight factor will cause the minimisation procedure to diverge.
5.

MICADO and MINIMO

The corrector strengths can be computed using a number of different algorithms. The algorithms discussed in this note are the well-known MICADO [5], and a slower but more general
algorithm, which has been named MINIMO [6].
In principle, assuming that the response matrix is non-singular the number of free parameters (corrector magnets) have to be the same as the number of constraints (monitors) for
the linear problem to be exactly solved. However, in general a very good approximate solution
can be achieved by using only a small subset of correctors, provided that the subset is cleverly
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chosen. MICADO and MINIMO are two algorithms that have been developed to choose such a
subset.
For a given subset of correctors, the optimal solution can be defined, for example, as
the least-square fit or a SVD fit with a certain tolerance. The least-square fit suppresses all
null-space corrections, that is, linear combinations of individual corrections that in total gives
no effect on the monitors. The SVD fit also suppresses near-to-null space corrections, which
are combinations of individual corrections that give a very small effect on the monitors. The
definition of what is a very small correction is given by the tolerance level. The correction is
computed using the pseudo-inverse of the response matrix, where all the singular values smaller
than the tolerance are set to zero.
MICADO starts out by testing all the possible subsets containing only one corrector and
finding the best one. Then it tests all subsets that can be obtained by adding one more corrector
to this subset. In each iteration, one corrector is thus added, and the time to find a correction
using a subset of n correctors out of a total of N available is approximately proportional to

(N2n -

Nn2)/2.

The assumption that is made in the MICADO algorithm, that the optimal set containing
k correctors is a subset of the optimal set containing k + 1 correctors is not true in general.
It is in fact easy to construct counter-examples. The assumption is however a rather good
approximation in most cases, and it significantly speeds up the algorithm.
MINIMO on the other hand, is a brute-force method. It checks all the possible solutions,
without assumptions. Since the number of possible subsets of a certain number of available
correctors can be very large, this method is slow, and in some cases, utterly useless because of
the combinatorial growth of computation time. In fact, the time needed to find a correction containing n out of N correctors is N\/(nl(M — n)\). However, in the case of transverse matching,
the number of available correctors is rather small (typically < 10). Thus the computation time
is acceptable, and MINIMO can be considered as an option. An implementation of MINIMO
in Mathematica [7] have thus been done for the purposes of these tests.
6.

Simulation results

Since the validation measurements are time-consuming and at least semi-destructive, simulations have been performed to test the method, and to quantify the difference between MICADO
and MINIMO. It is not obvious how to compare the convergence properties of the two methods,
because in reality an operator would be supervising the minimisation process and change the
free parameter (the number of correctors in each iteration) if necessary. The chosen strategy
consists of making a relatively large number of simulations with random initial errors, binning
the simulation results according to the size of the initial error and plotting for each bin the average residual error as a function of both the number of correctors used in each iteration, and the
number of iterations. All the simulations were carried out on the model of the same transfer line
used to perform the real measurements [8]. The results show no significant difference between
the two algorithms for small and moderate initial errors (Figs. 1 and 2).
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Fig. 1: Simulation results averaged over 45 seeds. The initial rms error belongs to the interval [0.2,0.4]. The
vertical axes represents the average error, the x axes the iteration number, the y axes the number of correctors used
in each iteration.

Fig. 2: Simulation results averaged over 17 seeds. The initial rms error belongs to the interval [1.0,1.2]. The axes
are the same as in Fig. 1.

Fig. 3: Simulation results averaged over 2 seeds. The initial rms error belongs to the interval [1.8,2.0]. The axes
are the same as in Fig. 1.

7. Experimental results
Tests of the method have been performed in the CPS-SPS transfer line. This line is divided into
two parts: the TT2 line and TT10 line. TT2 transports the beam from the extraction point of
the PS machine to the TT10 part, which, in turn, connects the transfer line to the SPS injection
point. At the junction of the two lines, the beam is deflected about 81 mrad to the right. Due to
the difference in height between the PS and SPS, a vertical deflection angle of about 60 mrad is
imposed at the entrance of TT10 and then cancelled before injection in the SPS.
Three Secondary Emission Monitors are installed both in TT2 and in TT10 section. These
two sets of monitors are routinely used to perform emittance and Twiss parameters measurement
in both lines. For this purpose, it is used the standard method, with the dispersion measured by
performing an energy shift.
A 26 GeV/c proton beam is extracted from the PS machine using a kicker magnet and
delivered to the SPS through the TT2/TT10 line. The beam intensity is « 1.1 x 1012 ppp,
distributed into 16 bunches 15 ns long with a momentum spread 5 of about 0.6 x 10~3 at 2a.
The beam is extracted on a flat top in one turn (fast extraction) by the standard scheme based
on bumper, septum and kicker. The nominal setting of these elements is reported in Table 1.

Element

Value
PE . KFA71 [kV] 710
28200
PE.SMH16 [A]
1350
PE.BSW16 [A]
1550
PE.QKE16 [A]
250
PE.DHZ15 [A]

Table 1: Nominal setting of the extraction elements for the 26 GeV/c proton beam.

In Table 2 are listed the main parameters of the proton beam used during the matching
studies.
p [GeV/c]
EH [/^rn] (normalised, rms)
By [/xm] (normalised, rms)
dp/p
bunch length [ns] (4<r)
si [eVs]

26
3.0
3.0
10' a
5-7
0.1

Table 2: Parameters of the proton beam used to study the simultaneous matching of betatron and dispersion functions.

The experimental validation of the optimisation scheme was performed in steps. In all
cases the optical parameters was first measured, then an error was introduced on one or several
quadrupoles, and MIC ADO or MINIMO was used to try to recover the initial values. First,
the result of the proposed corrections was measured for different number of correctors, and
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compared to the linear prediction supplied by MICADO and MINIMO. The results are shown
in Fig. 4 and Fig. 5 and show a fairly good agreement between measurement and prediction,
with an apparent tendency for MINIMO to diverge when many correctors are used.
Then test were made to iteratively reduce the error down to zero. These results, using one
corrector per iteration are shown in Fig. 6. In the case of one corrector per iteration, MICADO
and MINIMO always give the same result. A test using three correctors per iteration was made
to try to see a difference between the two algorithms, but no significant difference was found
(see Figs. 7 and 8).
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Fig. 4: The measured correction result and the MICADO prediction for a random initial error are shown as a
function of the number of correctors used.
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Fig. 5: The measured correction result and the MINIMO prediction for a random initial error are shown as a
function of the number of correctors used.
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Fig. 6: The measured correction result and the MICADO prediction for a random initial error are shown as a
function of the number of correctors used.
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Fig. 7: The measured correction result and the MICADO prediction for a random initial error are shown as a
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8.

Conclusions

We have found that both MICADO and MINIMO works well for combined dispersion and
betatron matching, using the correction matrix derived in this note. A comparison between the
two algorithms, show no major advantage of using MINIMO for this kind of correction, and
since MICADO is faster it should be natural to choose this algorithm.
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BEAM STEERING AT ELETTRA
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SINCROTRONE TRIESTE, S.S. 14, km 163 in Area Science Park, I - 34012 Trieste, Italy
Abstract
Beam orbit stability is a very critical issue of all third generation
synchrotron light sources. At ELETTRA this becomes even more important
due to the mismatch between its injection energy (1 GeV) and actual
operation energy (2 GeV) where the beam orbit is also affected by
horizontal shifts of up to 100 microns due to thermal effects. Global and
automated local orbit correction programs have to take care of the final orbit
which has to be kept globally below 0.3 mm rms and locally below 5
microns in the middle of the straight sections. Here we report on the special
programs, methods and algorithms used to this end.
INTRODUCTION
Beam orbit stability is a very critical issue in all third generation synchrotron light sources because
due to their low emittance they have a large amplification factor for closed orbit distortions against
quadrupole misalignment, while the presence of strong sextupoles generate a large limitation on the
motion stability and high sensitivity to the optical distortions. At ELETTRA orbit stability is even
more important due to the mismatch between its injection energy (1 GeV) and actual operation
energy ( 2 GeV) where the beam orbit is also affected by shifts of up to 100 jxm horizontally and 30
|xm vertically in the middle of the straight sections due to radiation induced thermal load on the
vacuum vessel, peaking 5 hours after ramping 320 mA to 2 GeV.
Global and local orbit correction programs have to take care of the final orbit which has to be
kept globally below 300 »m rms and locally below 5 ( urn and urad) in the middle of the straight
sections. To correct the orbit a Beam Position Monitor (BPM) system (developed in house) consisting
of 96 (four button) bpm detectors each giving the horizontal and vertical beam position with a
bandwidth for the closed orbit of 1 kHz a resolution of 2 u.m and an absolute accuracy of < 150 |J.m
rms. For the corrections, a Beam Steering system is used consisting of 82 combined H+V correctors
0.22 m long with a 140-130 Gaus m maximum field strength.
The global orbit correction involve all BPMs and any correctors and is performed usually
once per run or less while the local orbit correction is using selected BPMs, usually the ones near the
straight sections and the appropriate correctors. The correction frequency in this case is usually 5
minutes and is performed automatically.
All orbit controlling software has been developed in house and is divided in two main
categories. One category is comprising all software that should be used by "users" i.e. people who
want a task to be done but do not have the sufficient knowledge to know exactly how it is done or do
not care. In this case the programs are as "automatic" as possible hardly involving the user ( e.g. not
having many options to choose from and/or messages to understand) apart from the most basic
commands like starting, choosing and stopping. The second category is for "experts" i.e. people that
understand the tasks performed. In this case the program is giving out more details and more
"complex" actions, like choosing correction method etc., are required. We have thus separated the
two categories instead of making one program that can perform both category tasks because this way
one gains flexibility, speed and time. For both category programs special care has been taken
towards user friendliness and transparency. All control panels are built using a C-code generator (cpedeveloped in house) for GUI, based on the XI1 Motif toolkit for UNIX.
79

GLOBAL ORBIT CORRECTIONS
Global orbit corrections are performed at most once and usually at the beginning of a run. In the past
(1993-1997) the program "Orbit" [1] was used and was equipped with the COCU package developed
at CERN [2] that comprises well known correction schemes like MICADO and is associated with a
unique data structure management system ( MOPS). "Orbit" (1993) had originally 3 different but
standard algorithms for global orbit correction and 2 local bump schemes, namely: SIMPLEX, LBM,
3BUMP, 4BUMP and MICADO that was mainly used. The program performed quite well but it
could not be easily handled by non-experts and many times one should interchange schemes in order
to achieve a better correction. The best correction "Orbit" gave was 150 |J.m rms, usually after a long
time by the less experienced. Later (1995) a global orbit and dispersion correction scheme was added
using the SVD (Singular Value Decomposition) method completely de-coupled from COCU and
MOPS. "Orbit" was finally (1997) withdrawn to be replaced by "TOCA" [3] a very user friendly
program conceptually written for non experts. The program is globally correcting the orbit and/or
dispersion as well as tune and chromaticity.
The design goal was to automate as much as possible the normal routine tasks so that a nonexpert can perform them with almost a simple press of a button. Methods of correction are mainly
SVD for orbit and dispersion and additionally MICADO for orbit.At the same time another program,
"GLOC" ( Global and Local Orbit Corrections) was developed [4] on a somewhat different concept
that of a modular structure that helps in developing and testing new ideas to be used by experts. The
program includes many features such as: measure and analyses of the response matrix, using SVD
performs orbit corrections under various constraints such as: de-select certain correctors or bpms,
zeroes, scales or reduces the setting of certain correctors; corrects using calculated, measured or
hybrid response matrix. Includes many other options like global correction using beam position at
middle of the straight sections too etc. Many of the "GLOC" options are found in "TOCA" too.

Although it was designed for experts and its scope was not routine operation but rather
experimentation, it is however very user friendly and transparent since it gives at every point of the
operation all possible information. It is a good sign that the operators are very eager to use it.
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Global Orbit Correction and the SVD Algorithm
The SVD is a well known, old and robust method for dealing with singular (or quasi so) matrices.
SVD is based on the linear algebra theorem where any mxn (with m • n ) can be decomposed as a
product of a column orthogonal (U) a diagonal (W) and aiuorthogonal (V) matrix. The decomposition
can always be done and the inverse is simply Vx(W )xU The degree of singularity is given by the
W matrix and to render the solution regular one has to replace 1/w- by "zero" if w. is "zero".
In order to correct the orbit one usually has to solve the equation Ax-b = 0 where A is the
orbit response matrix, x are the corrector strengths and b the monitor orbit readings. The feature that
makes SVD particularly attractive is to be able to discard small eigen-values that generally cause large
corrector kicks only to make minor improvements in the orbit (set 1/w zero if w is very small).
Discarding those values still the solution x minimises in the least square sense the expression Ax-b.
The algorithm thus is based on a stepwise approach by proceeding with the larger eigen-values. The
number of eigen-values therefore is the free parameter to be adjusted. The method is fast converging
with some 10-20 eigen-values and keeps the corrector strengths remarkably low i.e. • 0.2 mrad
achieving easily 100 ^.m rms
The algorithm has been also applied in correcting the dispersion. Since the same SR
correctors are used to correct the dispersion and correcting only that could deteriorate the orbit, the
equation to be solved has the same form but its row number is now doubled (i.e. doubling the
monitors' dimension to include the dispersion.) The method is very effective in reducing the vertical
(spurious) dispersion but not so for the horizontal one. Correcting well the orbit gives good results
too.

LOCAL ORBIT CORRECTIONS
For ELETTRA local orbit corrections are necessary and performed every 5 min automatically. The
program "Bump" [5] and its automatic version "slowFB" handle the local orbit corrections allowing
any 3 or 4 bump. At the straight sections 4-corrector bumps used to set the position and the angle in
the middle of a section at a pre-determined value.
Algorithmically one has to solve a nxn matrix equation ( n=3, 4, 5 ) defined from the bump
conditions and the bump closure. Obviously here the matrix inversion can be obtained analytically.
The algorithm requires a number of iterations to converge due to distortions generated by bump
leakage in other section. This bump leakage can also produce a global orbit deterioration.
To overcome this difficulty a scheme based on measuring the response of the bump has been
developed ensuring at the same time the closure. The required kicks c- (j=l to 4 ) may be written as:
5xj=ajy+bjy' where y and y' are the desired changes at the bump location. The calibration and thus the
determination of a and b is achieved by closing the bumps for two cases: y»0, y'=0 and y=0, y'»0
while taking into consideration proper closure conditions at three monitors namely each at either side
of the bump as well as one at the bump location. However still horizontally a leakage was observed in
case of correcting all 11 sections. The strange behaviour was understood to be due to path length
distortion in the location of one corrector being in the dispersive section. Thus 5-corrector bumps
were introduced to account for yet one more condition but this complicates matters since occasionally
combined bumps are needed for bending magnet sources too. We are developing a new (local) orbit
correction program that will function along with the fast local feedback currently under development
at ELETTRA.
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CONCLUSIONS
Global correction programs using the SVD method perform very well and can be applied to all
machines. Robust and fast get always the smallest number of correctors at a minimal strength. No big
complicated packages are needed and one could in principle easily develop them in house.
Local correction programs are simple from the mathematical algorithm point of view.
However the physical method should be adapted according to the individual machine characteristics.
To better control the orbit a fast local feedback at 100 Hz (1999) is under way while new
slow local and/or global feedback are under study. For slow feedback the use of IS (Intelligent
Systems) seems attractive since amongst other advantages can be used in partially known or time
varying operational structure/environment, improve the performance of the scheme over a wide range
of operating conditions and increase flexibility.
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BEAM THREADING IN THE LHC
Hans Grote
CERN, Geneva, Switzerland
Abstract
Particles circulating in the LHC will experience a considerable amount of nonlinear magnetic forces, in particular at injection. Therefore it will not be trivial
to achieve a circulating beam. To this end pilot bunches will be used, and an iterative procedure based on pickup readout values will thread the beam through
the ring. This works in simulation, using a realistic model of the LHC which
includes all estimated magnet alignment and field errors. Pairs of horizontal
or vertical pickups are used to calculate increments in pairs of preceding correctors, based on a linearized matrix from the model of the LHC. This readout
and correction cycle could be made automatic. It is intended to try the threader
out in LEP in October 98.
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COCU - A CLOSED ORBIT CORRECTION PACKAGE FOR SPS AND
LEP
W. Herr and J. Miles
CERN, Geneva, Switzerland
Abstract
The closed orbit correction package COCU (Closed Orbit Correction Utilities)
was built for SPS and LEP using well known techniques and algorithms [1,2].
The procedures are driven by input data and no assumptions on the machine
are made, allowing its application to any circular machine and it is now used
at various accelerators in the world in identical form [3]. It is written in an entirely modular form, thus allowing to implement additional algorithms easily.
The sequencing of the logically independent modules is done by a sequence of
commands, each of which initiates a well defined action. Examples for such
actions may be the handling of input and output, definition of the desired algorithms, preparation of the input for the algorithms etc. An important issue
was to define a well defined data interface, independent of the machine, operating system or programming language [4]. This interface is used inside the
program to communicate data between the modules as well as for communication with other processes, such as data acquisition or man machine interface.
A most critical aspect was the speed of the program. At LEP with its more
than 500 beam position monitors and 300 correctors in each plane, COCU is
run in a semi-automatic way, resulting in more than 10000 complete runs per
month of LEP operation. Typically a calculation must not take longer than 1 to
3 seconds. For the future LHC an orbit feedback is foreseen during the ramp
with a bandwidth in the order of 1 second, a goal which we believe is well in
reach with our approach.
The basic design principles are presented together with an overview of the
main algorithms and techniques with a bias towards those which are most frequently used at LEP and SPS [5].
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BEAM INSTRUMENTATION FOR AUTOMATIC BEAM STEERING
AND SHAPING
R. Jung and J. Uythoven
SUMMARY FOR SESSION
Only four papers were presented in this session, which is little compared to the role of
instrumentation in this type of process.
From the other sessions it was clear that Beam Instruments are an important part in the ABS
process, which can only be as good as the information provided by the instruments. Most of the
procedures presented in these sessions used inputs from beam position monitors. It can probably be
concluded that the existing position monitors are considered as adequate for ABS. It has to be
remembered that BPMs have been used to correct orbits and trajectories for a long time, and that their
performance in precision and resolution have followed the user requirements and the general progress
in technology. Another ABS type application which has been around for some time is the
minimisation of beam losses by adequate beam steering using beam position monitors, beam loss
detectors and current monitors. A new field which was presented in this session is the betatron
matching in a chain of accelerators which makes use of profile measurements.
The first presentation of the session was by two GSI representatives (ref 1). The presentation
described the various beam intensity and beam loss monitors used over the large dynamic range of
five orders of magnitude in intensity available at GSI, a position measurement with Multiwire
Proportional Chambers and a beam steering process to put the extracted beams on targets by using an
on-line version of a beam optics design program. A feedback system acting on an accelerator
quadrupole and using the measurement of the extracted current is foreseen in the near future to control
and stabilise the extracted spill. One of the applications described was centred on the ion cancer
therapy facility where the area of interest is scanned with a raster scan technique delivering well
defined and localised doses. The importance of its precision and reliability is straightforward.
The second presentation (ref 2), reported on a collaboration between french and italian
laboratories and advocated the use of Optical Transition Radiation as a technique which can be useful
in ABS applications. As the OTR production results from a pure electromagnetic effect, it has a high
temporal resolution and a high dynamic range, able to measure two dimensional beam profiles when
using imaging optics. From these profiles, the various characteristics of the beam can be deduced:
intensity, centre of charge, rms beam size, and higher order momenta if desired. The beam angular
distribution can also be determined as well as the beam energy if certain conditions are satisfied, from
where a six dimensional emittance volume can be defined. The temporal resolution is limited only by
the opto-electronic signal processing equipment. No particular application was described.
The last two presentations described the more recent type of ABS applications dealing with the
matching of a transfer line or an injector to an accelerator, and using beam profile measurements. The
process is based on the fact that if a beam is perfectly matched to an accelerator, the beam profiles
measured at a given location of the accelerator will remain constant for many turns, while if the beam
is mismatched it's size will be modulated at twice the betatron frequency, the modulation depth being
a function of the mismatch (ref 3). This beam size modulation will lead to a beam blow-up through
filamentation, which will be detrimental to the luminosity obtained in the final collider of the
accelerator chain.
The first presentation on matching was reporting on tests in the CERN SPS for an instrument
under development for SPS and LHC (ref 4). It is based on an OTR screen which is left in the
circulating beam which is dumped approximately 200 revolutions after injection. The beam size is
measured with a CCD camera operated in a special mode in order to acquire several revolutions after
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each injection. The whole sequence of beam sizes for typically 64 revolutions is acquired in
successive injections, under the assumption that everything remains stable during this period, which
lasts for a few minutes. This assumption was verified to be true in general. The results shown indicate
that with the resolution limit of the instrument it is possible to correct the matching and decrease the
blow-up through mismatch filamentation to less than a few percents. There is good hope to automate
the procedure in the near future.
The last presentation was reporting on a similar experiment in the Fermilab Main Injector
where the beam size oscillations are measured this time with a rest gas monitor for each beam
dimension (ref 5). The detector can measure turn-by-turn beam sizes. Unfortunately no beam size
oscillation measurements after injection could be performed before the workshop, but results should
be available for the 1999 PAC to be held in New-York.
Finally a discussion took place between the participants to find out if there is an exchange of
instruments between laboratories, as is usual for algorithms for instance. It came out that this is a
rather rare procedure. Examples were given of exchange of instruments between CERN and DESY:
Wire scanners from CERN and a Rest Gas Profile monitor from DESY, and between SLAC and
another laboratory. On the other hand, it seems that collaborations and exchanges are frequent
between laboratories on instrumentation techniques and technologies.
In conclusion it seems possible to state that beam position monitors seem a mature enough
technology for the needs of ABS as are beam loss monitors. Efforts concentrate in this field on data
processing and algorithms. It would nevertheless be interesting to have a global overview presentation
of these monitors from an ABS point of view at a future workshop. Beam profile monitors enter only
now the ABS game and various interesting developments are under way for a precise control of
emittance preservation which is vital for the future colliders but should also be of interest for the
present machines. It will be interesting to follow the progress in this area. Finally the exchange of
technology, and where possible of complete instruments, should be encouraged and practised
whenever possible in the present context of limited resources striking all laboratories.
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THE OTR SCREEN BETATRON MATCHING MONITOR OF THE
CERN SPS
J. Camas, R. Colchester, G. Ferioli, J.J. Gras, R. Jung, J.M. Vouillot
CERN, Geneva, Switzerland

Abstract
In order to satisfy the tight emittance requirements of LHC, betatron
matching monitors, based on multiturn beam profile measurements, have
been proposed for the SPS and LHC. A test monitor has been installed for
evaluation in the CERN SPS two years ago. It is based on a OTR screen and
a fast beam profile acquisition system. It has been used with proton beams
to assess the quality of the betatron matching of the PS to the SPS.
Experience and results will be presented.
1.

INTRODUCTION

In order to satisfy the tight emittance requirements of LHC (12 % blow up allowed from PS
extraction to LHC injection), betatron matching monitors, based on multiturn beam profile
measurements, have been proposed for the SPS and LHC. A test monitor has been installed for
evaluation in the CERN SPS two years ago and has since been tested and improved. It has been used
to assess the quality of the matching of the PS to the SPS.
2.

THE INSTRUMENT

With correct betatron matching, the size of the injected beam in the SPS remains constant. Any
mismatch leads to a modulation of the beam size at twice the betatron frequency, and eventually to
beam blown-up through filamentation. The monitor measures the beam size over many turns and
quantifies this modulation. The Instrument is based on an OTR screen (12 jam Ti) imaged onto a CCD
sensor operating in "Burst mode". One CCD acquisition records four SPS beam images each
separated by 8 turns (figl). The corresponding H and V profiles for each image are extracted and
analyzed to retrieve the beam sizes (fig 2).

Figl: Acquisition of SPS turns 1, 9, 17, 25

Fig2: the V and H Profiles (with fits) of turn 1.

By shifting the first turn acquired at each SPS injection, a complete beam size evolution during the
first 32 turns (Fig.3) can be acquired after 8 injections (approx. 2 min), provided that the injection
conditions remain stable during the measuring period. It is then possible to evaluate the amplitude of
the modulation and also to measure its evolution when changing the matching conditions. (Fig.4).
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Fig.3: Vertical beam size evolution over 13 turns

Fig. 4: Size Modulation as a function of matching

CONCLUSION

The tests made during the 1998 SPS Machine Development periods showed that the instrument is
able to measure modulations of the order of 3 % and to detect a minimum during tuning operations.
These measurements will continue next year and will hopefully lead to the development of a closed
loop system to optimize the beam matching.
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BEAM CHARACTERISTICS CONTROL USING OPTICAL
TRANSITION RADIATION (OTR)
M. Castellano, L. Catani, R. Chehab, M. Taurigna-Quere, A. Variola
LNF-INFN-Frascati, INFN-Roma-2, LAL-Orsay, CERN
Abstract
The Transition Radiation of a charged particle, emitted at the boundary between two media of different dielectric properties, has been largely used in
beam diagnostics since the pioneering work of L.Wartski. The radiation, detected in the optical domain, can be extensively used for large ranges of energy
(from some eV to tens of GeV), different kinds of particles (electrons, protons), short bunches (of picosecond duration); moreover, no redhibitory limit,
concerning the diffraction phenomenon, was found at GeV energies and submillimeter dimensions.
LAL-Orsay and INFN-Frascati have experienced these diagnostics in their laboratories and on the TESLA Test Facility (TTF). After some theoretical introduction, we present the main features of the OTR and precise its capabilities
in the measurement of beam emittance, energy dispersion and beam position
through the observation of the transverse beam profiles and also beam energy
and divergence obtained from the characteristic angular pattern of the OTR.
Both kinds of observations are using CCD cameras.
When intensified, these cameras present an optical shutter which allows a scanning analysis inside the macropulse: this possibility is very useful for beam dynamics analysis. When associated to streak-cameras, the OTR provides bunch
duration determination: the latter is also attainable when using the spectral informations given by OTR. Examples, mostly gathered at the TTF in Hamburg,
are presented. Additional information is also provided concerning the associated instrumentation with its hardware (Optics, Electronics) and software aspects. The performances as resolution and velocity of the overall set-up based
on OTR are precised.
If the emittance determination is requiring an execution time between 15 and
20 minutes, the observation of the transverse profiles or positions needs only 1
to 2 seconds if using a numerical filter and much less if not. That opens some
perspectives for rapid controls of beams with moderate intensity. Efforts are
undertaken to optimize the time duration of OTR observations, as for instance
for bunch length determination.
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CURRENT MEASUREMENTS OF SLOWLY EXTRACTED IONS
FROM A SYNCHROTRON
P. Forck, B. Franczak, U. Meyer, P. Moritz, A. Peters, P. Strehl
Gesellschaft f. Schwerionenforschung, Planckstrasse 1, D-64291 Darmstadt, Germany
Abstract
The talk reports on low intensity measurements during slow extraction from
the heavy ion synchrotron SIS using various detector systems. Due to the
variation in the extraction time (0.1 to 10 s) and the various ions species, the
current varies about five orders of magnitude.
Until now the standard detectors for the current measurement are scintillators for low, ionization chambers for medium and secondary electron monitors
for high currents. There performances are briefly discussed. In particular the
linearity and the calibration of ionization chambers provided for medium intensities and secondary emission monitors for higher currents are discussed.
Results from new developed diamond particle counters, which have 2 orders
of magnitude higher rate capability than scintillators are reported. Due to the
short pulse length of 1 ns (FWHM) an average count rate capability up to
108 particles per second is possible. These detectors can be used for fast ions
(minimum ionizing particle) as well as for slow ions delivered by the LINAC.
For high ion currents above 1 nA a super-conducting SQUID based device is
used, which measures the magnetic field (about some fT) of ion currents. The
performance of it is shown.
With the described detectors careful investigations are done concerning the
variation of the current with high time resolution (20 mus binning). High fluctuations are seen, which shows the sensitivity of the resonance extraction due
to power supplier ripple. The time structure can be smoothed drastically by
bunching the ion beam inside the synchrotron due do a 'smearing' of the transverse phase space region close to the separatrix.
As an application of position measurement devices the computer aided beam
alignment between the synchrotron and the target places is presented.
The synchrotron delivers a large variety of ion kinds and energies. Since the
settings of the extraction elements is mainly determined by extraction efficiency rather than beam position, some individual adjustment is needed in order to put the beam exactly on the various targets.
To accomplish this the ion optics program MIRKO used for the design of rings
and beam lines was extended to an online version, which reads the beam positions and reads/writes the beam line magnets directly. From two positions in
both transverse planes the starting conditions of the beam are calculated and
from these the settings of two correction elements per plane are determined
and sent directly to the magnets.
This is done using a simple dialog box on the control console which in addition
allows manual entry of beam positions that cannot be read by computer, e.g.
fluorescent screens or halo counters. Normally the beam position is corrected
in one or two steps and the time for compuation is negligible.
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USING THE IBS TO MATCH THE INJECTION LINE OPTICS TO
THE MAIN INJECTOR
Stanley Pruss, Alan Hahn and James Zagel
LNF-INFN
Abstract
The Fermilab Main Injector has two Ionization Beam Scanners installed in order to measure the transverse (horizontal and vertical) beam profile. The IBS
can measure the beam profile on each turn the beam makes around the machine and thus can look for not only centroid oscillations caused by imperfect
injection steering, but also sigma (beam width) oscillations caused by imperfect phase ellipse matching. This presentation will describe plans for the use
of this instrument, and, if available, data from this instrument.
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SUMMARY OF SOFTWARE AND DATABASES FOR ABS
W. Watson
Thomas Jefferson National Accelerator Facility, Newport News, VA 23606 USA
1.

OVERVIEW

ABS (automated beam steering and shaping) software systems at the major laboratories around the world
contain essentially similar functionality. In general terms, they provide model driven steering ahd shaping
functionality plus a graphical user interface (GUI). Variations exist in how the model is generated and
stored, with some systems using (perhaps as an option) a measured model of the machine and others
generating the model from design information. Most sites support more than one solver, or algorithm
which minimizes an appropriate convergence criteria, with SVD (singular value decomposition) and
Micado being the most common. All of the systems use a commercial database to hold either the model
of the machine, the set of ABS operations, or both.
2.

PRESENTATIONS

In the talk Evolution of the SLC Steering Facility for the Next Generation Linear Collider presented by
Hamid Shoaee of SLAC a good overview of a modern ABS system was given:
• Machine setup, operation and diagnostics are model based
• On-line models are extensions of off-line design lattices
• All applications apply uniformly to all machine regions (elsewhere referred to as generic applications)
• All region-specific information is stored in on-line databases (thereby providing configuration information to the generic applications)
In such a system, the database contains all necessary information for the generic applications to
perform region-specific operations. For example, it contains the list of correctors to use for a particular
steering operation, or the list of quadrupoles for a particular matching operation. This talk also gave a
good overview of the behavior of a typical ABS application process:
•
•
•
•
•
•
•
•

get region specific information from the database (e.g. a device list)
get model information from the database (e.g. transfer matrices)
acquire live data from the machine
compute the correction
present results to the user (e.g. expected orbit)
apply the correction
acquire live data and verify the correction
undo the correction if unsatisfactory

SLAC's software to perform these tasks is relatively mature, but still evolving to be even more
robust against errors, and to be even more automatic. Keith Engell of FNAL in his talk Automated
Beam Steering Software described a new client server ABS framework called BLAST, Beam Line Analysis and Systematic Tuning. This software package is being deployed for limited use as of Fall 1998,
and will integrate the various components of an ABS system to facilitate building new applications.
BLAST includes data acquisition and control functionality, and access to a Sybase database for optics
and configuration information. BLAST based applications will replace an existing suite of less generic
applications. Franck DiMaio of CERN also presented a relatively recent ABS effort, one which is designed to add new capabilities to existing diagnostic programs. A generic correction program running as
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an adjunct to a measurement program serves as a re-usable ABS component. The C++ implementation
provides extensibility and re-use of existing software. In this scheme, ABS operations are defined in a
database (Oracle). The measurement program performs the data acquisition, and sends errors (goal minus actual) to the the correction program. The correction program uses a Mathematica implementation
of the Micado algorithm plus matrices produced off-line in Mathematica to compute a correction. GUI
controls in the correction program give the user control over the machine update process. The emphasis
upon re-usable components is also strong in the Bessy ABS software, presented by Rolland Muller in
Nearly Generic Monitoring and Control Programs Maintain Beam Quality. Bessys software design is
strongly component based, with well defined interfaces between all components. One novel aspect of
their system is a client-server approach for the GUI in which the application interacts with an abstract
GUI, which is then realized by a separate GUI application driven by additional presentation information
contained in separate forms. Effectively, the user application sets the value of a named parameter, and
the GUI application presents that parameter according to stored forms. For interaction with the machine,
Bessy again takes a component approach, using CDEV middleware and EPICS front end software. All
of these systems are event driven, providing a uniform model for programmers. Bessy uses Oracle as
its project database, with a strong emphasis upon data management. After being converted to a standard
intermediate form, data is imported from a number of sources and is tagged with a timestamp and an
owner. This data is then used to generate front end software, application configuration information, and
machine model information. The Goemon C++ model toolkit simplifies using this information to build
ABS applications. BNL has had to tackle an additional software problem, as presented by Kevin Brown
in RHIC/ AGS On-line Modeling Environments. RHIC and the AGS (which functions as the RHIC
injector) each had independently developed accelerator modelling environments, making it difficult to
create generic applications which could deal with both accelerators. They have chosen to solve this
problem by creating an abstract interface to all model information, and by using the CDEV framework
to implement this abstraction and to communicate with multiple model servers. These models are live,
changing dynamically to track machine information on a cycle by cycle basis. All communication is
event driven, so that all applications are notified when any application changes a parameter for which
they have registered an interest. Messages for this communication are as identical as possible to those
defined by Autin et al at CERN, giving hope for future collaborative efforts. A sampling of messages
used follows: For individual elements:
•
•
•
•
•

get scoord (position along beamline)
get betax
get xpos, get ypos (position monitors)
get ModelStrength, set ModelStrength (correctors)
...
For an entire (subsection of) machine:

•
•
•
•
•
•
•

get Orbit, monitorOn Orbit
get Trajectory
get ClosedOrbitMatrix
get OscillationMatrix
get MatchingMatrix
get TuneMatrix
...

The Teapot++ model is currently integrated with this system, and the BNLMAD model integration is in progress (as of the workshop date). (BNLMAD is similar to MAD 8, without CERN library
dependencies, plus some additional functionality.) A small number of client applications are already
running (Tel, C/C++), and many more will be rapidly produced or converted to this framework. Target
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applications include feedback systems using active adaptive methods. KEKhas also worked to integrated
multiple modeling tools. In his talk, Beam Handling in KEKB Linac Commissioning, Kazuro Furukawa
presented information on the use of both Transport and SAD, including the use of a standardized information exchange mechanism. A strong emphasis in this presentation was the importance of scripting
languages for rapid application development. While Visual Basic, Tcl/Tk, and Python/Tk are all used,
SADscript/Tk was the speakers preferred tool. It provides access to SAD facilities as well as to machine
settings, plus has a large number of utility routines (e.g. least square fit) with a Mathematica style syntax. KEK is also considering using CDEV and Java for future work (including the JHF). Nearly all of
the presentations emphasized the importance of a database in support of ABS applications. Typically the
database hold:
• lists of devices within (a section of) the machine
• calibration information (current to field strength)
• modeling information (transfer matrices, twiss parameters,...)
The presentation ABS Database for the PS Complex by Marine Gourber-Pace and Josi Schinzel emphasized the use at CERN of a database to hold operations. Operations are tasks performed in delivering
beam to the user, such as fast extraction. The operation data includes the selection of machine elements,
and optics data such as beam trajectory. For each operation, there may be multiple correction types:
• steering
• matching
• closed orbit
• coherent oscillation
• ...
A database with this information has been implemented, including Oracle Forms for viewing and editing
the data over the web. A final presentation given by Mark Vanden Eynden titled CERN PS/SL Controls
Convergence Project directly addressed the management problem and CERNs current strategy for integrating disparate systems, in particular the PS and SL controls systems. In the context of this workshop,
this includes providing an infrastructure to enable ABS generic applications to operate on either control
system or even span the two systems in the LHC era. A component based approach is being pursued,
with an early emphasis upon a well defined accelerator device model, and support for generic Java applications via a standard Java API. This API is being developed in collaboration with Jefferson Lab, and
builds upon an earlier implementation of CDEV for Java. Observations It was clear from the presentations that the functional requirements for all of the accelerator systems represented at this meeting are
essentially identical. Each implementation had its strong points, with more mature systems having more
functionality. Regretably, and not surprisingly, there was considerable duplication of effort. Naturally
enough, implementations differed sufficiently in their details so as to not allow interchange of functional
components. There are indications of evolution in these systems which tends toward optimism, however.
It is interesting to note the emergence of a three tier architecture:
• GUI component or thin client
• compute component (correction calculation, model calculation, others)
• accelerator control system
This 3-tier approach is clearly seen in work from Bessy, BNL, CERN, FNAL, and Jefferson Lab, although
the exact separation of functionality into the 3 layers is not always identical. Many of the laboratories
have already begun to take a strong component based approach in their ABS system design, which could
lead toward exchange of components in the future. The most difficult hurdles to overcome on this path
are:
• a standardization of the view of the accelerator taken by applications This has been aided by past
efforts to standardize accelerator design descriptions, as in the case of the MAD input format.
• a standardization of the symantics of operations upon the machine
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The fact that BNL has chosen to adopt message symantics used by CERN is a promising development.
Anther promising sign is the use of the CDEV framework at multiple sites to provide an abstract interface
to the accelerator control system. Workshops such as the present ABS workshop serve as valuable
unifying points, resulting in first of all the exchange of good ideas, and hopefully in the future the
exchange of software components.
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'NEARLY' GENERIC MONITORING AND CONTROL PROGRAMS
MAINTAIN BEAM QUALITY
R.Bakker, T.Birke, B.Kuske, RMUller
BESSY, Bid. 14.51, Rudower Chaussee 5, D-12489 Berlin, Germany
Abstract
For beam focusing and steering at BESSY II applications are used that are
generic enough to describe and correct all accelerator sections at BESSY II by
single program instances. E.g. the program 'Orbit' provides the appropriate
execution modes to measure and correct the beam trajectory in the fast cycling
booster synchrotron (different energy levels), in the storage ring (closed orbit
and single turn measurement mode) and in the different transfer lines. Basic
ingrediends are an 0 0 modelling toolkit, an ORACLE database providing the
configuration data connecting magnets and power supplies and a well separated interface to the GUI. Physics methods dynamically adapt to the specific
system. Device bookkeeping and screen update is generally based on callbacks. As residual non-generic program elements the data navigation features,
like display options, meaningful operation modes etc., remain and reflect the
specific system differences.
1.

INTRODUCTION

Third generation light sources have to deliver beam quality beyond todays technically achievable passive
stability. Requirements for well defined beam conditions are typically met by control system applications
performing periodic orbit recenterings and optics readjustments. Despite the fact that programs in use
at other light sources or 'particle factories' are comparable with respect to functionality, precision and
reliability there is no common or sharable approach available yet.
The following description of the beam steering and shaping applications in use at BESSY II is
focused on the software modules and interfaces, not on achieved results or operational performance.
These programs are not yet sharable but generic in the sense that single program instances describe and
control all different accelerator sections at BESSY II. The orbit measurement and correction program for
example reads and steers the beam trajectories in the fast cycling booster synchrotron (different energy
levels), in the storage ring (closed orbit and single turn measurement mode) and in the different transfer
lines.
2.
2.1

GENERAL PROGRAM ANATOMY
Program Components

The application environment at BESSY II partly determines the fundamental layout of the programs:
2.11

Graphical User Interface (GUI)

User interaction and data presentation is handled by a dedicated GUI server [1]. Applications are graphical clients using the API to this server, free from graphical code and not aware of any GUI element. User
requests (type button, chooser) or data updates (type meter, message) are mediated by changes of the
corresponding application variables (type double, string). The actual representation instances (look and
feel, layout, multiplicity etc.) of the application variables are described independently and externally in
'form' files (see Fig. 1). The data objects linking representation and application entities are maintained
within the graphics server. The only exception of a not fully decoupled graphical presentation is imposed
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Graphic Server / Client

Goemon: C++ Model Toolkit
Button

Class Categories:

Chooser
Scroll Bar

ilt forms

1

Component: Inheritance
Element - Drift - Quad -...
- Marker - Sextupole - . . .
-BPM-...
Machine: Inheritance
Beamline
- Ring - Storage Ring ...
- Transfer Line -...
Accelerator Object:
Section Composition: Overloaded Operator +
E-SectionN - ElemA+ ElemB + ...
Length, Type
B-SectionN

= B-Elem A + B-ElemB + ...

Strenglu. Transfer Functions
Beamline = B-Section, + B-Section2 + ...

graphical clients

Member Functions:
Matrix / Vector:
Get / Set:
Calculation:

Mathematics
Model Set Points
Optical Functions

Fig. 1: Elements of the BESSY Development Environment: GUI Server/Client (left) and C++ Model Toolkit (right)

by the complex xrtGraph[2] widget used for 2D diagrams (examples in fig. 5, 6): Here a simple one-byone mapping of widget and application data sets is not possible: a 'command and notify' string is used
in an OP-code type manner to control basic widget functionalities (e.g. attach string array of labels to
arrays of a datasets) or to report results of user actions (e.g. selection of a data region).
2.12 Modelling Toolkit
A C++ modelling toolkit (Goemon)[3] features inheritance of single lattice components as well as of
various beam line types (see Fig. 1). Different models are easily set up using overloaded assignment
operators to model smaller sectors of an accelerator structure and collate them to the section under
study. Sequences of elements of certain type and length are turned into accelerator objects by adding
magnetic strength and appropriate transfer functions. Member functions of the accelerator object allow
to manipulate the model (set points, displacements, etc.) and to perform optics calculations.
2.13

Unique Reference Data

A central ORACLE database holds the reference repository providing a unique data source for all relevant
configurations^]. Data are set up and maintained by the equipment responsible person (Fig. 2). Export
of data to the download area of the IOC's or to cache files used by generic applications is done by
programs or scripts (Fig. 3). Dynamic programs use DB queries (OCI) for their configuration. For the
model toolkit element sequence, length and position are extracted from the database.
2.14 Support Utilities
The C++ model object may be passed to utility packages by its pointer and queried or modified by the
(optical) member functions. Magnet - power-supply wiring (Fig. 3), conversion factors, device I/O,
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Fig. 3: Role of the Reference Database: Data Export Mechanisms for various Generic Applications (left). Mapping between
Control System and Model (Wiring, Conversion Factors, device I/O, Synchronized Model/Power Supply Update) (right)
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power supply set point synchronization, model update and fitting of optical parameters are taken care
of by such a support library. Orbit measurements, BPM data validity checks and statistical analysis are
handled by another utility library.
2.2

Program Flow

Only during start-up the programs branch according to the command line arguments: the application
triggers the GUI server to read the appropriate base form and marks (if needed) the accelerator section
to be modeled. Further on the program auto-configures (seefig.4):
- Basic set up: from the variables and presentation elements found in the associated graphic description file the GUI server configures screen and data objects, allocation of the corresponding data
structures within the application is initiated.
- Model/Device access objects: replies from the database provide the informations needed to set up
the model and the magnet - power-supply correlations.
- Data buffers and event objects are dynamically created according to detected dimensions, correlations and associated callback functions.
Physics methods adapt to the particular system. Device bookkeeping and screen update is generally based on callbacks. As residual non-generic program elements specific data navigation features,
like display options, meaningful system or program operation modes etc., remain and reflect the specific
system differences.
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Fig. 5: The 'Orbit' GUI: Main Controller Windows (left), BPM Data, Orbit Correction and Bump Screens (right, from top)

3.

APPLICATIONS

3.1 Orbit Control
The 'Orbit' display and control program provides a wide variety of functionalities covering several areas
of control activity in the different accelerator sections synchrotron, storage ring and transfer lines. The
following basic program modes have already been described in more detail [5]:
-

support of an 'All-in-One' GUI (Fig. 5)
data presentation, statistical evaluation
control of the measurement system and manipulation of data validity
manual or automatic orbit correction with different methods under varying conditions
selection of closed orbit bumps from preconfigured lists (insertion device, achromat) or by free
configuration (click on coordinate, correction element)
- data correlation, response matrix measurement:
device stepping, data logging, postprocessor launching.

Due to feedback of evaluated measurements into the current/magnetic field conversion factors and
the BPM calibrations the program works even in the model based mode very reliable and accurate.
3.2

Optics

Since tune and chromaticity measurements are still offline the 'Optics' program is in a less mature stage.
It serves more as an online model describing the optical properties of the actual machine set points and
their dependencies on parameter variations (See fig. 6 and [5]). Fitting procedures adjusting the tune
with a selectable quadrupole group are first steps toward an automated compensation of tune shift and
beta beating caused by gap variation of not fully balanced insertion devices.
4.

SUMMARY, EXPERIENCES

In summary the consistency of a generic and completely event driven system has appreciable advantages.
The reference repository and the C++ modelling toolkit have shown their benefits and established the
environment for powerful support libraries. The generic applications evolved 'down-stream' with the
installation procedure of the accelerator segments. They worked very reliable at start-up of the storage
ring and turned out to be essential for the commissioning procedure.
5.

LESSONS LEARNED

The generality achieved with the applications developed at BESSY and the examination of portable
solutions successfully applied elsewhere give an idea of a possible framework for fully generic, sharable
ABS software.
5.1

Required Modules

A precursor of generic ABS applications would be a common repository of easy integrable 'componentware'. The core of the typical beam steering control issues, like
• Orbit recentering and manipulation
• Dispersion control
102

• Coupling compensation
• Emittance conservation
• Lifetime improvement
comprise comparable software fragments with only slightly differing methods and implementation
constraints. The example of a reliable, precise and flexible orbit control program gives insight on the
ingredients of the major modules:
- Solver/Calculation Module:
A number of different mathematical methods are well established and known to find the correction suited 'best' for a specific situation (SVD, harmonic correction, MICADO, etc.). The
achievable 'improvement' depends strongly on the appropriate weighing of the different figure of
merits (RMS deviation at electronic/photon BPM, 'fixed' source point, etc.) as well as on the
specific problem break up strategy (global/local correction subsystems, model based/experimental
response matrix etc.).
Data conditioning strategies have an equally strong effect on the performance of a correction procedure. BPM data require a plausibility analysis, weighing, detection of improper operation of the
measurement system. Limits on the adressable setpoints of the involved correctors (status, max
values, digital resolution) add the necessity of boundary condition handling to the calculation of
the ideal correction.
In this context implementation issues (API, programming language) as well as dependencies on
external software packages are more technical portability aspects.
- Data Aquisition, Apply Procedures:
This program segments strongly depend on the specifics of the measurement system and the different control system protocols. This is reflected in the principles of sending corrections (synchronization) and by the implementation variants (control system communication paradigm). But there
are still a number of common procedures, e.g. the orbit measurement data have to undergo validity
checks, fault detection analysis etc. Ramp utilities have to handle proper step size, react on errors
and exceptions. Drift compensations ('slow feedback' procedures) require adjustable regulator
algorithms (PID).
5.2

Minimal Common Ground: Interfaces, Architecture

There are numerous ways to glue different software modules together to make up applications with a
comparable spectrum of functionalities. For generic ABS software a minimal granularity seems to be
necessary (Fig. 7): Various solver and correction calculation facilities as well as an integrated model
are the obvious core of any ABS application. The GUI and the control system I/O should be separated
by appropriate interfaces, preferable API's. CDEV [6] as middleware between application and control
system has already proven to enhance program portability. For the GUI Java is a promising candidate
already under study at various places. In addition the data taking and evaluating engine as well as the
set point applying ramp unit should be well encapsulated to allow for specifics of BPM and corrector
systems. Finally localization of program configuration is a must for any generic solution.
5.3

Remaining Problem Source: Diversity

On the way to operational application programs a number of different implementation variants are feasible that are well suited to impair the usefulness of an ABS program for another site:
• Model Integration: sucessfully applied solutions comprise toolkit libraries, model servers, shell
scripts using standard tools (e.g. MAD) in a filter/pipe mode or sets of precalculated output data.
• Configuration Management: if a RDBMS is properly set up, online queries are feasible. Otherwise
(more or less) standardized file/data set formats are necessary.
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Fig. 7: Sketch of a possible Architecture for Sharable ABS software

• Architecture: agreement on a number of established, canonical toolkit modules is certainly less
flexible than well defined APIs or pipe chains (SDDS) allowing for a variety of underlying modules.
• Flow control: extreme flavours are 'sequential' (allowing for command file configuration, interpreted interfaces) and 'data driven' (asynchronous, based on callbacks, event oriented)
• GUI technology: a common understanding of a minimal and sufficiently powerful set of user
interaction and data viewing elements is hard to achieve.
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AUTOMATED BEAM STEERING SOFTWARE
Keith Engell
Fermi lab., USA
Abstract
With the construction of the Main Injector (MI) and Recycler (RR) in the final stages, the newly created beam lines to support these accelerators as well
as the existing beam lines, which were modified for the project, are receiving
much attention. While examining existing Automated Beam Steering (ABS)
software for FNAL's accelerators and beam lines it was obvious that new software was needed. The Beam Line Analysis and Systematic Tuning (BLAST)
software is currently under development to meet these needs.
BLAST differs from previous ABS software in a number of ways. BLAST
is not being written to 'solve' the problems of one particular beam line. Instead it is designed as an infrastructure for current and future ABS needs.
This infrastructure includes a software library of routines for data acquisition, client-server components, and algorithms. Also BLAST provides software for reading and writing to SYBASE database tables which store optics
data, tuning information and data acquired while 'interrogating' a beam line.
BLAST supports data logging of calculated settings, which is useful for long
term tracking of beam line power supplies, magnets and failures in the BLAST
system. The BLAST infrastructure also provides the user community with a
consistent set of applications. Multiple steering modes of a beam line are provided by BLAST. These modes are: Interrogation-for studying a beam line;
Pathfinder-for commissioning or start up (after a shutdown); Manual - for testing of BLAST; Open loop-for operator assisted tuning; Automatic - for normal
server mode operations. The integration of theoretical modeling software such
as MAD and TRANSPORT into the BLAST architecture is also a goal.
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BEAM HANDLING IN KEKB LINAC COMISSIONING
Kazuro Furukawa and KEKB linac commissioning group
KEKB, Japan
Abstract
In the commissioning of KEKB e- 8GeV / e+ 3.5GeV linac the beam handling system was much improved since the TRISTAN project. In the control system database for accelerator equipment was improved and several support commands were added to ease on-line calculations. Basic data files for
TRANSPORT and SAD simulation codes are generated automatically. While
the calculation with TRANSPORT is done in batch mode, SAD can operate in
real time using its SAD-script language and X-window widgets. Using these
environments many pieces of operation software are developed; energy feedback system, adaptive orbit correction system, isochronous and achromatic arc
tuning system, etc. The same environment will be used in the KEKB ring
commissioning and future JHF project.
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THE PS ABS ON-LINE SOFTWARE
Michel Arruat, Tanguy Balavoine, Franck Di Maio, Josi Schinzel
CERN, Geneva, Switzerland
Abstract
he ABS on-line software for the PS complex is based on so-called "generic"
components that are re-used for a variety of corrections and that are extended
following the application domain. These components are implemented as C++
modules bound to dedicated database tables and Mathematica files. The architecture software will be presented and some of these generic components will
be described.
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OBJECTIVES AND STATUS OF THE ABS DATABASE FOR THE PS
COMPLEX
Marine Gourber-Pace, Josi Schinzel
CERN, Geneva, Switzerland
Abstract
The ABS database was designed to replace the many data files describing the
optics models of the accelerators, accumulator and transfer lines in the CERN
PS Complex. The values needed for linear and non-linear optics calculations
and the information needed to perform on-line beam correction (steering and
matching) are now stored in the Relational DataBase Management System,
Oracle. Positional data is derived from the data describing the layout of a machine such as a circular machine or transfer line, which is also stored in the
database. A machine layout is described as a tree structure. For example, the
TT2 transfer line is made up of four sections each composed of a sequence of
elements. The data are maintained using an Oracle form and can be browsed
using on-line Web pages. An 'operation' describes the optics parameters for
the magnetic elements of a machine, that is, for a transfer line or circular machine, or for a combination of machines and the lists of correctors and monitors
for each type of correction. The optics parameters are the length of the particle
trajectory through a magnet with the edge angles at entry and exit, the bending angle, the tilt, and focusing strength. Several different operations can be
defined for a machine. For a given operation and correction type, the optics,
correctors and monitors are extracted from the database and a correction matrix is computed using the Mathematica program. The correction matrix with
the appropriate correctors and monitors are used by a correction program to
perform on-line steering or matching on the beam by computing adjustments
to bending angles or focusing strengths. These magnetic corrections are then
calibrated into currents using the calibration measurements again stored in the
database. To avoid data redundancy each magnetic element may have default
properties such as a bending angle. During the extraction of optics properties
for an operation, default values will be overwritten by operation-dependent
values, whenever these are denned. During the design of the ABS database,
the terminology proved to be a major challenge and there is still room for improvement. Although currently data extraction is only provided for BeamOptics, the database is designed to be optics program independent. Other planned
enhancements include storing the correction matrices in the database, allowing
the description of more complex magnets and providing version management.
A further extension is to add specification data, which is in danger of being
lost.
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EVOLUTION OF THE SLC STEERING FACILITY FOR THE NEXT
GENERATION LINEAR COLLIDER
Hamid Shoaee
SLAC, USA
Abstract
In planning for beam steering facility for the Next Linear Collider (NLC), it is
useful to study the existing steering systems in SLC and the PEP-II B-factory.
The goal for NLC would be to make use of successful features of the existing
systems, while providing more automation and intelligent diagnostic features.
The SLC Steering package is a generic facility that has been successfully used
by machine operators and accelerator physicists for orbit correction and lattice
diagnostics during the past decade. It has been routinely applied to a variety of
beam-lines and machines including linacs, damping and storage rings, transferlines, and achromatic arcs. The program is entirely database and model driven
i.e., for any beam-line, it obtains the device list (Correctors, BPMs, etc.) as
well as their operational characteristics and optics modeling information from
the control system database. Thus any new line or machine, once registered
with the database and optically modeled, may be corrected with the package
without any software modification.
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THE CERN ACCELERATORS CONTROLS CONVERGENCE
PROJECT
Marc Vanden Eynden
CERN, Geneva, Switzerland
Abstract
The CERN PS and SL Accelerators controls groups have started in March
1998 a convergence effort aimed at building a common controls infrastructure
for year 2001. The first activities concentrated on the definition of an object
oriented Accelerator Device Model and Application Programming Interface
(API) aimed at offering to high level application software developers a narrow
and coherent view of the accelerator components. Efforts have also started
to build the underlying middleware architecture that will support this model,
including services based on the publish-subscribe paradigm. This presentation
will highlight some aspects of this Accelerator Device model as seen form
the application software level. A logical view of the associated middleware
architecture that will transport Accelerator device data will also be discussed.
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Beam-Based Alignment and Steering of the Next Linear Collider Main
Linac *
P. Tenenbaum)
Stanford Linear Accelerator Center, Stanford, CA

Abstract
In order to achieve the design luminosity of the Next Linear Collider, the main
linac must accelerate trains of bunches from 10 GeV to 500 GeV while preserving vertical normalized emittances on the order of 0.05 mm.mrad. We describe
a set of simulation studies, performed using the program LIAR, comparing
several algorithms for steering the main linac; the algorithms are compared on
the basis of emittance preservation, convergence speed, and sensitivity to BNS
phase profile. The effects of an ATL mechanism during the steering procedure
are also studied.
1.

Introduction

The Next Linear Collider (NLC) is a single-pass electron-positron collider capable of achieving a luminosity of 10 34 cm~ 2 sec~ 1 at a center-of-mass energy of 1 TeV [1]. The NLC uses a pair of X-Band
(/ = 11.424 GHz) linear accelerators, with approximately 5,000 RF structures and 750 quadrupoles
in each linac, to accelerate the beams from 10 to 500 GeV. The total length of each linac is over 10
kilometers.
In order to achieve the desired luminosity, each linac must accelerate a 270 nanosecond train of 95
bunches on each 120 Hz machine cycle, and must preserve an incoming normalized emittance which can
be as small as 0.03 mm.mrad. Novel structure designs can mitigate the emittance dilution due to longrange wakefields [2]; this leaves dispersion and short-range wakefields from the structures as the primary
causes of emittance dilution. In both wakefields and dispersion, the emittance dilution can be controlled
through proper alignment of the accelerator. The NLC design calls for an unprecedented emphasis on
measurement and correction of misalignments:
• Each quad is supported on a remote-controlled translation stage capable of ± 2 mm motions in x
and y, with submicron step sizes
• Each RF structure girder (3 structures) is supported on a remote-controlled translation stage capable of ± 2 mm motions in x and y at each end of each girder, with micron step sizes
• Each quad contains a beam position monitor with a resolution of 1 micron in x and y for a single
bunch with a charge of 10 10
• Each structure contains a beam position monitor at each end with a resolution of 5 microns in x
and y for a single bunch with a charge of 10 10 .
We consider three algorithms for converting beam position information in the quad and structure BPMs
into changes in translation stage positions.
2.
2.1

Description of the Algorithms
"Canonical" Algorithm

The algorithm used to study beam-based alignment in the 1996 NLC study divides the linac into N
segments containing equal numbers of quads (in practice, 14 segments with approximately 50 quads per
Work supported by the Department of Energy, contract DE-AC03-76SF00515.
Email :quarkpt@ slac.stanford.edu
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segment) and uses the quadrupole BPMs to compute a set of magnet moves which minimizes (in a leastsquare sense) the RMS BPM orbit. In order to prevent the magnet movers "ranging out," the algorithm
simultaneously seeks to minimize the RMS magnet motion, resulting in an overconstrained fit. Once the
quads have been moved, each structure girder in the segment is then moved to zero the average of the 6
structure BPMs on the girder.
In this algorithm the least-squares engine uses the wake-free optics model to predict the response
to quad moves, and assumes that girder moves only change the readings of BPMs on the girder. Because
the wakefield contribution is not included in the calculation, it is necessary in real life to iterate the
algorithm on each segment several times before moving on to the next segment, and to pick segments
which are short relative to the characteristic growth distance of wakefield instabilities.
In order to match the alignment from one segment into another, the magnets at the endpoints of
a segment are held fixed in position: a steering magnet at the first quad is used to steer the beam into
the last quad, and its value is determined as part of the least-squares fit. Thus the algorithm results in a
piecewise-straight alignment, with kinks at the endpoints of segments.
2.2

"Canonical" Algorithm with MICADO

Under some circumstances the "Canonical" algorithm will leave an RMS orbit which is larger than the
BPM resolution. Errors in positioning of the many quads will sometimes conspire to produce a betatron
component to the orbit. In order to further reduce this, the "Canonical" algorithm can be followed by a
MICADO algorithm [3], which attempts to identify the minimum number of magnet moves which produce the greatest improvement in the orbit. For the purposes of this simulation, the MICADO algorithm
was constrained to use no more than 7 magnets, and to seek an RMS orbit tolerance of 1 micron. In
execution several iterations of the "canonical" algorithm would be performed on an alignment segment,
followed by several MICADO algorithms.
2.3

"French Curve" Algorithm

The "canonical" algorithm inconveniently requires corrector magnets at the endpoints of each segment.
An algorithm was sought which would not require such magnets, but still permitted the segment-tosegment alignment matching provided by the correctors. The "French Curve" algorithm is very similar
to the "canonical" algorithm; however, no correctors are used, and instead after a segment is aligned the
next segment is selected starting in the middle of the most recent one. Thus the alignment is performed
on full segments but advances down the linac in half-segments, resulting in a smooth alignment without
correctors.
3.

Simulation Studies

Each of the 3 algorithms was studied with LIAR [4], a linear accelerator simulation program which performs tracking with transverse and longitudinal wakefields from RF structures. The general conditions
of the simulation are described in the section above and in Table 1.
Table 1: General parameters used in the simulations.

Parameter
Bunch Charge
Quad-BPM Offset
Structure-BPM Offset
Incoming ^ey
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Value
1.1 x 1O1U
2 microns
0 microns
0.04 mm.mrad

3.1 Mover Step Size
Figure 1 shows the emittance dilution of each algorithm as a function of the magnet mover step size. In
each case the algorithm was permitted to iterate to convergence (see next section). While MICADO can
improve the performance of the "canonical" algorithm at large step sizes, it cannot reduce the residual
emittance growth which occurs for small step sizes. The "french curve" algorithm has a smaller emittance
growth for perfect movers than the "canonical;" its emittance dilution is also a weaker function of mover
step size.
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Fig. 1: Emittance dilution as a function of magnet mover step size for 3 main linac steering algorithms.

3.2

Convergence Speed

Figure 2 shows the number of iterations required to reach convergence for "canonical" and "french
curve" algorithms. While the latter algorithm required fewer iterations per segment, it also requires
twice as many segments as the "canonical" algorithm, and is thus somewhat slower in terms of time.
3.3

Energy Overhead

In order to reduce the impact of incoming beam jitter on emittance, the NLC linacs will be operated
with a substantial head-tail energy difference [5], which is parameterized here as linac energy overhead
(linac voltage in excess of that needed to achieve the desired energy at extraction). Figure 3 shows that
the emittance dilution increases linearly for both "canonical" and "french curve" algorithms with energy
overhead (note that this is contrary to the jitter behavior: more energy overhead results in less emittance
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Fig. 2: Emittance dilution as a function of number of iterations per segment for "canonical" and "french curve" algorithms.

dilution for a bunch executing a betatron oscillation down the full length of the linac). However the
"french curve" performance is better for all values of energy overhead considered.
4.

Diffusive Ground Motion

In recent years, Shiltsev [6] has offered evidence that accelerator alignment degrades according to a
diffusive process. The so-called "ATL Law" states that components which are ab initio perfectly aligned
will be misaligned by an RMS distance a which is related to the distance between the components L and
the elapsed time T by:
a2 = A-T-L.
(1)
The coefficient A is a complex function of site geology, cultural noise, and construction techniques.
Furthermore A is not precisely constant in time, but is subject to change over the course of many years.
However on the scale of seconds, days, or months, Equation 1 may represent a lower bound on achievable
alignment performance.
In order to simulate ATL misalignments in the context of accelerator steering it is necessary to
assume a value for A and a time T over which alignment occurs. For this study we assume that the NLC
will have a value of A of 5 x 10~ W m e t e r / s e c o n d , which is low but not unachievable. We assume
that the initial steering of the accelerator from a coarse state of alignment (50 /i RMS misalignments)
to convergence requires 1 minute per operation of quad or girder alignment (thus approximately 3 hours
for the full linac), while subsequent steering operations require only 1 iteration per segment and only 30
seconds per operation. We assume that steering is performed constantly.
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Figure 4 shows the performance of the "french curve" algorithm when ATL misalignments occur
during steering. Pass 1 in Figure 4 is the 3 hour, multi-iteration pass: the emittance dilution is increased
from 34% to 65% by ATL misalignments. The subsequent, fast passes achieve an equilibrium emittance
dilution of 50%.
5.

Conclusions

We have evaluated several algorithms for steering the NLC main linac to reduce emittance dilution due
to short-range wakefields and dispersion. We find that a relatively robust algorithm exists which produces acceptably small emittance dilution. Further studies of the algorithm are required. These include
multibunch effects, improved modelling of the structure BPMs, interaction with steering feedbacks, and
additional dilutions from other sources.
6.
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BEAM STEERING IN THE LHC ERA
M. Lamont
CERN, Geneva, Switzerland
Abstract
The LHC demands high intensity proton beams with small transverse emittance from its injectors. The implications of these demands for beam steering
and matching of the transfer from the PS to the SPS and the transfer from the
SPS to the LHC are explored. Injection into the LHC, orbit acquisition and the
orbit correction requirements of the LHC itself are briefly addressed.
1.

Introduction

High intensity 26 GeV/c protons will be sent via existing lines from the PS to the SPS from where,
after acceleration to 450 GeV/c, transfer will take place down new lines to the LHC. The beam has
to fit into the tiny LHC dynamic aperture at injection while providing enough intensity to ensure high
luminosity. The essential challenges of the injector chain, of concern here, are to maintain a small
transverse emittance and to steer carefully the beam to avoid material damage in the lines and quenches
or worse in the LHC itself.
In the following the requirements of the LHC are briefly outlined, the on-going work on the transfer to the SPS described and a brief overview of the the new transfer line provided. Finally a cursory
look at LHC orbit acquisition and correction requirements is afforded.
2.

Beam Requirements of the LHC

The requirements of the LHC of its injectors are well established [1]. The LHC is designed to deliver
high luminosity in the beam-beam regime and nominally requires 2835 bunches of l.lxlO 11 protons,
with an ultimate figure of 1.66xlOn protons per bunch. During commissioning the bunch intensity will
be considerably smaller with ideally the nominal transverse beam density.
To avoid excessive beam-beam effects the transverse emittance should have a nominal value of
en = 3.75xlCT6 m. Herein lies one of the major challenges for the injector chain and beam steering:
maintaining the small transverse emittance of the high intensity proton beam.
3.

Transfer to SPS

The TT2-TT10 transfer lines which bring 26 GeV/c protons from the PS to the SPS have already received some concerted attention in attempts to minimize the blow-up at injection into the SPS caused by
mismatch between the lines and the ring [3,4]. The LHC beam has a large momentum spread meaning
that good dispersion matching is particularly important.
A consistent model of the complete TT2-TI10 line, for input into MAD, has been established
together with precise knowledge of the initial conditions at the start of the line. The has enabled accurate matching of the betatron and dispersion functions, with the measurements performed on a LHC
like beam. The geometry of the lines has been cross-checked with the survey data, and the magnetic
behaviour of the elements confirmed.
For betatron matching, twiss parameters have been measured and tracked back to the PS extraction
point. The input parameters thus obtained reduced considerable the mismatch factor.
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For dispersion the momentum of the PS was varied (typically 5 values) and, using the SPS as a
continuation of the lines, a long range fit has been performed. These measurements have allowed the
dispersion amplitude to be brought down to near its design va lue.
Tuning knobs have also been developed to attack the residual mismatch. SVD techniques have
been used to generate the requisite matrices and these knobs were tested using OTR screens which
provide turn-by-turn beam size measurements [4].
4.

Transfer to LHC

Two new lines, TI2 and TI8, are being constructed to transfer the 450 GeV/c proton beam from the SPS
to the LHC [5]. These lines are long and use warm magnets with relatively tight aperture. Fast extraction
takes place into the lines from the SPS. Both lines have a FODO structure with 30.3 m half-cell length
with 4 dipoles per half cell.
With regard to beam in the lines, of primary importance is the stability of the extracted beams,
precise control of the beam over the full length of the line and the safety and precision of the injection
into the LHC. The high intensity beam must stay within the available aperture to avoid damage: to enable
this and minimise the required number of correctors a 2-in-4 correction scheme has been proposed in
which 2 out of 4 cells are fully equipped with BPMs and correctors [6]. Simulations have shown the
scheme to be effective for trajectory control.
Again the need to preserve the transverse emittance requires very good betatron and dispersion
matching, and there are independently powered quadrupoles in matching sections at the start and end of
the lines. Adequate beam instrumentation is, of course, required.
The LHC has a small available aperture, both dynamic and physical, and the risks of quenches
because of beam loss are high. This puts stringent requirements on the quality of injection into the LHC.
Given these needs the following requirements of a beam steering system may be identified:
• Threading of low intensity bunches to establish a trajectory. Measurement, display and correction
of trajectories.
• Measurement and display of optical parameters, emittances and profiles. Matching of betatron and
dispersion functions.
• The trajectory in the line must be stable and if necessary a feedback system should deal with
temperature and/or power supply drifts.
• Injection optimization requires orthogonal steering.
• Threading will also be required in the LHC to establish circulating beam.
• The orbit in the injection regions must be very stable. The dumps and collimators will need to be
adjusted to the closed orbit.
• Surveillance, interlocks and post-mortem analysis will be critical.
The need for trajectory, injection and orbit stability from pulse to pulse implies the need for automation with feedback systems in place to effect the necessary adjustments.
5.

Orbit correction in the LHC

The orbit and trajectory system of the LHC will consist of some 500 BPMs per ring with a 40 MHz
acquisition system that will acquire and digitise consecutive turns of all 2835 bunches [7]. 250 local
systems (4 BPMs per station) will return the closed orbit or turn-by-turn information. The closed orbit
will be available, if required, at something like 20 Hz.
Closed orbit feedback will be required at something like 1 to 10 Hz and will be particularly important during the so-called "snapback" at the start of the ramp. Higher frequency local orbit feedback
might be necessary in the cleaning sections. The usual set of applications will, of course, be required
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including a threader, tools for 1000 turn analysis, fitting, interpolation etc. Of particular importance will
be the ability to perform post-mortem analysis.
6.

Conclusion

One of the main requirements that LHC has of the injected beams is a small transverse emittance. This
implies a very tight emittance budget and means that dispersion and betatron matching between the line
and rings must be nigh on perfect. Happily the techniques and instrumentation required for this are being
actively developed already and have seen considerable success in optimizing the transfer between PS and
SPS. The importance of an accurate optics model is clear, as is the need for a diligent and disciplined
approach to the problem.
The transfer to the LHC from the SPS will be via new transfer lines (TI2 and TI8), these lines
are long and have a small aperture. The dangers of beam loss are high with the consequence that beam
steering will have to be fast and very reliable. Surveillance and interlocks will be crucial. In addition the
injection into the LHC must be very well controlled to reduce beam loss to an absolute minimum. Good
matching will again be important. Remote control of steering in the lines and of injection optimisation
is likely to be necessary.
Orbit acquisition in the LHC will be via approximately 500 beam position monitors per ring, and
the system will acquire and digitise consecutive turns of all 2835 bunches per beam. Both global (1 to
10 Hz) and, perhaps even faster, local feedback is envisaged. Again reliability will be crucial, the risks
to the machine of inadvertent beam loss are serious in the extreme.
In conclusion, the two main requirements: respecting a tight emittance budget and the control of
the explosive power of the LHC beams demand reliable facilities for threading, steering and matching.
Matching will be very important if beam sizes are to be controlled properly. The small aperture involved
demand fast and rigorous control of trajectories, injection and orbit. The room for error is minimal and
reliable automated feedback facilities will be required. Effective monitoring feeding a robust interlock
system will also be required. The demands of the LHC pose a tough set of challenges for beam steering
and associated applications.
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ORBIT CONTROL AND ABS TRIAL AT KEK 12GEV PROTON
SYNCHROTRON MAIN RING
H. Nakagawa, J. Kishiro, H. Sato, E. Nakamura, S. Yamanaka and M. Shirakata
High Energy Accelerator Research Organization (KEK), Oho 1-1, Tsukuba, Ibaraki, Japan
Abstract
A new physics experiment of neutrino oscillation requires the high beam intensity at KEK 12 GeV Proton Synchrotron. The machine physics study and
the improvements of machine equipment are now going on to increase the
beam intensity for this experiment. The automated beam orbit control is one
of the subjects for this intensity up-grade project. During the ABS implementation in the PS, we investigated how to reject the position monitor anomaly
and an improvement of the orbit correction algorithm by including the correlation analysis of the orbit data with the beam loss around the machine. A brief
description of the current ABS system in KEK PS is described in this article.
1.

INTRODUCTION

The long-baseline neutrino oscillation experiment [1] requires a stable beam more than 6 x 1012 ppp,
which are nearly equals to the current maximum achievement of the KEK PS. The ABS has to install
for control the beam orbit continuously and precisely during the operation to keep this intensity. As
an example, the beam orbit causes day by day drift from 3 mm to 10 mm in horizontal plane during
the daily operation. This drift is speculated coming from (a) the exact orbit shift by a deformation of
the accelerator floor etc. [2] [3] and (b) an anomalous signal level shift of a beam position monitor
electronics or the pickup itself. In the case (a), we must correct the beam orbit. On the other hand, in
case (b) we do not use data of such pickups. For separating these problems, it needs to identify the two
types of cause in orbit measurement. To solve such problem, some trial was done to identify some failed
position monitors. Nevertheless, in our case, results were not good. We need alternate method to do so.
At operation of KEK PS, the beam loss signal has been used many works. When operators control the
obit, also, they use the beam loss signal to control each local bump. Then, we are planning to use the
beam loss signal for automated orbit control.
2.
2.1

ORBIT MEASUREMENT
Typical orbit of our main ring

At KEK PS Main Ring, 56 beam position monitors are installed in four super periods [4]. Horizontal
orbit data is shown in Fig. 1. In this figure, vertical scale is time from injection to near flat top. Each
orbit trajectory stands side by side. Each group corresponds to a superperiod. The figure shows that there
are some failed monitors and there are orbit deformation at both injection and extraction areas.
2.2

Drift of beam orbit

The orbits were corrected by operators day by day. Orbit distortion was checked and its result is shown in
Fig. 2. The figure shows that our corrected orbits were drifted from 10 mm to 3 mm (selected monitors'
rms).
Many causes are conjectured and many studies are doing now. Because relations between causes
are complex, identification of main part of the cause of drift is not so easy. Therefore, we must improve
the problem by automated correction engineering.
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Fig. 4: Beam loss data when test of ABS.Left: Before correction. Right: After correction.

3.
3.1

STUDY OF SEMI-AUTOMATED ORBIT CORRECTION
Correction method in this test

Simple automated orbit correction studies were done a few times to get an information which is used to
build a full automated orbit correction system. Manual orbit correction system of KEK PS was built on
the VME-MAP control system [5]. Position monitor signals were got and displayed by VME computer.
The steering magnets were controlled also by the VME. In this study, a Unix computer was used to
connect the two subsystems. Because the VME computers were operated under "OBJP" environment
[6], this part is so easy. The data/command flow is shown in Fig. 3.
3.2 Results of test
Simple programs of orbit correction were made of our own. Data flow shown in Fig. 3 was used for
both orbit correction and making response matrix. Unix calculation server gets response matrixes and
current orbit information and makes a set of current value of steering magnets. This process can do
automatically. At the calculation of a set of current, monitor control table is used, which holds monitors
live/dead information. At the study, these tables were manipulated by hand for correction state control.
The result of orbit correction by position monitors were checked both intensity monitors and beam loss
monitors [7]. One of the results of orbit correction is shown in Fig. 4, which is beam loss signals before
and after orbit correction.
In this case, orbit was corrected, but locations of beam loss caused were moved but we can not
decrease the beam losses. When we manipulated the monitor control table, we could get various results.

Monitor

—*-

VME
Calculation Server VME
VME

Steering

Start Command
When Beam Loss Increae
This Data are also Used Cross Check
VME

Loss

Fig. 5: Orbit correction system includes beam loss monitor.

4.

IMPROVEMENT OF OUR SYSTEM

When that study were done, the beam loss monitoring system was separated from VME computers. From
that time on, the loss monitoring system has been connected to a VME computer. It thus appears that the
orbit correction can be done automatically when beam loss increase. In addition, finish condition of the
automated orbit correction will be determined beam loss status. Decision of location where orbit must be
corrected will be done from information of large beam loss areas. Operators corrected the orbit by local
bump method using such information, and then we think that automated orbit correction system can do
same method. Therefore, we are planning the automated orbit correction system shown in Fig. 5.
5.

CONCLUSION

We think that beam steering is not performed only by BPM-steering system, but also it should be included
both beam loss or intensity monitor to certify its performance. We are intending to make an event
driven automated orbit correction architecture. Event*-beam loss monitor In addition, the result of orbit
correction is checked by the data from the beam loss monitor. A criterion to generate an event by beam
loss is now investigating. They are now plan and study, but we would like to make complete automated
orbit correction system.
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ABS AT CTF3
Hans Braun
CERN, Geneva, Switzerland
Abstract
In the framework of the Compact Linear Collider study (CLIC) we are planning to build a new test facility (CTF3) to study and demonstrate the generation
of the CLIC drive beam. This facility will consist of a 3GHz linear accelerator,
an isochronous stacking ring, a 30GHz decelerator and a 30GHz accelerator.
A wide range of applications for ABS like systems can be envisaged in the
different components of this facility.
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FEEDBACK SYSTEMS FOR LINEAR COLLIDERS
L. Hendrickson, P. Grossberg,T. Himel, M. Minty, N. Phinney, P. Raimondi,T. Raubenheimer, H.Shoaee,
P.Tenenbaum
SLAC, USA
Abstract
For the Next Linear Collider (NLC), extensive feedback systems are planned
as an integral part of the design. Beam parameters such as trajectory, energy,
and intensity will be controlled throughout the accelerator. Improved steering feedback algorithms are being prototyped. Specialized systems for the
damping rings, RF and interaction point will operate at high bandwidth and
fast response. To correct for the motion of individual bunches within a train,
both feedforward and feedback systems are planned. Fully automated optimization feedbacks will be used for higher order tuning. The NLC feedback
systems will build upon experiences at the SLC and other labs and will rely
upon advancing technology in order to achieve the high performance required
for successful collider operation.
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CLOSING REMARKS
P.J. Bryant
CERN, Geneva, Switzerland
1 INTRODUCTION
First, I should like to make a simple classification of the topics that I have heard during the last two
and a half days and to comment on the points that impressed me. For the second part, I should like to
speculate on what can be done and on what might be done in the future.
One overriding and very clear classification is the broad division between the mature field of
ABS methods and the uncharted territory of linear colliders that was featured towards the end of the
workshop. For the former, I will attempt a more detailed classification (Figure 1), but the latter is so
different that it fits better into speculations for the future.

ABS Methods:
Least squares fit
Harmonic analysis
Numeric minimisation/maximisation
Local corrections

Acting on:
Transverse position (steering)
Transverse phase space
(matching)
Energy
Longitudinal phase space
(matching)
Losses

Situation:
Open loop or closed loop
Static or dynamic
First turn or operation
Rings
Transfer lines (beam
mismatched, errors in lattice,
both)

Supported by Monitors

Figure 1 Classification of ABS Methods

2 ABS METHODS
It is immediately noticeable that all the correction methods mentioned in Figure 1 are of a venerable
age. Under the general title of Least Squares Fit, it is assumed that fits with other norms and the
various recipes for inverting and conditioning matrices are all bundled together.
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2.1 Least Squares Fit and Harmonic Method
I can personally vouch for more than 25 years of usage for these two methods [1] and I can claim to
have been at the birth of Bruno Autin's MICADO [2]. Both the Least Squares and the Harmonic
methods were tested at the start of the CERN ISR and they both corrected the orbit without any
significant difference in the numerical results, but alas disaster struck the Harmonic Method. As you
are well aware, the Harmonic Method distributes the correction over all power supplies and, since the
ISR was far better aligned than the designers of the corrector magnets had ever dared to hope, the
supplies were sitting there trying to hold, in many cases, currents of less than one percent. The
supplies crashed all too frequently and the computer could not keep track of them, but with the 'best
group of correctors method' (later to become MICADO), the corrections were concentrated in a few
supplies at reasonable current levels and, since this method was flexible, it could avoid those
correctors that were temporarily down. Of course, the correctors were modified to control at zero
reliably, the computer was taught not to lose track of supplies, but the Harmonic Method did not
survive. At least, I thought that it had not survived until I gratefully heard it mentioned in the talks
about DAPHNE. Later it featured quite prominently in the ESRF talk, it was then billed as a filter for
faulty pickups in the SPS COCU package and, finally, it made its last appearance in the talk from
KEK. At last I felt relieved that my initial faith in the method had been vindicated.
When I said that these methods were very old, I was thinking that they had stayed virtually
unchanged by the years, but then I was impressed by the CEBAF talk and given scientific tests to
remove correctors and monitors and then to add virtual monitors. This sounded good for times of
budget austerity, so I am sure the method will be a great success.
2.2 Numeric minimisation/maximisation
The virtual operator of CRYRENG and GANIL doing their 'trial and error' searches inspired me and
the studies at CATANIA justified my enthusiasm.
•

Firstly, for problems such as betatron matching, I feel that the 'trial and error' methods (with a
good algorithm for minimisation/maximisation) could be better than the Least Squares Fit
approach. I am thinking particularly of the Courant and Snyder perturbation equations. The
dipole perturbation equation is excellent and is weakly affected by the dipole errors, whereas the
gradient equation is more sensitive to gradient errors. In other words, it is necessary to be close to
the solution for the gradient perturbation equation to work efficiently with the least squares
method.

•

Secondly, I was intrigued by the idea of programming a neural net that would learn from its
experience and be second to none for setting up a machine.

2.3 Local correction
I was a little sad to hear that ESRF had dropped the use of local bump corrections. However,
ELEKTRA came to the rescue with local four (and even five) magnet bumps. They had tackled the
problem of 'leakage' successfully and local bumps are alive and well.
Before leaving the subject of "Methods", I have two comments:
2.4 Losses
I am wondering to what degree beam loss measurements can be integrated into a correction algorithm
for high intensity machines. I will mention this later.
2.5 Hysteresis
I should like to recall a comment made by Stanley Pruss of FNAL. He mentioned changes in the
injection conditions following different ramps in the FNAL ring. He reasonably ascribes this to
hysteresis effects because the ring does not complete the same cycle each time. What seems more
surprising to me is that there has been little, or no mention, of hysteresis effects in relation to applying
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correction algorithms. In the ISR this was essential, if Monday's orbit was to be the same as
Thursday's orbit. The orbit correctors had to be:
"

Either, cycled and all corrections applied using this standard cycle. If, for example, the value in a
corrector had to be reduced, the full cycle had to be completed to perform the change.

•

Or, a hysteresis model had to be applied. This was necessary when beam was in the machine, for
example, when measuring luminosity by making vertical bumps in the crossing regions.

3 'ACTING ON' (SEE FIGURE 1)
To a certain degree, this list is ordered according to an increasing potential for future work as one
moves down the list. At the same time, one is aware of how much this progress depends on the
development of better monitors and control systems.
4 'SITUATION' (SEE FIGURE 1)
In the next box, there is a range of distinctions that affect the details of the problems. The situation is
different for the first-turn commissioning compared to routine operation, it is different for open and
closed loops, for fast and slow loops and so on. On the surface, the situations look very different, but
the underlying principles are often the same.
5 'MONITORS' (SEE FIGURE 1)
All the algorithms rely on the performance of the monitors. Again, many monitors are of a venerable
age, but there are also exciting new developments that have been described during this meeting, such
as Optical Transition Radiation (OTR), diamond scintillators for fast particle counting and SQUIDS
for low current measurements.
6 COMMENTS
I always used to repeat the maxim that 'a machine is as good as its diagnostics'. Well, my education
has been improved, so now I say that
'a machine is as good as its diagnostics and its algorithms',
but what is there to look forward to, or expect in the future? After all the least squares fit is
difficult to upgrade. Well, this will certainly sound schizophrenic, like the stereotype committee
where one half writes the first part of the sentence and the other half writes the rest, but
'the ABS field is mature, but vigorous and developing steadily'
and it is in the monitors, control systems and software packages that many wonders will still
come to pass and in the new field of linear collider alignment that creativity will abound. Let us be
more precise.
6.1 Monograph
To underline the maturity aspect, I could see a very successful monograph on ABS techniques
being published. Perhaps, one of you would like to take up this challenge.
6.2 Universal packages.
Also under the title of maturity, I see several successful user packages. The Beam Optics
package [3] is offered in a yellow report and sports the power of Mathematica™. For COCU [4], we
heard John Miles stress the 'vanilla flavour' of everything from the "C" programming language to the
control room coffee, which means that COCU is eminently portable. Remember, we were told it is
used in eight laboratories and that in CERN it is accessed 11'000 times per month. The synchrotron
radiation laboratories are excellent public relation examples for ABS. They always talk of microns,
have many monitors in medium sized rings, have fast and slow loops, and so on. ELEKTRA showed
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us a beautiful package that was based on the solid foundation of the COCU and MICADO work
horses, but looking modern and with just buttons on the front panel (GLOC) - no more formatted
command lines.
I am sure that you can see the logical extrapolation of this. Small laboratories and new
installations cannot always afford to have specialist staff, such as ABS experts. The larger
laboratories are happy to donate their packages but are reticent to provide an after-sales service. I
would therefore expect to see commercial ABS packages appearing in the near future. Perhaps,
commercial packages already exist and I am unaware of them, but if they do not then, I believe that
will not be long in coming.
Monitors is one area where large laboratories have spawned small firms and it would be logical
for those monitor builders to add an ABS system to their catalogues. It would also be sensible and
beneficial for these firms to join this forum and I am sure they would also be pleased to sponsor it.
6.3 Related and new fields
•

Modelling the accelerator or transfer line is a subject that could be included in the ABS forum. In
fact, this is more a prerequisite than a spin-off.

•

Collimation also fits into this scheme. Certainly setting up a collimation scheme relies on prior
closed-orbit measurements and perhaps the beam losses on the collimators (especially the
secondary collimators) could be part of the diagnostic system.

•

Linear Collider operation. This uncharted territory will keep the field young and vigorous. There
are several rival ideas and their relative merits will be the subject of much work in test facilities
over the coming years.

Finally, let me thank you all for having listened to me and for having patiently taught me so
much about your art over the last few days.
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