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1 Introduction 

Orbit correction -moving the orbit to a desired orbit, orbit stability -keeping the orbit on the desired 
orbit using feedback to filter out unwanted noise, and orbit analysis -to learn more about the model 
of the machine, are strongly interrelated. They are three facets of the same problem. 

The better we know the model of the machine, the better predictions we can make on the 
behavior of the machine (inverse modeling) and the more accurately we can control the machine. 
On the other hand, one of the tools to learn more about the machine (modeling) is to study and 
analyze the orbit response to ‘kicks’. 

2 Orbit correction 

With smaller and smaller vertical beamsizes ( 5  50p) in the new generation of Synchrotron Radia- 
tion facilities and with the advent of small angle and crab crossing colliding beams in the B and C$ 
factories, there is a need for very accurate  (5  lop) orbit control. 

2.1 Approaches 

There axe different approaches to  the orbit correction. They axe not all exclusive to each other, 
some methods can fall into more then one categories. 

The corrective step is calculated based on model predictions. It needs a very good knowledge of 
the model of the machine (including model-magnet calibration - see Section 4). Since these models 
are almost all linear, orbit correction needs several iterative steps. All early methods and many of 
the. more recent ones (111-[14], [lS], [26]-[27]) fall into this category. 

They consist of a knowledge base (data) and a separate reasoning mechanism (inference machine). 
The knowledge base contains the model of the machine and rules what the most expert accelerator 
physicist/engineer/operator would apply. Thus an Expert System represents a model based 
system. Expert Systems are capable of treating large amount of information in an empirical way. 

There were attempts in mid and late 80’s by CERN -using commercial ES packages, primarily 
for fault diagnosis [15]b, but in [27]h it was concluded, that a simple algorithmic process is more 
efficient for the analysis and correction of closed orbits. 

Basically, this was the approach taken by SLAC in collaboration with the Stanford Knowledge 
Systems Laboratory ([15]c, [27]b,c) A Fortran coded in-house ‘expert’, Able was incorporated into 
the system €or finding errors and misalignments in the machines and for controling the machines. 

Model based - 
- 
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On the other hand, the design of an ES with limited scope was reported by LLNL [15]a. 
Adaptive Systems 

It is a model based approach with the added property of being able to  learn from the difference 
of the predicted and actual response of the machine. These closed loop (adaptive) systems can au- 
tomatically compensate for modeling unencertainties, are able to  adopt to  changes in the dynamics 
of the process they control and also for external disturbances as in [27]d. 

Such systems can be used to minimize the orbit, as for example in [27]d, or more recently 
[16] the kicks are calculated by minimizing a general ‘merit function’. In either case, the model 
is updated after each step. The ‘merit function’ in question is a function of the measured orbit, 
corrector strength, weight factors associated with the orbit monitors (to provide means for stricter 
orbit tolerance on selected ones), weight factors for the correctors which accounts for their limiting 
strength and the initial Response Matrix (RM). At each step, the minimizing algorithm also recal- 
culates and updates the RM (see also in Section 2.4). Since in case [16] the model in included in 
the RM, if measured and not model-calculated RM is used as starting point this method can also 
be considered as a black box approach. 

These methods assume no knowledge of the model of the machine, the machine is treated as a 
‘black box’. In [18] an algorithm adjusts the parameters of the black box (these parameters are 
the kicks) which will minimize a ‘merit function’, and this algorithm is acting as a control. The 
‘merit function’ here is a function of the measured orbit and the used corrector strength (see also 
in Section 2.4). 

When used with a measured RM instead of a model calculated one, all methods based only on 
the RM also falls into this category of approach (see eg. [7]-[lo] [IS]). 

Neural Networks 
In the last couple of years the use of a very powerful mathematical tool, Neural Networks, is being 
explored [17] for orbit correction. This is the first method which is designed t o  handle nonlinear 
problems and, as a consequence, it is able to  treat the horizontal and vertical orbits in a coupled 
way. Furthermore, when used to  ‘feed back’ on the error in its corrected orbit (adaptive Nnet), 
then it is able to  follow drifts in the machine. Additional advantage is that an Nnet hardware can 
be used to  implement the orbit correction in a feedback system. 

Black box 

2.2 Algorithms 

Most orbit correction algorithms used in circular machines are variations on three ‘themes’: the 
harmonic and the least-square algorithms and the superimposition of local bumps. There are also 
some extra ‘twists’ which modify these methods [[7]-[lo]]. (We disregard ‘beamthreading’, used 
mostly in linear machines and transport lines, e.g. [12]b, [14]). 

In the harmonic methods [1]-[3], [22]a, the harmonic content of the orbits are determined and se- 
lected harmonics are corrected. The corrector strengths are calculated, assuming that the harmonic 
composition of the dipole field ‘errors’ reflects that of the orbit. 

These methods are very sensitive to the positioning of the correctors and monitors. They yield 
good results only when those elements are close to being 7r/2 phase apart. They use many correctors 
around the machine and the individual kicks are relatively small. The sources of inaccuracies in 
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this method are that (i) the harmonic content of the orbit is calculated from measurements at a 
finite number of locations, ( i i )  correcting for the most important few - usually lower - harmonics 
introduces higher harmonics into the corrected orbit and (iii) some orbits contains high harmonics, 
which is not easy to correct. 

In this method, kicks which correct the orbit are calculated by solving a set of linear equations: 
Least square 

X = A G .  (1) 

where the components of 
the kicks from the N, correctors, and A is the N,dV,  Response Matrix. 

are the measured orbits at the N ,  monitors, the components of 6 are 

In the standard least-square methods the residual rms orbit around the machine is minimized: 

These methods yield very good results in finding and compensating for a small number of dipole 
‘errors’ in the ring. They use a few correctors only but the kicks tend to  be much larger then in 
case of the harmonic methods. Also, when the number of correctors is increased, the correctors 
start to ‘fight’ each other, resulting in very large kicks. 

The most commonly used least-square algorithm, Micado [4] is based on the unitary and or- 
thogonal Householder transformation and pivoting. It decomposes the Response Matrix into an 
N,sN, upper diagonal matrix: 

HI, . . .HIA= (:) = U (3) 

where ( H i ,  j= l ,N)  are the Housholder transformation matrices. When asked to  use N correctors 
out of the available total of N,, the algorithm is choosing the ‘most effective’ N correctors. 

Compared with an ‘unconstrained’ least-square algorithm [6], which tries all possible combina- 
tion and accepts the one resulting in the absolute minimum of the residual rms orbit, Micado will 
result in slightly smaller kicks. As a consequence, sometimes, Micado will point to an equivalent 
‘most effective’ corrector instead of the actual error location in the machine. In addition, the re- 
dundancy of correctors in the machine causes the matrix to be not well behaved. Thus, reducing 
the accuracy of the solution. 

The ‘fighting’ of the correctors in the standard least-square methods are caused by the ill-posedness 
of eq. (1) when A is singular or almost singular leading to large 0 ’s  for small X’s. In [SI standard 
mathematical methods can be used to stabilize the problem. In [8]a the Tikhonov regularization 
method [9] is used. Instead of eq. (1) it solves the equation: 

Regular bat ion 

( A ~ A  + CUI)@ = ~~2 (4) 

where I is the unit matrix and a is stabilizer. The method is very sensitive to the choice of a, 
which depends on the degree of ill- posedness and on the magnitude of the A;j elements 

’At each transformation step, the column with the largest pivot is exchanged with the current column. 

3 



Eigenvector decomposition 
This method finds the normalized eigensolutions of eq. (1) and calculates the 6 kick vector as a 
superposition of the normalized eigenvectors [7]. 

NC 
Q = c c j &  . ( 5 )  

j=l 

where the cj coefficients are calculated from the eigen-decomposition of the measured orbit, cj = 
2 - ij ,  and 4, i j  are the normalized eigenvectors. 

It can be shown, that this 6 is the minimum kick vector and that the uncorrectable part of the 
orbit is 

NC 

N m  j=1 
(6) 

1 
E' = -(11Z11' - IlACcj2jll').  

SVD 
Using the technique of Singular Value Decomposition Method [ll], the Response Matrix is written 
as 

A = UWVT (7) 

where U and V are unitary matrices and W is an N,zN,  diagonal matrix with non-negative 
elements. This algorithm reconfigures the monitors and correctors into transformed ones, each 
transformed monitor being coupled to max one transformed corrector with coupling strengths, W ,  
which determines the efficiency of the orbit correction [lo]. 

z t=UTg , Gt = V T 6  , and gt = WGt (8)  

The method allows for estimating the limits of the orbit correction as well as for the optimization 
of the corrector strengths. 

Local bumps with a specified beam displacement and/or angle at a specified location can be created 
using three correctors [12], [18], [23]b or four correctors [5]c-d, [13], [22]e without effecting the orbit 
outside the correctors. This provides precise control of the beam orbit at SR sourcepoints (bending 
magnet or undulator) or interaction points of two beams, with a corrective bump confined to a 
limited section of the machine. One can achieve global orbit correction by superimposing such 
local bumps around the ring. 

The 6 = {Oj, j = 1,4} vector of corrector strengths, yielding x, and z', displacements and 
angle at the bump location, can be calculated from the set of (four) equations: 

Superposition of local bumps 

- 
A,@ = 5 and A ' 8  P =it' (9) 

where 5 = {zo, xi = 0}, A,  is the partial Response Matrix (between the 
selected correctors on one hand and the bump location and the last corrector location on the other) 
and Ab is its derivative. 24 = xi = 0 assures the locality of the bump. The three corrector 
bump is treated similarly, with the equation for either z, or xi left out. 

24 = 0}, 5' = {xi, 
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2.3 Corrector strengths reduction 

Eigensolutions of eq. (1) with corresponding small eigenvalues generate negligible changes in the 
orbit [7]. One can take advantage of this to reduce a 6 kick vector calculated by any other orbit 
correction method and still stay within the tolerance for orbit correction. The reduced vector is 

* . .  
where rj = 0 - 0, and 8, is the j-th eigen kickvector. 

satisfies 
An other method, 'corrector ironing', introduced in [1O]c, [21] finds equivalent set of 6' which 

with the added condition of = min. 

2.4 Optimization 

The objective is to minimize the deviation of the orbit from a desired orbit, the price one pays is 
the size of the 'kicks' (corrector current). In addition, one have to consider practical limitation in 
the size of the kicks and provide for adjustable accuracy of correction at the different locations of 
the ring (at source points and insertion devices for the lightsources and at interaction regions of 
colliding beams, the orbit tolerance is much smaller then in other parts of the ring). Consequently, 
it is better to optimize a 'merit function' instead of just the rms orbit. 

In [18] this function is 
f = IXil" + IejI' (12) 

where a and /3 are chosen to prevent large excursions from the minimum. 
In [16], [19]a the choice and optimization of a 'merit function, is based on a principle after [19]b: 

f = (3 + A d ) * P ( x  + A 6 )  + 76*6 

where P is a diagonal matrix of the positive weight factors associated with the orbit monitors and 
7 is a positive weight associated with the limit of total corrector current. 

Weight factors associated with the orbit monitors can be included in the function to be optimized 
-as in the above cases, or in the calculation of x,,, itself -as in [20]a. In some cases, the adjustable 
tolerance is achieved by using a combination of global correction with larger tolerance followed by 
tighter controlled local corrections (for example in [19] and [20]b-c). 

3 Feedback 

In addition to being able to correct the orbit with a few p accuracy, there is a need for high 
stabilityof the orbit. In other words, continuous orbit correction is needed to suppress unwanted 
noise (of mechanical or electrical origin) in the 1 - 100 Hz bandwidth. There are a number of analog 
[22] and digital [23] feedback systems already working or under design. 
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The advantage of using a digital- as opposed to an analog-feedback is in its great flexibility. 
Everything is programmable and changeable. Any of the orbit correction algorithms, described in 
2.2 can be used and it is easy to switch between different algorithm. The model does not have to  
be 'hardwired'. The effective bandwith can be changed. 

Important problems, which will be discussed during this workshop are sampling rate, aliasing 
and phase delay. What sampling rate is needed to correct noise in a given bandwith and at the same 
time avoid aliasing in that bandwith. How can one achieve enough negative gain in the bandwith 
and still not exceed the limiting 135' phase delay. 

4 Modeling information from orbits 

4.1 Model and magnet calibration 

All models represent simplification introducing deviation of the real machine from its mathematical 
model. All real machines represent a deviation from the ideal/designed machine. During commis- 
sioning and machine studies both, the machine and our understanding of the machine (model) have 
to be improved. 

.. 
1 ' 1 1  

predictions measurements 

control unia c-> Current 

to the Power Supply 

; 1 1  comrsion is charasteristic I 
Current c-> Field 

FvsJ establish model (and calibration) from 
uniformity of F dong magncr comparison of prediction & measurements 
presence of higher ~ C U I - A O N ~ ~ ~ C L ~ S  
edge effect 
etc 

Figure 1: Interrelation between the elements of the Model 

The accuracy of the model of a machine is limited by the approximations and errors made in 
describing the structure and the components of the accelerator and in the algorithms accounting 
for the beam behavior, and also by the accuracy of magnet calibrations3 which are incorporated 
into the model. The interrelation of all the above modeling elements are shown on Fig. 4.1. 

' The  beam behavior depends on t h e  actual fields i t  experiences as i t  passes through the  magnets  with all their 
nonuniformity, edge effects, higher harmonic content ,  etc. Beam particles passing through t h e  magnets  at differ- 
e n t  orbi ts  will also feel slightly different fields. O n  the  o ther  hand,  there  is only one computer  controlled set- 
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It is important to build a realistic model such that predictions on the beam behavior by the 
model matches the actual behavior of the machine with all its fabrication and installation errors. 

One can compare measured and predicted machine parameters, like tune, dispersion, chro- 
maticity, orbit, or changes in them as a response to small changes of the magnet strengths, like in 
quadrupoles, sextupoles, orbit correctors, etc. Analyzing the differences between the measured and 
predicted values, it is possible to find errors in the machine, some of which like miswired or grossly 
misaligned magnets can be corrected, and to improve on the model. Improvement of the model 
means modifying elements of the lattice - including small misalignments into the model rather 
then correcting them, modifying algorithms, and including model calibration part into the magnet 
strength conversion 1251, [15]c. 

4.2 

Orbit has the richest information on the actual model of the accelerator/storage ring. The change 
in the orbit as a response to a Sj kick is given by eq. (l), and it can be expressed with the machine 
parameters; tune (u), values of the betatron function (p)  and betatron phase (4) at the kick and 
at the observation point: 

Orbit as a modeling tool. 

The machine functions in turn, depend on the actual focussing field the beam feels in the magnets. 
The 8 = kick can come from many sources; a misaligned magnet, a nonzero orbit in a nonlinear 
element (e.g. sextupole) or a change in the strength of a magnet (corrector or quadrupole). 

There many monitors distributed around the ring provide a large number of measured informa- 
tion, consequently, there is enough freedom in the system to find kicks from misaligned quadrupoles 
and sextupoles, orbit monitor offsets, etc. and to fit for focussing strength from quadrupoles and 
insertion devices, corrector strength, energy deviation, dispersion, coupling, monitor sensitivity. 

4.3 Methods used 

The common approach in [26]-[28] to allow in the model varying degree of misalignment of the 
main magnets, varying degree of coupling and variable focussing strengths in the quadrupoles (and 
insertion devices) and then fit the measured orbit (absolute or difference orbit) with the model 
calculated one in order to find the best value of the variable parameters. The model can then be 
updated with the findings. 

In some cases, for transport lines or 1st turn of circular machines, the fitting procedure is 
progressing element by element to find the location and magnitude of kicks caused by misalignment 
and to find the best values for the initial position and angle of the beam and for the magnet 
strengths. 

Other methods applied to hadron machines [30] will find best fitted values for betatron function, 
tune, coupling, chromatic behavior. 

point/voltage/current of the power supply of a magnet, consequently the ‘bench calibration’ of the magnets alone 
can not account for the accurate conversion between the magnet’s control unit and its field; the magnet and the 
model have to be ‘calibrated’ together yielding conversion algorithms for [e] mrad/c.u., [q] ?/c.u., [B]  kg/c.u. ,  
etc. 
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An altogether different method, which performs fitting in a multiparameter space is the linear 
perturbation method [29]. In this case instead of analyzing one orbit at a time, the Response Matrix 
is analyzed. The model predicted RM is expanded to first order in the parameters and fitted to 
the measured one. 
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