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G. R. Lambertson and L. Jackson Laslett 

. (Paper Presented by Dr. A. A. Garren) 

I. INTRODUCTION 

The position of the closed orbit in the magnet aperture of a synchrotron 

is affected by changes in magnetic guide field and by displacements of the 

magnet structure. Either effect may be used, with minor limitations, to 

adjust the closed-orbit position and to correct for disturbances from either 

source .. With limited knowledge about the causes of closed-orbit disturbances 

and a limited number of observations of beam position, one cannot generally 
' 

expect to detect and uniquely correct specific misalignments or field errors. 
' A closed-orbit control system employing whatever adjustments are provided 

will at best position the closed orbit at specific points around the synchrotron; 

the designer or user must select the type and degree of adjustment to be used 

and judge the acceptability of the effects in regions between the controlled 

points. 

This_paper reports progress on a study of how to contra~ the closed-
1 orbit position by displacement of the synchrotron structure. We consider 

a system in which the closed-orbit position is detectable at k points around 

the accelerator and the user ma:y select a set of desired changes, b.b , in 
. 0 

the beam position at these k points. A computer program will then be used to 

determine the structure displacements required to approximate the desired · 

changes, making provision to avoid excessive, unproductive movements and 

undesirable excursions of the beam between detector stations. The user may 

then apply the adjustments and monitor the effect at the detector stations. 

This system employs feedback to the extent that desired changes are based upGln 

the detected beam position, but this feature is not prominent although it may 

become important in repeated application of the sys:tem. Also, it may be 

noted that this system does not necessarily result in a direct cancellation 

of geometric misalignments of the magnet structure. 
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II. METHOD 

We have taken as a model for study the 200 GeV :proton synchrotron of the 

LRL Design Study. 2 This accelerator has a betatron :t'requency, v, of 16-3/4; 

there are.504 alternating-gradient magnets and 12 Collins-type straight 

sections 1vi th two quadru:poles each. This structure is represented in Fig. l. 

The struqture is considered as divided into rigid segments joined at 276 

hinge :points, and radial or vertical displacements may be introduced at 

these hinge :points indicated in Fig. l. In these displacements, the vacuum 

tank and beam detectors move with the local magnet structure. :Seam..::position 

detectors which give the closed-orbit position with respect to the local 

structure are located at 72 :places. This nu~ber k of detectors corresponds 

to 4.3 :per betatron wavelength, and was judged to be near·the minimum needed 

for a meaningful study and the maximu~ convenient for computational work in 

the initial investigation. More freq_uent detectors .may be useful in :practice. 

For judging the suitability of an adjustment, the resultant orbit :position 

.has been calculated at the 288 :points indicated in Fig. 1, ·which include the 

72 detector stations. 

The matrix T that relates the 276 hinge-point movements, h, >vith the 

resulting 288 closed-orbit changes 6b, according :tb 

.6b = Th; (1) 

has been calculated for this synchrotron; When changes of closed-orbit 

positions .6b
0 

at only 72 :points are specified, it has been convenient. to 

displace the hinge points in 72 groups. A number of~grou:ping schemes has 

been tried and a favorable example is shOi·TD in Fig. 2. In this case, 

movement of a single group produces a smooth hum:p involving 10 or 11 hinge 

:points, with each hu~p centered at one of the beam-detector locations. The equal 

movement of all grou:ps :produces a uniform displacement of themagnet structure. 

Smoothness of the grou:p shape and overlap between adjacent groups serve to 

reduce the introduction of short-wavelength displacements. 3 The.am:plitude 

of a grou:p movement may be eXpressed by a. single parameter and the displacement 

of the structure is then gtven bi·the 72components of:.a.;vector .h.c,·composed::. 

of the amplitudes of all of the group movements .. With a particular grou:p t~;;·f 

pattern, the closed orbit changes at the 72 detector stations may now be 

written as 

(2) 
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where T is a 72 x 72 matrix operating on the group amplitudes h . c c 
To find values of h 

c 
that. will exactly produce the desired changes .6.b , 

0 

it would appear that these are given, from Eq. (2) with .6.bc == .6.b
0

, by 

h 
c == T -l(.6.b ) . 

c 0 

There are, however, difficulties in this direct procedure. First, the matrix 

Tc has at least one eigenvalue equal to zero, or !Tel == o, so that the matrix 

has no inverse. This arises from the fact that uniform displacement of a.ll 
p 

magnets produces no relative displacement of the beam. Nevertheless, if the 

eigenvectors having zero eigenvalue were not complex, they could be deleted 

from .6.b and real values of the h found for the correctable portion of .6.b . 
0 c 0 

A second difficulty appears if this procedure requires excessive displacements 

to produce exactly a desired set of .6.b , which may include errors in beam-
a 

detector response and operator judgment. A more flexible approach has been 

adopted to deal with these difficulties. 

We shall seek a modified solution of the least-squares ;problem 

2 ' z 
X = l:[ (.6.b ) - (.6.b ) ] 

' c i 0 i 
minimum.. . ( 3) 

This minimization leads directly to the equations 

"" T T h c c c == rr .6.b c o' 
(4) 

where T is the transpose of T and the product T T~ is a symw~tric matrix c c c c 
having all eigenvalues rea.l and either zero or positive. 

It is of interest to note that any particular eigenvalue A of T T is 
c c 

a measure of the effectiveness of the associated normalized. eigenvector for 

influencing the closed orbit. The sli:rrLof the squares of the orbit changes 

produced by he' is 

Eb .6.b c c = h T T h 
c c c c ' 

from which one may see that the contribution of the jth eigenvector to 

L. (.6.b ) . 
2 

is 1\. a. 
2 

where a. is . the anrpli tude of the j th normalized. eigen-
c l J J J 

vector in h . 
c 

.l.' 
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This interpretation of the eigenvalue has suggested that in the minimization 

of Eq. (3), the eigenvecto'rs with low eigenvalue could be deleted from the 

solution he with only minor effects on 6b , while substantially reducing the 
' c 

root-mean-square hinge-point movements required. ~igenvectors with eigenvalue 

zero are an extreme example and at least these must be deleted to obtain a 
' 4 

set of finite displacements. 

To .calculate a set of he with certain eigenvectors excluded, first the 

eigenvalues and 72 orthonormal eigenvectors of the matrix T T have been c c 
obtained. Using these, an inverse matrix with selected eigenvectors deleted 

has been formed and combined with T to produce a single matrix K that operates 
c 

on any given·6b to generate the recommended hinge-point movements 
c 

h :::: K 6b c c ''( 5) 

The eigenvalues obtained with the groups of Fig. 2 are plotted in Fig. 3. 

Arranged in order of their dominant frequency, these eigenvalues demonstrete a 

resonant sensitivity to displacements with frequencies near the v-value. Lowest 

eigenvalues are associated with low harmonic frequencies. The effects of 

excluding various groups of eigenvectors have been studied. 

III • RESULTS 

Realistic examples of closed-orbit disturbances for use in evaluating 

the correction system have-been generated by introducing displacements hat 

the hinge points and calculating the resultant relative beam displacements 

from Eq. (1). The 72 beam displacements at the detector stations are then 

used in Eq. (5) to give the recommended gang amplitudes: for correction of 

this disturbance. The effect of applying these displacements is calculated 

and the resulting corrected closed-orbit deviations evaluated at 288 points. 

A long smooth bulge involving 17 hinge points has been one example used 

as a test case. This distortion of the structure and the resultant absolute 

brM .. m po~5i tion ar® plott~d in Fif!;. 4. Thi® f'igur(l! alrno ~howf!'l the'! r~~ul t of 

.correcting the closed-orbit deviation exactly at the 72 detector stations by · 

excluding oo/y the one eigenvector having zero eigenvalue. The presence of b;f., 

relatively unproductive low-frequency harmonics in the correction is appareE~~; 
,;;-

The same case is show·n in more detail over .1/6 of the circumference in Fig. 5. 

Here the closed-orbit position relative to the magnet structure is also giv~n. 

For comparison with the 11 exact" correction, Fig; 6 shows the correction obtained 

with this same initial disturbance when 19 eigenvectors having lowest eigenvalues 
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are excluded .. The corrected closed orbit no longer passes through zero at 

each detector station, but the maximum beam excursion from the aperture 

center is essentially unchanged from the exact solution while the magnet 

structure has assumed a much more acceptable form. The effect of excluding 

various eigenvectors is illustrated in Figs. 7 and 8, where the final maximum 

closed-orbit deviations and root-mean-sq_uare hinge movements are plotted .. 

A second type of test disturbance is the displacement of a single hinge 

point. Such an abrupt excursion cannot be approximated--nor removed--by the 

smooth groups. The result of correcting exactly the closed--orbit distortion 

at 72 stations is shown in Fig. 9;. the correction with 19 vectors excluded is 

shown in Fig. 10. These illustrations and Figs. 7 and 8 shovr the advantage 

of excluding eigenvectors for this type of disturbance. 

A preliminary indication of the effect of errors in the beam-detector 

response or ofreq_uesting abrupt closed-orbit changes has been given by 

assuming one detector station to be in error by one unit and seeking a compen

sating closed-orbit position. The results summarized in Figs. ll and 12 point 

out the importance of removing unproductive movements to limit the response 

to errors of this type • 5 · 

IV. CONCLUSIONS 

This study has revealed some of the characteristics of one type of 

closed-orbit control system. At this point we feel that the usefulness of 

such a system is limited to the mid-range of freq_uencies near the v-value 

of the synchrotron. Fortunately it is in this range that large closed-orbit 

disturbances are most probable. Increased numbers.of beam-detector stations 

will improve performance of the system and it seems reasonable to expect to 

obtain substantial reductions of the final closed-orbit deviations. The 

limited ability of the control system to realign specific misalignments of 

the structure indicates that closed-orbit control will only complement, but 
. . . 

not entirel,y replace, the geometrical survey of an alternating-gradient 

synchrotron :structure .. 

In the 290 GeV synchrotron, closed-orbit control would be useful for 

control of the location of unavoidable beam loss, so that radioactivation. of,. .... ' 

accelerator components and of the enclosure may be 

and could implement changes desired in the mode of 

tt~. 

limited in azimuthal extefit; 
. (7" ;1,, 

operation to meet the vat'ying 

needs of the experimental program. Computer analysis of beam-position detec~o±

data also would be useful as a diagnostic· tool in determining the probable 
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location and cause of disturbances that may arise during accelerator 

operation. 

In the :Past, ·:prominent factors in detennining synchrotron a:perture 

req_uirements were the injected beam emittance and allowance for misalign- · 

ments and errors. Ex:perience with closed-orbit control and increased beam 

intensities may be e:Xpected to result in the re:placement of these fact<)rs 

by the reg_uirements of collective effects, beam use, and extraction. 

It is a pleasure to acknowledge the invaluable assistance of 

Mrs. Harold (Barbara·) Levine and of Miss Penelo:pe A. Collom in the 

computational work. 

. .. 
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FOOTNOTES 

* Research supported by the U. S. Atomic Energy Commission. 

~xtensive previous discussion of oroit control has "been given oy_a numoer 

of Soviet authors--see, for .example, E. L. Burshtein, A. A. Vasil'ev, 

A. L. Mints, V. A. Petukhov, and S .. M. Ruochinskii, Atomnaya Energiya 12, 

lll (1962) and papers in the Proceedings of the international Conference 

~High Energy Accelerators, Dubna, 1963 (Atomizdat, Moscow, 1964). 

2Lawrence Radiation Laooratory Report UCRL-16000 (University of California 

Lawrence Radiation Laboratory unpuolished report, June 1965.) 

3Amongst other group configurations that app~ar satisfactory is that which 

employs mo.vements of the hinge points in various long-wavelength sinusoidal 

combinations. The more localized groups shmm in Fig. 2 lead, however, to 

equally good performance, and their relatively short range may oe of conven- · 

ience in the practical applicatior1 of the technique. 

4As an 
1
alternative to the suppression of selected eigenvectors, early 1vork 

included the insertion of additional terms, with ·adjustable weights, into 

Eq. (3) for the purpose of reducing the total magnitude and curvature of the 

gang movements. This procedure led to corrections similar to those ootained 

oy eigenvector suppression, but suffers from the feature that repeated 

applications of the method will eliminate, in effect, the influence of 

these additional terms. 

5with 19 'eigenvectors excluded, the maximum orbit response that results from 

a unit error in an individual detector signal rang~s in magnitude, for various 

detector locations, between 0.682 and 0.836 .. The corresponding root-mean

square response is such that, for 72 uncorrelated signal errors of individual 

standard deviation E, one expects a root-mean-square orbit deviation of 

o.828E. To achieve a 95% correction of tractaole closed-oroit distortions 

in a single iteration, it woUld oe necessary, therefore, that the detector 

signals.have a relative probaole error (0.6745E) less than 4%. A second 

source of error that remains to oe investigated concerns the effect of 

employing, i'n a single iteration, a matrix, 'r , that is based on the design c 
.specifications of the accelerator and does not describe exactly the perform~nde 

' 
of the actual machine--it may be presumed desiraole, in this case, to adjust 

T to be consistent with the observed v value, since this parameter has a c 
significant long-range influence on the closed-orbit response. 
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Magnet configuration, monitor locations, and betatron function in 

a J!Ortion of the synchrotron. One SUJ!eryeriod covers 23 hinge J?Oints. 

Pattern of smooth hinge-J?oint groUJ!S used for adjusting the magnet 

structure. 

Eigenvalues·arranged in order of increasing dominant'freq_uency of , 

eigenvector formed from amplitudes of hinge-J?oint grouJ!S. Eigenvalue 

levels belm-7 vlhich eigenvectors were excluded in various tests are 

also indicated. 

Polar plot showing expanded absolute disJ!lacements of magnet structure 

and closed orbit, before and after corrections, in an example ·Hi th 

only one eigenvector excluded. The initial magnet distortion is 

a long smooth bulge involving rr hine;e points.' 

Detailed }!lot for a J!Ortion of the circu~erence of structure and 

orbit disJ?lacements of Fig. 4. The lower diagram shows the corrected 

closed-orbit }!osition relative to the magnet structure. 

Orbits and structure as in Fig. 5, exce}lt with 19 eigenvectors 

excluded in making the correction. 

The maximum disJ!lacement of the corrected closed orbit, as a 

'function of the number of eigenvectors excluded, for two types of 

initial disturbance. 

Root-mean-sq_uare hinge-J?oint· movement employed in the cases 

depicted in Fig. 7. 
Magnet disJ!lacement and corrected orbit }!Osition, similar to Fig. 5, 
but for an initial displacement of a single hinge J!Oint. In making 

the correction, only one eigenvector ~las excluded. 

Orbits and structure as in Fig. 9, exce}lt with 19 eigenvectors 

excluded in making the correction. 

Fig. 11 Effect of an adjustment of the structure made on the basis of unit 

Fig. 12 

error in the signal from one beam detector station. . The graph 

shows the· resultant maximum closed orbit deviation as a function 

of the number of eigenvectors excluded. 

Effect ·Of unit error in one detector signal on the root-mean-sq_uare 

hinge-J?oint movements. 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness,· 
or usefulness of the information conta.inel:l (i;. this . 
report, or that the use of any info;~ation, appa
ratus, method, or process disclosed_in this report 
may not infringe pri va tel y owned rights; or 

B. Assumes any liabilities with. respect to the use of, 
or for damages resulting fjom the use of any infor
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 




