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Abstract

The problem of closed orbit control at COSY-Jiilich is
discussed. The results of a simulation of the COSY closed
orbit and its correction are given using different correc-
tion methods. The interactive computer program ORBIT
will be described. This code was developed to study the
simulation as well as to do the correction. Different cor-
rection methods are used. These methods are compensat-
ing the orbit deviations with and without identification of
perturbations. In order to estimate the necessary corrector
strengths and the expected maximum orbit deviations for
COSY-Jiilich, the orbit correction for more than 200 ma-
chine settings with different distributions of the random
errors (based on measurements) has been simulated. The
maximum orbit deviation is less than 2 mm, whereas the
maximum kick strength is less than 1.7 mrad. In 95 % of
the cases the maximum kick strength is less than 1.0 mrad.

I. INTRODUCTION

The COoler SYnchrotron COSY-Jiilich [1] is a syn-
chrotron and storage ring intended to accelerate protons
and light ions up to an energy in the range 200 MeV -
2.5 GeV. The upgraded cyclotron JULIC will be used as
an injector.

The transverse motion of the particles in a cyclic accel-
erator is a superposition of a motion along a closed trajec-
tory (equilibrium or closed orbit) and betatron and radial
phase oscillations around this curve. In a real magnetic
structure both the closed orbit and the oscillations around
it are distorted due to errors in the magnetic fields, dis-
placements and tilts of the elernents from their designed
positions, stray fields, and ground movements. As far as
the closed orbit is concerned, perturbations cause its de-
formation.

I1. MATHEMATICAL OUTLINE

Particle oscillations in an accelerator can be described

using the TWISS function 8(s):

z(s) = ay/B(s) cos (Q / 65‘("5)

where Q is the number of betatron oscillations per turn.
With two new variables, a generalized azimuth ¢ , and a

normalized deviation 7 ,
_* ds R
v - /n Q) 1T B
the oscillations can be written as
D) = a cos(Q)

In the matrix approach, the normalized deviation at the
position of the i-th beam position monitor (BPM) can be
written as a linear function of the generalized perturha.

tions:
M4 L
= Z Ay d;
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where:
Aij = cos Qs + T — ;)

and:

Qﬂ{i/z AB; + n;Ax;/p?,  for dipoles
&y = “;2'———1——— B.; ., for correctors

sin 7@ gidzj/Bp , for quadrupolcs

[1I. ERROR SOURCES

The linear perturbations causing the closed orbit distor-
tion can be summarized as follows

1. constant errors:

(a) errors in the coercive force; these kind of errors
can be estimated approximately by

£
AB =~ —pp—tAH,
fa

where £, is the magnet core length and £, is the
aperture

(b) errors due to eddy currents
(c) stray magnetic fields
(d) earth magnetic field

2. errors proportional to the main magnetic field:



(a) permeability errors; approximately
AB/B = (£,:/1120.)Ap
(b) errors due to eddy currents
AB/B a0 —(1/(prfa + £50) A4y
(c) aperture errors
AB/B & —(pie /(oo + €)Ml

(d) adjustment errors —
element misalignments, median plane displace-
ments, dipole tilts, quadrupole magnetic center
displacements, errors in the coil positions, etc.

(e) ground movement

3. errors appearing only in high fields - these are errors

due to saturation.

In the case of the COSY cooler synchrotron the first
magnetic measurements [2] showed that random relative
field errors with a standard deviation

oap/p =2 x 107"

can be expected.
According to the machine design the misalignment errors
are going to be

Oar = Oa, = Tay, =025 mm , oo = 0.3 mrad

IV. ORBIT SIMULATION TOOLS
THE COMPUTER PROGRAM ORBIT

Many of the widespread computer codes designed for
accelerator design such as MAD, DIMAD, PETROS, etc.
have features for closed orbit simulation and correction.

For the case of COSY orbit treatment we used MAD,
which possesses features for orbit simulation under the in-
fluence of misalignment and field errors, and uses the MI-
CADQO algorithm for orbit correction,

Besides MAD. an interactive computer program called
ORBIT [3] was developed by one of us, especially intended
for closed orbit simulation and correction. ORBIT is de-
signed for PCs running under DOS and was, in its first ver-
sion, written as a Pascal program. Version 2.0 was rewrit-
ten in C. In the meantime, a C version without graphics
was adapted to run on a UNIX host. The PC version has
a menu driven interface and enhanced graphical capabil-
ities. The initial data about the accelerator -~ elements,
A-functions, phases, lengths, and strengths — can be given
either by a user written file or by the MAD output file
TWISS.

Given the random errors in field and position, ORBIT
is able to simulate the closed orbit, the Fourier spectrum
of the orbit, and to prepare a histogram of the maximum
orbit deviations for 200 accelerators with different random
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error distributions. ORBIT can estimate analytically the
standard deviation of the orbit and of the orbit maximum.
Given the orbit displacements read by the BPMs, OR-
BIT is able to produce an orbit draft, to interpolate the
orbit deviations between the BPMs, and to approximate
the orbit spectrum. The interpolation is done using La-
grange and cubic spline methods. For the calculation of
the Fourier spectrum of the orbit, Bessel coefficients, bro-
ken line and parabolic approximations are used. ORBIT
includes six methods for orbit correction: harmonic cor-
rection, beam-bump, LSQ method, Bacconier’s method,
DINAM, and LSQ method with coupled correctors.
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Figure 1. DINAM correction of the COSY horizontal or-
bit (small amplitudes) compared with the initial arbit (large
amplitudes).

V. THE DINAM CORRECTION ALGORITHM

Other orbit correction algorithms described and dis
cussed in detail in [4] strive to compensate orbit deviations
in the points where BPMs are situated by the means of
sorne number of orhit correctors. As a result, the corrected
orbit will have approximately zero deviations in the BPAls,
but non-zero deviations between the BPMs. During the
computer simulations it was noticed that in sorme particu
lar error distributions the deviations of the corrected orbit
were out of control in some points. Therefore it is impor-
tant to correct the orbit over the whole accelerator ring
and not only in the BPMs. This leads to the criterion of
correction quality as a functional g = (I/Qw)f(f” ey
[5] and, because the orbit 5(y) is a random function of the
generalized azimuth, to an improved criterion by taking
the mathematical expectation of the functional

S
g=M <"‘/ 7]“((@,)d¢>
27 Jo ‘

which is the final form of the correction quality criterion
in the DINAM algorithm.

After several substitutions and evaluations described in
detail in [4] the quality criterion reads
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1 2N 1 2Nk
g = EW Z’]? -+ ‘2“ ZZ quﬂpéfc
i=1 p=14¢=1
1 k k B B oQ Q2
ED SIS ALSESIDY (m)”

g=1lr=1 k=n+1

The coefficients A, and B, describe the optical pa-
rameters of the correction system and depend on ¢, the
azimuths of the BPMs, and g, ¢, the azimuths of the
correcting dipoles.

The strengths of the correcting dipoles are determined
by the condition for a minimum of ¢ to occur:

2N

k
2Y BupbPo=-3"Apm,  (s=1,2,...k)
p=1 p=1

Introducing the matrices A = {4;;} and B = {B;;} and
the vectors &8¢ for the corrections and 7 for the BPM
readings, this condition can be written in matrix form:

B8 = ~ATi .
With the matrix

R=—.B'AT
2
which depends only on the azimuths of the BPMs and on
the correctors and which, for the given accelerator, can be
calculated prior to the correction, the required strengths
of the correcting dipoles are determined by the matrix ex-
pression
§8< = Rij .

So this algorithm is relatively fast. Computer simulations
showed that it works reliably and is free from the un-
desirable effects mentioned in the beginning of this sec-
tion. Some results of DINAM corrections on simulated
perturbed COSY orbits are shown in Fig. 1 and Fig. 2.
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Figure 2. Distributions of maximum horizontal orbit de-

viations in COSY before and after DINAM correction for 200
machines with randomly distributed errors.
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