SORTING OF MAGNETSFOR THE BESSY ||
BOOSTER AND STORAGE RING *

Michael Abo-Bakr, Godehard Wistefeld
BESSY |1 Project Team, Rudower Chaussee 5, 12489 Berlin, Germany

1 INTRODUCTION

BESSY Il is a low emittance 1.7 GeV electron storage
ring presently under construction in Berlin (Germany) [1].
The injection into the storage ring is done by afull energy
booster [2]. Both rings have tight tolerances for magnetic
field and alignment errors to achive good performance. A
discussion of the effects of alignment errorsfor the storage
ring was given in [3]. Disturbing effects of magnetic field
imperfections on the machine optics are unavoidable, how-
ever, they can be lowered if these errors are known and the
magnets are placed into the ring dependent on their field
defects.

A scheme of constructing cost functions is presented
here, for a quantitative description of these disturbing ef-
fects due to dipole, quadrupole and sextupole field errors
[4]. A sorting method, based on simulated annealing [5],
which minimizes the beam distortion is then applied. In
caseof sextupoleerrors, anew schemeof constructing acost
function issuggested, based on Collinsdistortionfunctions
[6], which leads to an improved dynamical aperture.

There are many publications on this subject, however,
most of the work discussed here goes back to the paper by
E.D. Courant and H.S. Snyder [ 7], where aderivation of the
basic formulaeis given.

2 THE COST FUNCTIONS

The magnet errors discussed here are expressed as devia
tions of the integrated field strength from the design value,
within the frame of the hard edge model. Each magnet is
characterized by its design value and the integrated field
strength deviation located as a kick k in the center of the
magnet. A vector & is built up, which contains the mag-
net errors in a specified sequence § = (kiy o kiy o k)
dependent on their position in the ring. For each magnet
type (dipole, quadrupole, sextupole) the sorting is donein-
dependently, all definitionswhich are given belong only to
a specific group.

A cost function W was devel oped and used to compare
different permutations of the given error set. Thisfunction
was used in the optimization by the method of simulated
annealing.

The cost function is built up, described by a vector W
with two components (A, B), which are constructed for
each type of magnet differently. Thisvector istransformed
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around the ring. A kick k acts only on the A-component.
Between the kicks W issi mply rotated with an appropriate
phase advance, changing A and B but preserving itslength.
Depending on the phase value a kick increases or decreases
thelength W of thevector. Atagiven observation point, W
isgivenby v/ A2 + B2, dependent on the distribution of all
other errors. For afixed error distribution, I is changing
around the ring at each kick. One observation point per
kick is sufficient because of the invariant character of V.
Theindividua W values are sumed up by an rms averaging
to asingle number W; thisisthe value of the cost function
of a specific error distribution. By permutation of the error
distribution anew cost functionisobtained. Thegoal is, to
permute the errors and to minimize the cost function.

The vector components (4;, B;) at different observation
pointsi are linearly related to the error vector by a matrix
T. Combining them in a common vector yields:

((A1,B1), ....(A, By), ..., (AN, By)) =T &

In afast computer simulation only the error distribution of
5is permuted to obtain the new (A4, B;) vectors, whilethe
matrix stays unchanged. The matrix is dependent on the
linear optics and the magnet type. From these vectors, the
new cost function WV is extracted.

2.1 TheDipole Cost Function

Dipole errors cause closed orbit deformations. The kick
strength £; is defined as the difference between the mea-
sured and designed dipole bending angle §; — 6, of the i'"
dipole. Theclosed orbitiskicked by thiserror and oscill ates
in aclosed loop around the ring.

A single kick k and the disturbed closed orbit vector
Zeo = (#,2") arerelated by the one turn transfer matrix of
the ring. The amplitude of the closed orbit is given by

v = k/2y/BF; cos(6/2 — |Av])/sin(6/2),

where 2 and 3; are the beta functions at the observation
point and the kick position, ¢ is the phase advance around
the ring and A+ is the distance between the kick position
and the observation point.

Using thelinear transfer propertiesof thering, the vector
¥., can be calculated at any other position. Severa kicks
at different locations are added by superposition to get the
resulting closed orbit (x;, #}) a any position. The vector
(A;, B;) isthen constructed by using the local Twiss pa



rameters (5;, «;):

Ai = (ovizi + Bix}) /NGB, Bi =i/ /B

and for the dipole case W is the Courant-Snyder invariant
of the closed orbit oscillation. Minimizingthistype of cost
function leads to small amplitudes and slopes of the closed
orbit oscillation.

2.2 The Quadrupole Cost Function

Focussing errors of quadrupoles are responsible for a beat-
ing of the beta function. The difference k; = ¢; — go
between the measured integrated focussing strength and
its designed value is located as a kick in the quadrupole
center, which generates the distortion Ag = 5 — 3, and
Ao = o — ag Of the Twiss parameters. The resulting beta
function distortion is oscillating with twice the betatron
phase around thering.

Applyingamatrix approach, an additional focussingkick
in the quadrupole yields a distorted matrix, which can be
expressed in terms of the undistorted one. The distorted
beta functionis given by (and similar for the a-function):

AB/By = =Pk cos(2 |AY| — ¢)/(2sin ¢).

Superposing the effects of focussing errors in different
quadrupoles, the distortions of the Twiss functions can be
calculated. The vector (A, B) isnow constructed by:

A = (afy — aof)/VBB, B= (8- 50)/VBb,

as given in [8] for chromatic focussing errors of
quadrupoles. The cost function is composed as the rms-
value obtained from the vertical and horizontal plane.

2.3 The Sextupole Cost Function

In the case of the storage ring, the effect of sextupole field
errors is minimized. As a new approach, a cost function
based on the distortion functions introduced by T. Collins
is suggested. There are 5 distortion functions, describing
nonlinear effects of sextupoles, givenin hisnotationas B,
Bs, By, By, B and Ay, As, A, A4, A, where the 4,,
functions are derivatives of the B,,, functions. For a sin-
gle sextupole, a distance A,,, avay from the observation
point, these functions are of the type

B = sm cos(|Athm| — ¢m/2)/(8sin(¢m /2)),

where the index m indicates one of the five functions. The
sextupole strength s,,, and the phase advance ¢,,, around
thering are scaled in an appropriate way.

The definition of the distortion functionsis not fully re-
peated here, only the steps how to use them to construct
cost functions. The functions has to be caculated twice,
using sextupoles at their design values and including the
errors. The difference (A, — A0, Bm — Bm o) iSnow

the vector (A, B) which isused to calculate the cost func-
tion, its length is conserved between adjacent kicks. The
rms value of the length calculated around the ring and the
rms value of all five functions yields the value of the cost
function. Minimizing the cost function by sextupole error
permutation reduces the nonlinear beam mismatch, on the
level of theapproximationvalid for thedistortionfunctions.

3 SIMULATED ANNEALING

The cost function W defined as discussed above, does not
show a minimum, which can be reached by a gradient like
approach. For N magnets all possible permutations are
growingwith (N —1)!/2. A computer simulation checking
all possible cases would be too time consuming.

The method of simulated annealing is typically applied
for these kinds of problems to find a solution close to the
minimum in acceptable time.

For a given error vector 50 the value of the cost function
W, is calculated and compared with the cost function of a
permutated error set. The new permutationisaobtainedfrom
the previousone by some few, well defined steps. First, one
indicates in the given error vector, a sequence of elements
by randomly choosen start and end elements. Second, this
string is moved to a randomly choosen position inside the
error vector, or alternatly, is simply reversed. With this
new error vector, a new value of the cost function WV is
calcul ated.

If the new distribution resultsin asmaller cost function,
it is taken as a new reference 50. Also, in case the new
cost functionislarger and differsby an amount W — W, =
AW> 0, thisdistributionwill betaken asthenew reference,
if e=2W/T jsabove agiven (randomly choosen) threshold.
Here T' serves as a temperature like parameter, which is
lowered with increasing number of permutations.

In thisway one scans the values of the cost functionsin
the vicinity of the present reference point but avoids being
trapped in alocal minimum. The resulting solution of the
cost functionisnot necessary thesmallest one, butitisclose
to the minimum. As a comparison, the same agorithmis
used to find the worst case yielding a large cost function.
The differences between the worst and best solution is a
measure of the gain which is achivable with the sorting.

4 RESULTS

Measured magnetic field defects [9] of the booster dipoles
and quadrupolesare used for thesimulation. For thestorage
ring magnets, the errors are not yet available, but they are
simulated by a Gaussian error distribution.

Results of sorting the dipoles of the BESSY |l booster
synchrotron are presented infig. 1. The best and worst case
scenarios are displayed. The rms-error of the integrated
dipole strength was measured as (A0/0),ms = 1.7/10%
For the storage ring, a calculation with simulated errors
of (A0/0),ms = 4.5/10* yieds a closed orbit oscillation



amplitude of up to 0.1 mm for the best case, growing to 4
mm for the worst case.

For the quadrupole sorting, the results of the booster is
shown in fig.2, based on measured values (Ag/g¢)rms =
2.5/10%. The simulation for the storage ring scenario used
focussing errors of (Ag/g)rms = 1/103. A beta beating
Ap/ 3 for the minimized case of 5 % was achived, whereas
the worst case was 6 times larger.

Optimizingthedistribution of integrated sextupole errors
of the storage ring resulted in a clear enlargement of the
dynamical aperture, asshowninfig.3. Thetrackingisbased
on 1000 turns, nominal particle momentum, no additional
errors are activated and no insertion devices are included.
This simulation is based on expected integrated sextupole
errors of (Am/m)yms = 1/10%
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Figure 1: Best and worst case of the closed orbit ampli-
tude along the the booster synchrotron circumference. The
vertical axisisthe oscillation amplitudein units of [mm].
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Figure 2: Best and worst case of the beating of the beta
function along the booster synchrotron circumference. The
vertical axisisthe oscillation of A3/ 3 in %.
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Figure 3: Best and worst case of the BESSY |1 storagering
dynamica aperture based on simulated sextupole errors.
The vertical (horizontal) axis is the vertical (horizonta)
size of the dynamical aperturein [cm].
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