ALGORITHMSTO GET A CIRCULATING BEAM

André Verdier, Frank Richard
CERN CH1211 Geneva 23

Abstract

Two algorithmsbased of tragjectory fitting have been used to ob-
tain rapidly a circulating beam in LEP with strong focusing | at-
tices.

A new agorithm called “orbit closure” uses the beam posi-
tions measured at the first and the second turn. From their dif-
ference, it computes two corrector strengths per plane such that
the second turn passes at the same place asthefirst turn at about
ten BPM locations. This produces a closed orbit amplitude with
anr.m.s. value close to that of thefirst turn trgjectory.

A new 'first turn threader’ has been tried. It detects places
where an oscillation with an r.m.s. amplitude larger than a speci-
fied value starts, and computes two corrector strengthsto cancel
it. By iterating this process, it should be possible to correct by
steps thefirst turntrajectory so that itsr.m.s. amplitudeis below
a specified value.

The orbit closure has been applied with success to avery low
emittance lattice (135° in the horizontal plane) in LER.

|. The principles

These algorithmsare based on thefittingmethod. Thismethod
assumes that the linear optics of the machine is well known. It
relies on the description of betatron oscillationswith an expres-
sion like:

B; cos(pi) + b/ Bi sin(pi) + ¢+

Yi = a

where y; stands for the 7' measurement of the beam position,
B; and p; for the corresponding TWISS parameters and ; for a
realization of a null-mean additive noise. Given this definition
of 7;, we must put in the equation the average of the noisewhich
is ¢. This parameter can be interpreted also as an offset of the
measurements.

Thevalues of a, b and ¢, are computed by means of the | east-
squares agorithm. In fact what is interesting is not the values
of a, b or ¢ themselves, but how relevant is the fit, i.e. whether
the measurements follow abetatron oscill ation or not. To answer
thisquestion, theresidua £, of thefit donewithn measurements
iscomputed. Itsexpressionis:

i=1

yi)2

where y; isthe estimation of y; obtained once the constants a, b
and ¢ have been computed.

A very important feature of thefittingmethod isthe possibility
to discard the measurements considered as bad, i.e. those such
that |y; — y;| islarger than a certain number of standard devia-
tions. Usually this number is between two and three as we dis-
card measurements because they are at the edge of anormal dis-
tribution of random variables. Note that the best estimate of the

standard deviationis F,,. Once the bad measurements have been
discarded, the computation is remade until no measurement is
considered as bad.

I1. Orbit closure
A. Thealgorithm

Thefirst step for operating a circular machine isto get afirst
turn. However thisusually does not guaranty that the beam cir-
cul ates because the closed orbit distortionmay betoolarge. Fur-
thermore, in the case of strong focusing lattices, the chromatic-
ity sextupoles are strong because the dispersionis small and this
makes large anharmonicities which can make a linear instabil-
ity if one of the tunes comes closeto an integer. This may well
happen for aclosed orbit distortionwhich would not prevent the
beam to circulate with awesk focusing lattice. Thisis precisey
the case where the orbit closure algorithm is the most useful .

When a first turn is obtained in a machine, the beam posi-
tion can be measured at several places close to the point where
it enters the machine, both during the first and the second turn.
Then the fitting method is applied to the difference between
these beam positions, and this difference is canceled out with
two closed orbit correctorsin each plane. Onceit is made small
enough, it is possible to obtain a circul ating beam.

Practically twenty positions are measured downstream of the
place where the injected beam enters LEP. After elimination of
wrong measurements, only ten which are considered good from
thefitting of the difference between first and second turn are kept
for thecomputation. Itisworth noting that the BPM’swhich suf-
fer from amere offset are not considered as bad usually.

B. Experience with a strong focusing lattice

An illuminating example of the efficiency of the closure a-
gorithm is provided by a machine experiment done with alow-
emittance lattice in LEP. The LEP machine at CERN is made
from eight arc, each containing thirty FODO cell with dipoles
and sextupol es, and eight insertions which contain only dipoles
and quadrupoles. The super-periodicity isfour. All thenonlinear
elements (sextupoles) areinthearc cells. Low-emittancelattices
have been envisaged for LEP as a mean to increase the luminos-
ity a low current [1]. In one of these lattices, which was found
to be difficult to operate, the arc FODO cells have an horizontal
phase advance of 135° and avertical phase advance of 60°. The
horizontal tuneis125.28 and thevertical tuneis75.18. Giventhe
machi ne super-periodicity, such tunes guaranty that no problem
is expected from the non-linear chromaticity [4].

During year 1993, two eight hoursshifts had been donewhere
no circulating beam was obtained. This led us to an extensive
analysis of the problems associated with this lattice in order to
understand why it was so difficult. A report onthisstudy isavail-
able [2] and some of the results concerning this lattice can be
found at this conference [1]. One interesting outcome of this



study was that it is not possible to correct both third order reso-
nances and horizontal anharmonicity. It was felt that it was eas-
ier totry to cope with the anharmonicity than with thethird order
resonances. The horizontal anharmonicity, i.e. the derivative of
the horizonta tune with respect to the horizontal emittance, has
avalueof - 1.6 x 105m~! for the lattice under consideration.
For anr.m.s. closed orbit amplitude of 4mm at the BPM’swhere
(. s about 10m, the associated emittance is about 1.6urad.m,
which makes an associated horizontal tune-shiftis-0.26. Asthe
fractional part of the horizontal tune of our machineis0.28, we
see that abadly corrected closed orbit can easily lead to an hori-
zontal instability dueto thefact that the horizontal tune becomes
aninteger. In practiceit can be observed that the horizontal tune,
estimated from aFourier analysisof several turnsmeasurements,
wanders considerably depending on the corrections applied to
thefirst turn trgjectory.

In the successful experiment, a great care was taken first to
correct the first turn trgjectory so that itsr.m.s. value was be-
tween 3 and 2mm. This took about five hours and this is why
a more powerful algorithm, described in the next section, was
studied. When thefirst turn was corrected, theorbit closurealgo-
rithmwas applied but no circul ating beam was obtai ned although
the goal wasnot far, according to the signal of the RF pick-upin-
dicating that some particles were trapped in the RF buckets for
several turns. It took us some timeto redlize that in fact correc-
tor increments of the order of 10u:.rad had to be applied. Indeed
usualy closed orbit corrections of thisimportance are not vita
asakick of 10urad at aplace where 3, is10mmakes aclosed or-
bit distortion of lessthan 0.1mm if the fractiona part of the tune
iscloseto 0.3. In the present case, if thefirst turn trajectory has
an rm.s. amplitude above 3mm, the horizontal anharmonicity
bringsthe horizontal tune close to an integer, which in turn am-
plifiesthe closed orbit distortion dueto thissmall kick an makes
the betatron oscillations unstable.

I11. First turn threader
A. Why a new threader?

A new algorithm is in the process of being developed. In
fact thereis already a usable facility in LEP, but it is extremely
lengthy to make a small r.m.s. oscillation amplitude. In order to
develop more easily strong focusing lattices, a faster automatic
algorithm, which produces a first turn trgjectory with an r.m.s.
deviation as small as possible, is needed as mentioned above.

Beforeafirst turnisdone, theinjected beam is steered as well
aspossible, so that its oscillationamplitudejust after itsentrance
in the machine can be reduced to some tenths of millimeters.
However as soon as it encounters field defects, the oscillation
amplitude increases and the beam is eventually lost.

The idea underlying the new threader was to detect these
growing oscillationsand to correct them one after the other using
asingletrajectory measurement. In this process, after a correc-
tion is computed, its contribution is subtracted from the tragjec-
tory measurement and the next correction is computed with the
corrected trgjectory. It isclear that, if thebeam islost inthefirst
turn, this can only be partially applied and this agorithmis not
valid close to the places where the beam islost. Theamwasin
fact to improve afirst turn trajectory from a full turn measure-

ment.

B. What has been achieved

Thefirst part of thenew processwasto establish asimpleago-
rithmto detect field defects. The algorithmissimilar tothat used
for the defect search from a closed orbit measurement [3], but
simpler. A fit of the measured tragjectory was done from the in-
jection point starting at each BPM and the residue of each fit was
computed. A threshold was set for these residues, above which
it was considered that a defect must be there.

Thislooks simple minded but in practice, it isnot possibleto
determine the location of discontinuitiesin the measured trajec-
tory by merely looking at thefirst large residue and deciding that
the defect liesclose to thelast BPM used to do thefit. It was no-
ticed that, instead of this, the detected defect was closeto thefirst
BPM used to do the fit. Asten BPM’s are used, this can make
quiteadifferenceinthelocation! Oncethelocation of adefect is
found, even approximately, two closed orbit correctors upstream
of the detected defect are chosen to cancel the downstream os-
cillation. This complete procedure which consists of identifying
defects and making correctionswasthe main outcome of thefirst
study of the agorithm in the LEP control system.

The next step of the algorithmwas to compute a correction for
several successive defects. After afirst defect has been found,
a correction is computed and its contribution to the oscillation
is subtracted from the measurements. Then the next defect is
sought and the process is iterated. Applying this in practice
shown us that it was not possibleto go further than about four
defects because the agorithm is linear and the machine is not.
Another complication came from the existence of theexperimen-
tal solenoidswhich make a coupling between the two oscillation
planes. Althoughthiscan be handled with aformalism based on
4x 4 transfer matrices, thisisnot yet availableinthe LEP control
system. Thustheonly possibilityisto enter the coupled sections
with very low oscillation amplitudes. Thiswas not done in the
program we used, therefore the a gorithm was not successful.

Neverthel essthetwo above conclusionsare aready extremely
useful to carry on a study on a fast threader for strong focusing
| attices.

V. Conclusion

Theorbit closure a gorithm, which was already recommended
for the LEP startupin 1989, proved to be extremely useful to ob-
tain acirculating beam with a very strongly focusing lattice.

Devising a fast threader algorithmis far from being an easy
task. Infact our study isonly at its starting stage and we arrived
already at useful recommendationsto develop it.
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