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Abstract As an example the distortion of the vertical closed
orbit, y(s), due to the variation of the strength of quadru-

The theoretical background for the beam-basedole magnets is calculated. This can be done most

allg_nment is presente_d. It is shown that the shift of thf%’lrectly using the solutions of the equation of
orbit, as the focussing strength of one quadrupole . i

X : otion[3]:
magnet is changed, can be described by the perturbecm)y(s) + K(S) (9 = p(9
unperturbed linear lattice parameters. This has beén YolS) =By
applied to check the longterm stability of the closed orbj,(s) is the distribution of dipole or kick perturbations
with respect to the axes of the magnets, to redefine theound the ring. If the focussing strength is modified the
zero readings of the standard beam position monitorgpsed orbit will change tg,(s) = y,(s) + Ay(s) and the
and to align the beam to the center of the quadrupodguation for the shift of the closed orbit becomes:

magnets at BESSY. AY'(9) + [K(9) + AK(S)] - AY(9) = ~AK(S) - Y(9)

1 INTRODUCTION T_h_is is identi(_:al to the first equation except for the
modified focussing termK(s)+AK(s). As has been
Beam-based position measurement and alignmepbinted out before[4] the distortion of the closed orbit,
techniques have been used for quite some time &f(s) is nothing but the superposition of the effects of
BESSY[1]. In the measurements the focussing strengffe gistributed dipole perturbations, given byK(s) -

of quaglrupc_)le magnets is changed. The resulting clos (as), calculated with the optics perturbed AK(s).
orbit distortions are observed and analysed to yield the A similar result is obtained in the horizontal plane. In

original offsets of the beam with respect to the axes %ﬁ ctron storage rings, however, the difference orbit,

the magnets. The theoretical background and the appliggks) contains an additional contribution from the
experimental techniques are explained. '

The results are used either to verify the Iongternq'SperS'on’n(S)' At a location, 5 with non-zero dis-

stability of the closed orbit relative to the magnets or tBers'On'_”(So)’ the h_orl_zontal Kick.0,, ha_s to be ac-
perform beam-based alignment in order to improve thcﬁ)mpan'ed by a variation of the energy in order to keep
performance of the storage ring. Usually the standafge Pathiength of the closed orbit constant. The energy
beam position monitors (BPMsire based on pickup Shift 1S given by:AE=-0,-7(s)/(e-C) with the — mo-
electrodes and some kind of RF processing electronid§€Nntum compaction factos;, and the circumference,
They suffer from drifts of the various components If @ single quadrupole magnet with the lengthat
involved, like motion of the sensor heads, changinf€ locations, is varied byAK(s) and if the thin lens
attenuation of the cables or drifts of the electronics. Iapproximation is used, the small kicks experienced by
this respect the measurement of the beam positi(ﬂﬁﬁ beam in the horizontal and in the vertical plane are
relative to the magnets is very valuable for checking tHgiven by: 80 =AK(s)-L;%,(s), andd6,=-AK(s)-L,Y,(S)-
stability of the RFBPMs or calibrating their zero The resulting shifts of the orbit can be described with
readings. Centering the position of the beam inside ttieese dipole kicks, the perturbed optics parameters, and
quadrupole magnets by beam-based alignment helpswih the well known formula for the orbit distortion by a
achieve the ultimate performance in terms of highlipole kick[3].

brilliance because the coupling and thus the vertical  Alternatively, the unperturbed linear lattice

beam size are reduced. functions can be used in this formula. This is an
advantage for on-line calculations since only the original
2 THEORETICAL BACKGROUND Twiss parameters have to be known. In this case the

- . horizontal and vertical kicks change to:
The variation of the focussing strength of quadrupole

magnets leads to distortions of the closed orbit unless the 5g° = Ax(s,) (L. DCO(SO)SI_COS@@T@O )@,
position of the beam lies on the magnetic axes of these R (1-cos(2m@;)) @,
magnets. This fact has been and is used widely to l—cos(ZDhBQy))
determine the beam position relative to the quadrupole 6! = -AK(s,)[L, [yo(so)% 2

magnets[2]. The orbit distortions can be described by 1-cos(2 (D))

kicks at the locations of the quadrupole magnets. Thsq the modified momentum compaction factey, can

effect of the kicks can be expressed in terms of thes cqiculated from the perturbatiark(s,)-L,, and the
perturbed linear lattice parameters.




unperturbed parameters: It should be noted that this accuracy is achieved

1-cos(2 Gt [OF without moving the beam to the center of the magnet.

) 2moy) , _ :

a, =0, +n, (s,) [AK(s, ) L, s 2 D)) with State of the art BPM systems achieve accuracies of
! better than m for relative measurements. Under these

(l—cos(zﬁr@g'y)) _ tan(r [0)) circumstances the uncertainty for the beam position will

be dominated by the quality of the linear model for the
storage ring. Obviously, centering the beam inside the

Qis the tunegis the beta function, and the index 0 or 1Magnet with local bumps is always possible with an
indicates unperturbed or perturbed parameter. THRgcuracy given roughly by the resolution divided by two

derivation is very lengthy and tedious so only the finzﬁ'i(imesI the root of the_ ””‘.“ber of BP.MS' In this case
results have been given. nowledge of the optics is not required, however, in

order to get absolute beam positions the excursion inside

2 BEAM-BASED POSITION Tleé](k])ump has to be known quite accurately.
MEASUREMENTS #

At the synchrotron radiation light source BESSY le(s)
the closed orbit is measured by means of 16 RF be¢
position monitors (BPM). Usually the stability of the
BPM systemcan be trusted. In addition the orbit 1001
regularly cross checked by the experiments at a fe.. 0 _ 5 30m
beamlines around the ring with scanning wires, opticé'_l'gwe{ 1 Mgasured (circles) and fitted (solid line) closed
imaging systems, or blade monitors. A correspondin rbit distortion created by a small gradient variation in
number of target positions for the vertical and horizontd'@ quadrupole magnet marked in black.
plane represent the “golden” orbit which has evolved | individual magnets can not be varied one could
over the years from the balance between user agfange the strength of a family of quadrupole magnets
machine requirements. The actual closed orbit igng use the linear superposition of the effects of small
adjusted according to the 16 readings of the BFMS.  kicks in order to obtain the offsets in individual magnets.
A few years ago the additional hardware was installed {§ most cases there are more locations at which the
vary the strength of individual quadrupole and sextupOl§osition of the beam can be measured than there are
magnets. The system is used from time to time in ordgfagnets in a family. For example in light sources of the
to check the long term stability of the orbit with respecfyjrg generation the quadrupole magnets in straight
to the axes of quadrupole magnets. Therefore, a fast afitttions, adjacent to insertion devices, are grouped in
simple, never the less rather accurate technique has b?ﬁlﬂs_ This allows for the local compensation of some of
developed for the measurement of the closed orlie focussing errors introduced by the insertions. In this
relative to the quadrupole magnets without having t@ase additional hardware is not required. At BESSY II[5]
center the beam. . _ this corresponds to more than 50% aif quadrupole

_ The measurements are done in the following Wayhagnets. In general, the kicks from quadrupoles are
First the orbit is measured with 16 BPMs and with 1 gifficult to separate if the phase advance between the

optical imaging system. The focussing strength of on@agnets is small. This can cause severe problems if the
quadrupole magnet is changed by a known amount apfear optics model is imperfect.

the orbit is measured again. This is done by the
computer for all 36 quadrupole magnetsBESSY | Table 1.

within 30 minutes. The difference orbits are now fittedyrizontal offsets. Ax. measured by changing the

by a kick perturbation at the location of thefocyssing strength of individual magnets or varying a
corresponding magnet and from the kick the position 95mily of 4 magnets.

(1-cos2m D)) tan(m [Q) J—r% [B;” [AK(s, ) L, |

Fhe bez_am relative to the center of the quadrupole magnet quadrupole Ax[mm] AX[mm]
is obtained. The unperturbed linear lattice parameters|are magnet (individual (family of 4
used so that the optics has to be calculated only once. A magnets) magnets)
typical result is shown in Fig.1. The marked quadrupgle QUA18R 1.34 1.34
magnet was changed y=.018 m" and the resulting QUA21R +1.52 +1.40
difference orbit together with the fit is displayed. At QUA38R +0.67 +0.73
BESSY | shifts of the beam position can be measured QUA41R +0.05 -0.01

with an accuracy ok10 pm. This together with the
imperfect knowledge of the optics leads to a final Ag 5 test the focussing strength of a quadrupole

relative uncertainty of the I_Jeam position inside th(f"amily of 4 magnets was changed and the shift of the
quadrupole magnet of approximately 1% or 10 w20 ¢jnsad orbit was measured at 17 locations. Now the fit of



the difference orbit was done with 4 free parameters aitl.5 mm
the perturbed lattice parameters. Considering the sm
number of measurements and the limitations of th
optics model, the uncertainty for the offsets inside th
individual magnets is rather small. The results given i
Table 1 agree to better than 0.15 mm with th
measurements done by varying the fields locally.

3 BEAM-BASED ALIGNMENT -1.5 mm

0
Fig. 2 shows the development of the “golden*” orbit inrigure: 3 Corrected vertical and horizontal orbit in the
the vertical plane measured relative to the magnetic axggadrupole magnets (top and bottom).

of the 36 quadrupole magnets from September 1994 to
May 1996 (dots). To guide the eye the individual
measurements have been connected by straight lines. 4 CONCLUSIONS

Over this period of time only some of the changes were At BESSY | the position of the beam with respect to
intended others have to be attributed to undesired driftse axes of quadrupole magnets is measured only by
changing the quadrupole strength without using
additional orbit bumps. The analysis is done with the
unperturbed Twiss parameters. This can be done with
high accuracy by varying single magnets and with
reduced precision but without additional hardware by
changing families of magnets. The results have been
used to check the stability and to define the zero

_ 0 K ) 50 m _calibration of the RFBPMs and to centethe beam
Figure: 2 The “golden” vertical orbits as measured withside the quadrupole magnets.

respect to the axes of the quadrupole magnets in 1994
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additional magnets[6] were misaligned similar to what Workshdp 1996, Argonne, lllinous, May 1996, and

was found at MAX[7]. references therein, to be published
In the horizontal plane another approach for the orbit
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offsets inside the quadrupole magnets. The result of - Kramer, et al., "Status of the High Brilliance
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