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Abstract the model and measured orbit response matridés  and

The measured response matrix giving the change in orbit]\gf”eas)' M 9
X2 _ Z ( meas,tj — mod,ij)
= 5 ,

beam position monitors (BPMs) with changes in steering mag-
net excitation can be used to accurately determine many im- ij i

portant parameters in a storage ring. Using the NSLS X-R@ihere the sum is over the 90 orbit steering magnets (51 hori-
Ring measured response matrix we have determined the gragtal and 39 vertical) and the 96 BPMs (48 horizontal and 48
ents in all 56 quadrupole magnets; the calibration of the steGgytical). The matrices include the coupling terms (i.e. the shift
ing magnets and BPMs; the rotational mis-alignments of thyertical orbit with horizontal steering magnets and horizon-
quadrupoles, steering magnets, and BPMs about the eleciigmy it shifts with vertical steering). The are the measured
beam direction; the longitudinal magnetic centers of the orbjtise jevels for the BPMs. The® minimization was achieved

steering magnets; and the transverse mis-alignments of the $KXteratively solving the linear system of equations,
tupoles. Random orbit measurement error of the BPMs prop-

agated to give 0.04% rms error in determination of individual dVi Ag (1)
guadrupole gradients and 0.4 mrad rms error in the determina- de, "

tion of quadrupole rotational alignment. Small variations of a . .
few parts in a thousand in the quadrupole gradients within whereVi, = (Mineas,ij = Mimoa,ij)/ o With k ranging from 1 to
individual family were resolved. The improved understandin%?o for the 8640 elements of the orbit response matrix.#the

of the X-Ray Ring has enabled us to better control the electr the parameters varied tom’”?as t0 Minoa. SolVing equa-.
beam size. tion 1 for Az, gives the change in the parameters to minimize

>~ Vi2 which is equivalent to %
The parameters varied to fif,, .5 t0 M,,,4 include each of
l. INTRODUCTION the gradientsin the 56 X-Ray Ring quadrupoles; the small gradi-

A precise understanding of the linear optics, including coNt in the dipole magnets; the gains of the 96 BPMs; the calibra-
pling, in a storage ring is critical to achieving maximum peflons of the 90 orbit steering magnets; and the rotational align-
formance. Recent results from Fermilab [Hijstrate the im- Ment of the quadrupoles, steering magnets, and BPMs. Also
portance of understanding and controlling coupling in collidfcluded in the fit is the energy shift associated with changing
ing beam machines. Careful coupling control will also be cr@ach orbit steering magnet. When a steering magnet strength is
cial in damping rings for linear colliders. In synchrotron lighfhanged, the total path length around the ring must stay constant
sources, minimization of coupling minimizes the vertical eleé0 keep the electron bunches in synchronism with the rf, so there
tron beam size and produces the brightest possible photon beigrAn energy shift of the stored beam with an associated shift in
Here we will present a method for experimentally determinirf§j€ closed orbit proportional to the dispersion.
the sources of coupling in a storage ring. A fourth parameter was varied for e_ach BPM. Thr_ee parame-

Previous work [2-7] has shown that itis possible to accuratefgS for each BPM were already mentioned: the horizontal gain,
derive the normal gradient distribution in a storage ring by anil® vertical gain, and the rotational alignment. By adding a
lyzing the orbit response matrix. In this paper this technique wifurth parameter we are varying all the possible parameters of
be extended to include a derivation of the skew gradient distf-\Wo-dimensional linear fit between the two signals from the
bution in the NSLS X-Ray Ring. The X-Ray Ring BPM systen8PM and the actual _hor!zonFaI and v_ert_lcal orbit. ThIS is neces-
permits fast, highly accurate measurement of the orbitmese  Sary; because there is 5|gn|f|can_t variation of thg linear mapping
matrix [8]. In less than one second, the orbit at all 48 horizont&P™M BPM to BPM. The BPMs in the X-Ray Ring were con-
and vertical BPMs is read 256 times and averaged. The resiiftcted by welding a disk with two pick-up electrodes to the top
is a reading of the orbit limited mostly by the 2:6n digital of the vacuum chamber and another such disk to the bottom of

resolution. These accurate orbitpesse measurements yieldh€ vacuum chamber. Due to the tolerances in this welding pro-
detailed information concerning the X-Ray Ring optics. cess, there is significant variation in the response of the BPMs.
The following gives the full linear transformation used in fitting

II. METHOD the orbit measurements for each BPM:

The MAD [9] accelerator optics modeling program was use £ \ _ 1 cosfl sinf e 9z
to calculate the model response matrix. The parameters in - —sinf  cosd Cc 1 dyy )

V1—C?
MAD model were varied to minimize the® deviation between . ) i
The four parameters varied for each BPM are horizontal gain

*Work performed under the auspices of the U.S. Department of Energy  (g.,), vertical gain §, ), rotation ¢), andC' which is a parameter

&
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associated with errors in the construction of the BPM in whiahith rf frequency to the model dispersion. The model dispersion
one diagonal pair of pick-up electrodes is closer together thianwell known from the quadrupole calibration, so the absolute
the other diagonal pair. gain calibration of the BPMs can be derived. The singularity

Even with the above parameters varied, the orbit responserotiV /d«,, was avoided by inverting the matrix using singu-
certain orbit steering magnets could not be fit to the BPM méar value decomposition (SVD) [10]. The SVD threshold was
surement noise level. The magnets with the poorest fit were #djusted to eliminate the one very small eigenvalue. The eigen-
ones closest to other ferromagnetic material in the ring. Thelue associated with the steering magnet/BPM degeneracy was
steering magnets have long end-fields. When they are locat&dimes smaller than the next smallest eigenvalue. That all the
near other ferromagnetic material, the end fields are clipped aitber eigenvalues were much larger indicates that there are no
the longitudinal magnetic center of the steering magnet is shiftether degeneracies it /d«,, (see [10]).
from its physical center. We varied the positions of the steeringThe easiest way to determine how much the fit parameters
magnets in the MAD model, so the fitting converged to give thary due to random errors in the measurements is simply to take
longitudinal magnetic centers of the magnets. As expected, many data sets, analyze each one separately, and see how much
found that the closer a steering magnet was to some other femariation there is between fit parameters for the different data
magnetic ring element, the more the fit for its magnetic centests. We measured the response matrix ten times, and fit a model
deviated from its measured physical center. With the correctiedeach regonse matrix. Then, foeach of the parameters we
longitudinal position, the model and measured responses agrexak the average over the ten data sets and calculated the rms
to about the noise level of the BPMs. variation from the average. The results are shown in table 1.

In all, 626 parameters were varied to fit the 8640 elements
in the X-Ray Ring response matrix. When the fit had corf@ble 1. These rms variations are the error bars on the fit param-
verged, the rms difference betwe#fy,.; and M,,.., was 1.2 €ters due to random orbit measurement errors.

wm which is primarily due to the digital accuracy (one bitis 2.5 Parameter rms variation
pm) of the BPM readings. The fit converged to values to each of quadrupole gradients 04 %
the 626 parameters. In the next sections we discuss how accy- quadrupole rotations 4 mrad
rately these parameters reflect the real gradients, rotations, and BPM gain .05 %
calibrations of the elements in the X-Ray Ring. BPM rotations 5 mrad
BPM C-parameter .0004
lll. ERROR ANALYSIS steering magnet calibration .05 %
Random errors on measured data, such as the random noige steering magnet rotations -8 mrad
on the orbit response matrix measurement, propogate in a pre- Steering magnet longitudinal centey 2 mm
dictable way to give well-defined error bars on fit parameters.| Steering magnet fractional energy shift 3.4E-7

Unknown systematic errors, on the other hand, propogate in un-

known ways, making it is difficult to determine the size of the The size of the error bars in table 1 is determined by the
error bars. Every effort was made to ensure that the difference . . : :
I-to-noise ratio of the orbit response matrix measurement.

. sign
between the model and measured response matrices conve&%%ga . . .
ecrease the error bars, the signal-to-noise must be increased.

to the noise level of the BPMs, because this ensures that th.? e : : . L
: . . . e size of the signal is the size of the orbit shifts when mea-
is no remaining systematic error in the model. If all 626 param-

eters were not included in the fit, the rms difference betwegHrmg the response matrix. Orbit shifts of .8 mm were used

. when measuring the 10 response matrices used for table 1. We
the model and measured response matrices would not have

con- . . oo
verged to 1.2um. The additional error would have been dua?SO measurgd response matn_ces with 1.6 mm rms o_rb|tsh|fts to
! . guble the signal to noise. With 1.6 mm rms orbit distortions,
to systematic error and would have contributed an unknown : :
owever, we could only fit/,,, .4 to M,,..5s to an rms difference
amount to the error bars. f1l.4 not the 1.2um with which we could fit the .8 mm
The number of data points, 8640, is much greater than R A, e :

number of parameters, 626, but this does not in itself guarantﬁn;es orbit distortions. This means there were systematic errorsin
e

. X . . e measurement, most likely due to nonlinearities in the BPM
that the solution is unique. One way to test for uniqueness is

look at the eigenvalues associated with the maifix,/dz,,, in ectronics. Thus BPM-electronics nonlinearities limit the size
v f the signal we can fit. Improved BPM electronics have been

equation 1. If this matrix IS smgular_, 't.V\."” hav_e e'.genvalue(sgeveloped [11], and will be available for orbit measurements in
equal to zero, and there will be an infinite region in parameter

. L - the future. The present limit on the noise of the orbit response

space over which the fit gives the minimy. In such a case, ; . L .
. L mgtnx measurement is the 2un digital resolution.

our fit parameters would have infinite error bars regardless o
how small the BPM noise is. There is actually one singularity in
dVy /dx,,, which is due to the fact that if all the steering magnet IV. RESULTS
calibrations and all the BPM gains were increased together, th&he error analysis showed that the fit parameters are very
response matrix would not change. This means that when adase to the real parameters in the X-Ray Ring. As discussed
lyzing the orbit response matrix data alone, only the relative calreviously [3], the fit quadrupole gradients agreed well with the
ibrations of the BPMs and steering magnets can be derived. Thagnetic measurements we were able to find. Also other mea-
absolute calibrations have infinite error bars. The absolute calired lattice parameters such as dispersion and tunes agreed well
brations, however, can be derived by comparing the shift in orbiith the MAD model the fitting generated.
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Table 2 shows the rms size of the fit rotations as well as the References

maximum rotations found. The BPM rotations are quite Iargm N.M. Gelfand, Coupling in the Tevatron, FERMILAB-TM-
due to the construction method described above. 1916. Dec. 1994 '

J. Safranek and M.J. Lee, Calibration of the X-Ray Ring

. . 2]
Table 2. This table shows the rms rotqtlons of the 46 Quadrupoles, BPMs, and Orbit Correctors Using the Mea-
guadrupoles, the 48 BPMs, and the 90 steering magnets. Also sured Orbit Response Matrix, AIP Conferencedesslings,
shown are the maximum rotations and the resolution with which Vol 315. 1994

we could determine the rotations. The resolutions come from E

ble 1 §] J. Safranek and M.J. Lee, Proceedings ofltd@4 European

Particle Accelerator Conference, pg27.

FIT ROTATIONS rms | maximum | resolution [4] W.J. Corbett, M.J. Lee and V. Ziemann, "A Fast Model-

qguadrupole 1.4 mrad| 3.6 mrad | .4 mrad Calibration Procedure for Storage Rings,” SLAC-PUB-
BPM 10 mrad | 31 mrad .5 mrad 6111, May, 1993.

steeringmagnet| 6mrad | 21 mrad | .8 mrad [5] M.J. Lee, Y. Zambre, W.J. Corbett, "Accelerator Simulation

Using Computers,” SLAC-PUB-5701A, 1991.
[6] S. Kamada, Proceedings of the Workshop on Non Linear
The first work that was a direct application of the better un- Dynamics in Particle Accelerator$994.

derstanding of the X-Ray Ring optics was the development [@] J. Bengtsson and M. Meddahi, Modeling of Beam Dynam-
a low emittance lattice [12]. The response matrix fit was done ics and Comparison with Measurements for the Advanced
using response matrices measured while the sextupole magnetd-ight Source, Proceedings of tli€94 European Particle
were turned off. We then turned on the sextupoles and remea- Accelerator Conference, d@21.
sured the response matrix. Starting with the MAD model whid8] R. Biscardi and J.W. Bittner,Switched Detector for Beam
was generated by fitting the response matrix with the sextupoles Position Monitor, Proeedings of thel989 IEEE Particle
off, we varied gradients in each sagble to fit the matrix mea-  Acclerator Conference, pg 1516.
sured with the sextupoles on. In this way we were able to deri® H. Grote,F.C. Iselin, The MAD Program, Version 8.1,
the gradients in each of the segbles due to horizontal orbit ~ CERN/SL/90-13, June 17, 1991.
offsets in the sextupoles. We then adjusted the strengths of fHe] W. Press, B. Flannery, S. Teukolsky, W. Vetterling,
quadrupoles adfent to the sexpoles in order to compensate ~ Numerical RecipgsCambridge, 1990.
for the sextupole gradients. Thus we were able to correct a latgé] R. Nawrocky, to be published.

break in periodicity of the dispersion, and reduce the horizontaR] J. Safranek, A Low Emittance Lattice for the X-Ray Ring,
emittance. these proceedings.

Another application of the results will be in the X-Ray Ring13] J- Safranek and S. Krinsky, Plans to Increase Source
coupling correction algorithm [13]. The coupling algorithm is ~ Brightness of NSLS X-Ray Ring, Proceedings of 93
limited by previously unknown corrector and BPM rotational ~Farticle Accelerator Conference, pg91.
misalignments. Now that these rotations are known, they will
be used to improve the coupling correction.

V. CONCLUSION

Analysis of the measured orbit response matrix has yielded
a great deal of detailed information concerning the X-Ray Ring
including the normal and skew gradients in each qupdie.
This information has already proven useful for lowering the hor-
izontal emittance. The BPM, steering magnet, and quadrupole
rotation information should improve the X-Ray Ring coupling
correction. The results from this analysis would be useful for
colliding beam storage rings and damping rings as well as syn-
chrotron light sources.

VI. ACKNOWLEDGEMENTS

| would like to thank Jeff Corbett, Sam Krinsky, and Mar-
tin Lee for stimulating discussions. Susila Ramamoorthy's im-
proved fast averaged orbit readings helped provide the accurate
orbit measurements necessary for this work. John Smith's help
providing cpu time for the lengthy calculations was appreciated,
as was Yong Tang's help integrating the program with the NSLS
control system. Thanks to Julie Leader for her patient editing.

2819



