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Abstract COMFORT][8] program, and the measured orbit response

The Orbit Response Matrix method is applied to eXperir_natrices, with% running over all the data points which

mentally determine the Cooler ring optics at the Indiangquals to the multiplication of the number of steering mag-

University Cyclotron Facility (UCF). We have carried out ne:z dvaglfh(/jl ?rc])qséhli neulgnbirczf :CIT'\;: u?dﬁtsrt?) z]'?feel;ent
two experiments in Oct. and Nov. 1996 to measure th u ' vels whi Welg .

orbit response of the IUCF Cooler Ring. An analysis soft; PMs; z,,'s are the parameters varied to minimize the dif- .
ference between the model and measured response matrix

ware was adopted from the NSLS, BNL[1]. In our analy ich can be quadrupole strengths, corrector strengths, the
sis, strength error in quadrupoles and steering dipoles, a . . ) ! i k
9 g P gdip M gains, or dispersion correction. Note thatis deter-

amplifier gain in BPMs are included as fitting parameters; . . . : . .
However, effects of the linear and non-linear coupling argmned by measuring the orbit many times without changing

excluded in our preliminary analysis. Since the resolu'[ioﬁny corrector strengths. The to be minimized is given

of our BPM system is of the order of 1am, we will ad- V2
dress the effect of BPM resolution on the applicability of = Z _’; (3)
the orbit response matrix method in proton storage rings. % i
By iteratively solving linear Egs. 2, thg? can be mini-
mized and a fitted model can be obtained.
Orbit response matrix method has been applied to mea-The IUCF Cooler is a proton storage ring with elec-
sure and to calibrate the linear optics in electron storageon cooling. The ring’s circumference is about 86.80 m.
rings for many years[2, 3, 4, 5, 6]. The method can bé unique feature of the Cooler ring is a straight section
used to calibrate the strength and the roll of magnets sugtith electron cooling, which can greatly reduce the pro-
as quadrupoles and orbit steerer, or gain factor and rdathn beam’s momentum spread. There are many multiply
of beam position monitorsBPMs). In the IUCF Cooler linked orbit steering magnets in the cooling section in or-
ring, from time to time we encountered difficulty on tuningder to maintain the proton beam closed orbit as well as
beam due to unknown device calibration error. Therefor® confine the cooling electron beam in the cooling sec-
we would like to apply the orbit response matrix method téion. To avoid much complication, we excluded those
calibrate the Cooler ring. This would be the first test of orsteering magnets in our fitting program. In our analysis,
bit response matrix in a proton storage ring, although thetbere are 36 quadrupole magnets, 2 horizontal and 15 ver-
is no fundamental difference between an electron ring anital steering magnets, and 19 horizontal and 17 vertical
a proton ring as far as the method concerning. BPMs. We varied the steering magnets one by one and
The response matrix is defined as recorded all the BPM data. Thus the number of data points
is (194 17) x (2 + 15) = 612.

1 INTRODUCTION

Xi = M;;0;,

whereM is either the measured or model response matrix, 2 ORBIT RESPONSE EXPERIMENT

0 is the vector of changes in steering magnet strengths, apgy or analysis, we exclude any linear and nonlinear cou-
i et he i shange e sl i s S cspors i o st o
. p 90 to 100 ms depending on the precision requirement. Our

minimize the difference between the measured and modglperiment was set at 50 ms for each BPM and a total of

matrices Mmeas aNdMmod, respectively. To performthe 5 ¢ tor BPM data taking in one Cooler cycle. The BPM
minimization we define a vectdr as resolution is aboud.01 ~ 0.04 mm.

dVi /oy Before we started taking orbit response data, the linear
VieJor = mﬁxmv (2) betatron coupling in the ring had to be minimized[9, 10],
where the beam is kicked in one direction and tuned to min-
where Vi = [Mmod,; — Mmeas,;| is the difference jmize the observed motion in the orthogonal plane. This
between the model calculated from either MAD[7] oreffect can be maximized if the X and Y tunes are close to
* also at National Tsing Hua University, Taiwan each other. We used a spectrum analyzer to observe the
t Fermilab, P.O. Box 500, Batavia, IL 60510 beating oscillations due to the linear betatron coupling fol-
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lowing either a horizontal or a vertical kick. The linear cou- 3 DATA ANALYSIS AND RESULTS
pling resonance can be corrected by maximizing the beat

period of the transverse oscillations using a pair of skelyOr the parameters to fit, there are 36 quadrupole gradients,
quadrupoles. 19 horizontal and 17 vertical BPM gains, 2 horizontal and

However, in this experiment, there was still a non-15 vertical steering magnet strengths, anj7p’s for the

negligible linear coupling in the ring. This linear coupling2 horizontal steering magnets. To sum up the above param-

. . ; Fters, we then have a total of 91 parameters to fit.
effect would contribute to systematic error. A horizonta A computer program calledOCO (Linear Optics from
closed orbit plot following a vertical kick is shown in Fig.1. . -
P wingavert IcKt wning Closed Orbit) was adopted from the NSLS, BNL. Origi-

nally we tried to fit the quadrupole gradients first. How-
—_— ever, because the quadrupole gradients are nonlinear and
A o 7 the number of quadrupole gradients (36) is too large, it is
1 very difficult to find a converged solution in the fitting rou-
00 -2 —° 1 tine efficiently. Therefore, the fitting strategy we used was
I o © o ] to fit only the 17 steering magnet strengths first; after the
° 1 program converged, added the 19 horizontal BPM gain fac-
tors; once it done, then included the 17 vertical BPM gain
7 ] factors; then added the energy correction for the 2 horizon-
04 - = tal steering magnets; and finally included the 36 quadrupole
i gradients. The? for each step is listed in Table 1.
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Distance (m) Table 1: The Orbit Response fitting results.
Figure 1: Horizontal closed orbit displacement after a verti- Fit Parameters Included X
cal kick after linear coupling minimization. The large non- 2 horizontal and 15 vertical kickers | ~ 9500
zero data shows there is still a significant coupling effect. 2 horizontal, 15 vertical kickers
and 19 horizontal BPMs ~ 9400
In the data analysis, the orbit response is assumed to fjje 2 horizontal, 15 vertical kickers,
in a linear range. Thus the next step is to check the linea 19 horizontal and 17 vertical BPMs | ~ 1300
ity of the kicking strength for each kicker versus the orbit 2 horizontal, 15 vertical kickers,
response. Fig. 2 shows a typical vertical closed orbit versuss 19 horizontal, 17 vertical BPMs
steering magnet strength in a higlsection. and 2 horizontal kicker energy corrections~ 1300
2 horizontal, 15 vertical kickers,
N e N I 19 horizontal, 17 vertical BPMs,
5 7 2 horizontal kicker energy corrections
3 and 36 quadrupole gradients ~ 360
0 — —
g 6 The best fit to both vertical and horizontal closed orbit
VS L 1 for a typical steering magnet is shown in Fig. 3 and Fig. 4,
> respectively. Although for some steering magnets there are
field clamps on and thus quadrupole effect appearing, we
were still able to calibrate the vertical steering magnet field
’”’TO\S‘ S S ‘T strength to about 10% of accuracy. For the best fit, the ver-

tical closed orbit error is within a standard deviation. How-
ever, because there are only 2 horizontal steering magnets
Figure 2: Vertical closed orbit displacement vs. steeringicluded in the analysis, the horizontal fit result is not con-
magnet strength. The solid line is a fit. Clusive.
According to our fit result, we did point out a vertical

For each run, we set the Cooler cycle time to about 103teering magnet’s wrong field strengths by more than 50%.
and took 10 consecutive orbit measurements for each steéhis was proved by measuring the current out of the power
ing magnet strength, and averaged over the 10 readoutssigpply and the distance between the kicker pole tips.
get one BPM closed orbit data. Because of the ring insta- A difficulty of operating the IUCF Cooler ring is that the
bility, we could only calculate each BPM noise level bybeam would not be stored without several sextupole mag-
averaging over about 10 repeated runs. The noise level oéts on. This means that we are not able to fit the nor-
BPMs ranges from 0.03 to 0.1 mm. mal quadrupole gradients without sextupole components.
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Figure 3: The model and measured vertical closed orbiigure 4: The model and measured horizontal closed orbit
displacement before (top) and after (bottom) fit. The solidisplacement before (top) and after (bottom) fit. The solid
lines are calculated model using COMFORT. lines are calculated model using COMFORT.
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