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The Given Problem

Closed orbit correction

Start from the lattice of Exercise 3 and assume random misalignments of
the quadrupoles of r.m.s. 0.1 mm in the horizontal and 0.2 mm in the
vertical plane. Calculate the expected r.m.s. orbit and verify with
MAD-X. Add the necessary equipment to be able to correct the closed
orbit in both planes. Estimate first the maximum necessary strength of
the orbit correctors assuming a maximum quadrupole displacement of
1 mm. Use MAD-X to correct the orbit in both planes. What is the
effect of the correction on the dispersion? Now remove the correction
and repeat the exercise by adding a skew quadrupole. Power the skew
quadrupole until you start to see the coupling between the horizontal and
vertical orbits. Perform again the MAD-X orbit correction and compare
the results with the uncoupled case.
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Step Zero

Closed orbit correction

Start from the lattice of Exercise 3 and assume random misalignments of
the quadrupoles of r.m.s. 0.1 mm in the horizontal and 0.2 mm in the
vertical plane. Calculate the expected r.m.s. orbit and verify with
MAD-X. Add the necessary equipment to be able to correct the closed
orbit in both planes. Estimate first the maximum necessary strength of
the orbit correctors assuming a maximum quadrupole displacement of
1 mm. Use MAD-X to correct the orbit in both planes. What is the
effect of the correction on the dispersion? Now remove the correction
and repeat the exercise by adding a skew quadrupole. Power the skew
quadrupole until you start to see the coupling between the horizontal and
vertical orbits. Perform again the MAD-X orbit correction and compare
the results with the uncoupled case.
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Step Zero: A quick recap of Exercise 3

Our machine:

I Circumference of 1000 m

I 20 FODO cells

I Sextupoles for correcting
chromaticity

Designed for:

I Proton beams with energy
of 20 GeV
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Step Zero: Results from Exercise 3
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Step One

Closed orbit correction

Start from the lattice of Exercise 3 and assume random misalignments of
the quadrupoles of r.m.s. 0.1 mm in the horizontal and 0.2 mm in the
vertical plane. Calculate the expected r.m.s. orbit and verify with
MAD-X. Add the necessary equipment to be able to correct the closed
orbit in both planes. Estimate first the maximum necessary strength of
the orbit correctors assuming a maximum quadrupole displacement of
1 mm. Use MAD-X to correct the orbit in both planes. What is the
effect of the correction on the dispersion? Now remove the correction
and repeat the exercise by adding a skew quadrupole. Power the skew
quadrupole until you start to see the coupling between the horizontal and
vertical orbits. Perform again the MAD-X orbit correction and compare
the results with the uncoupled case.
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Step One: Introduce alignment errors in quadrupoles

Misalign quadrupoles of each FODO cell randomly

In MADX:
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Step One: Changes due to misalignments

Misalignments on the order of 0.1 mm

Misalignments on the order of 100 mm

8/27



Understanding what’s going on...

Bigger are the misalignments, stronger will be the additional dipole
kicks.

Fx = −kqx | Fy = −kqy
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Step Two

Closed orbit correction

Start from the lattice of Exercise 3 and assume random misalignments of
the quadrupoles of r.m.s. 0.1 mm in the horizontal and 0.2 mm in the
vertical plane. Calculate the expected r.m.s. orbit and verify with
MAD-X. Add the necessary equipment to be able to correct the closed
orbit in both planes. Estimate first the maximum necessary strength of
the orbit correctors assuming a maximum quadrupole displacement of
1 mm. Use MAD-X to correct the orbit in both planes. What is the
effect of the correction on the dispersion? Now remove the correction
and repeat the exercise by adding a skew quadrupole. Power the skew
quadrupole until you start to see the coupling between the horizontal and
vertical orbits. Perform again the MAD-X orbit correction and compare
the results with the uncoupled case.
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Step Two: Calculation of RMS value for the closed orbit

CO(s) =

√
β(s)

2 sin(πQ)

∑
i

√
βiθi cos(πQ − |φ(s)− φi |)

with:

RMS

(∑
i

√
βiθi cos(πQ − |φ(s)− φi |)

)
=

√
β̄θRMS

i

√
2NQ

θRMS
i = strength of kick = xRMS

disp KQLQ

RMS(CO(s)) =
β̄

2 sin(πQ)
xRMS
disp KQLQ

√
2NQ
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Step Two: RMS value of closed orbit
Calculated RMS value:

xRMS = 4.4× 10−4m

yRMS = 8.8× 10−4m

Confirmation with MADX:

xRMS = 4.9× 10−4m

yRMS = 10.1× 10−4m
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Step Three

Closed orbit correction

Start from the lattice of Exercise 3 and assume random misalignments of
the quadrupoles of r.m.s. 0.1 mm in the horizontal and 0.2 mm in the
vertical plane. Calculate the expected r.m.s. orbit and verify with
MAD-X. Add the necessary equipment to be able to correct the closed
orbit in both planes. Estimate first the maximum necessary strength of
the orbit correctors assuming a maximum quadrupole displacement of
1 mm. Use MAD-X to correct the orbit in both planes. What is the
effect of the correction on the dispersion? Now remove the correction
and repeat the exercise by adding a skew quadrupole. Power the skew
quadrupole until you start to see the coupling between the horizontal and
vertical orbits. Perform again the MAD-X orbit correction and compare
the results with the uncoupled case.
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Step Three: Inserting monitors and correctors

Beam position monitors and kickers were inserted in each FODO
cell for misalignment corrections.
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Step Four

Closed orbit correction

Start from the lattice of Exercise 3 and assume random misalignments of
the quadrupoles of r.m.s. 0.1 mm in the horizontal and 0.2 mm in the
vertical plane. Calculate the expected r.m.s. orbit and verify with
MAD-X. Add the necessary equipment to be able to correct the closed
orbit in both planes. Estimate first the maximum necessary strength of
the orbit correctors assuming a maximum quadrupole displacement of
1 mm. Use MAD-X to correct the orbit in both planes. What is the
effect of the correction on the dispersion? Now remove the correction
and repeat the exercise by adding a skew quadrupole. Power the skew
quadrupole until you start to see the coupling between the horizontal and
vertical orbits. Perform again the MAD-X orbit correction and compare
the results with the uncoupled case.
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Step Four: Estimation of maximum kicker strength

Calculation for max. displacement of 1.0 mm:

θMAX
i = xMAX

disp KQLQ

θMAX
i = 0.0294 mrad

Confirmation with MADX:

θMAX
i = 0.0294 mrad
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Step Five

Closed orbit correction

Start from the lattice of Exercise 3 and assume random misalignments of
the quadrupoles of r.m.s. 0.1 mm in the horizontal and 0.2 mm in the
vertical plane. Calculate the expected r.m.s. orbit and verify with
MAD-X. Add the necessary equipment to be able to correct the closed
orbit in both planes. Estimate first the maximum necessary strength of
the orbit correctors assuming a maximum quadrupole displacement of
1 mm. Use MAD-X to correct the orbit in both planes. What is the
effect of the correction on the dispersion? Now remove the correction
and repeat the exercise by adding a skew quadrupole. Power the skew
quadrupole until you start to see the coupling between the horizontal and
vertical orbits. Perform again the MAD-X orbit correction and compare
the results with the uncoupled case.
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Step Five: Correction with BPMs & kickers (MICADO)
2 BPMs & 2 kickers per cell (CO−XRMS & CO−YRMS ≈ 10−6)

4 BPMs & 4 kickers per cell (CO−XRMS & CO−YRMS ≈ 10−6)
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Step Six

Closed orbit correction

Start from the lattice of Exercise 3 and assume random misalignments of
the quadrupoles of r.m.s. 0.1 mm in the horizontal and 0.2 mm in the
vertical plane. Calculate the expected r.m.s. orbit and verify with
MAD-X. Add the necessary equipment to be able to correct the closed
orbit in both planes. Estimate first the maximum necessary strength of
the orbit correctors assuming a maximum quadrupole displacement of
1 mm. Use MAD-X to correct the orbit in both planes. What is the
effect of the correction on the dispersion? Now remove the correction
and repeat the exercise by adding a skew quadrupole. Power the skew
quadrupole until you start to see the coupling between the horizontal and
vertical orbits. Perform again the MAD-X orbit correction and compare
the results with the uncoupled case.
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Step Six: Effect of alignment corrections on dispersion

The dispersion (Dx) changes only a little due to alignment
corrections. The change is negligible.

20/27



Step Seven

Closed orbit correction

Start from the lattice of Exercise 3 and assume random misalignments of
the quadrupoles of r.m.s. 0.1 mm in the horizontal and 0.2 mm in the
vertical plane. Calculate the expected r.m.s. orbit and verify with
MAD-X. Add the necessary equipment to be able to correct the closed
orbit in both planes. Estimate first the maximum necessary strength of
the orbit correctors assuming a maximum quadrupole displacement of
1 mm. Use MAD-X to correct the orbit in both planes. What is the
effect of the correction on the dispersion? Now remove the correction
and repeat the exercise by adding a skew quadrupole. Power the skew
quadrupole until you start to see the coupling between the horizontal and
vertical orbits. Perform again the MAD-X orbit correction and compare
the results with the uncoupled case.
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Step Seven: Adding a skew quadrupole

BPMs and Kickers were switched off and a skew quadrupole was
added in each FODO cell.

Quadrupole tilt: 0.2 rad. (11.46 deg.)
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Step Eight

Closed orbit correction

Start from the lattice of Exercise 3 and assume random misalignments of
the quadrupoles of r.m.s. 0.1 mm in the horizontal and 0.2 mm in the
vertical plane. Calculate the expected r.m.s. orbit and verify with
MAD-X. Add the necessary equipment to be able to correct the closed
orbit in both planes. Estimate first the maximum necessary strength of
the orbit correctors assuming a maximum quadrupole displacement of
1 mm. Use MAD-X to correct the orbit in both planes. What is the
effect of the correction on the dispersion? Now remove the correction
and repeat the exercise by adding a skew quadrupole. Power the skew
quadrupole until you start to see the coupling between the horizontal and
vertical orbits. Perform again the MAD-X orbit correction and compare
the results with the uncoupled case.
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Step Eight: Coupling b/w hor. & ver. planes
By adding a skew quadrupole, we obtain a coupling between the x and y
planes. Introducing a misalignment in x automatically introduces an error
in y .

Without skew quads. With skew quads.
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Step Nine: The last step

Closed orbit correction

Start from the lattice of Exercise 3 and assume random misalignments of
the quadrupoles of r.m.s. 0.1 mm in the horizontal and 0.2 mm in the
vertical plane. Calculate the expected r.m.s. orbit and verify with
MAD-X. Add the necessary equipment to be able to correct the closed
orbit in both planes. Estimate first the maximum necessary strength of
the orbit correctors assuming a maximum quadrupole displacement of
1 mm. Use MAD-X to correct the orbit in both planes. What is the
effect of the correction on the dispersion? Now remove the correction
and repeat the exercise by adding a skew quadrupole. Power the skew
quadrupole until you start to see the coupling between the horizontal and
vertical orbits. Perform again the MAD-X orbit correction and compare
the results with the uncoupled case.
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Step Nine: MAD-X orbit correction comparison

Without coupling With coupling
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Any questions/comments?
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