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Abstract

The Cornell Electron-Positron Storage Ring (CESR) has 102 quadrupole magnets to focus the beam around the
storage ring. CESR’s goal is to deliver high luminosity and its performance is dependent on the alignment of these
guadrupole magnets. In this paper the measurement technique of the CESR quadrupole magnets and the analysis of the
radial data is presented and discussed.

1. CESR Radial Survey

The goal of a complete CESR survey is to describe the alignment of the CESR quadrupole
magnets in space. In reality, the location of a CESR quadrupole magnet is described by the position
of the tops of four drill bushings that are mounted on the upper surface of each CESR quadrupole
magnet lamination (fig. 1). The bushing plane is defined as the best fit to the tops of the four
bushings. The radial position of a quadrupole magnet is given by the radial position of the center of
the bushing rectangle. The angular orientation of the quadrupole magnet is the angular orientation of
the bushing plane as described by the nautical parameter, which is called the magnets YAW. The
YAW is defined as the difference between the average radial position of the right bushings and the
left bushings from their theoretical position. Positive YAW means the quadrupole magnet has its
right side further to the outside of the CESR ring. For the radial analysis, YAW is expressed in
radians, but for output it is expressed as the YAW in mils consistent with the other orientation
parameters. The other conventions used are: outside as toward larger CESR radius, inside towarc
smaller CESR radius, and left and right as standing inside the CESR ring facing out. Up is to a higher
elevation. The index of the four fiducial bushing IB=1,4 is shown in fig. 1.
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FIG. 1. The top view of a Mark Il CESR quadrupole with the four fiducial bushings mounted on the
top of the quadrupole. The bushing plane is the rectangle made by the four bushings.
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2. Radial Survey Analysis

The theoretical locations of the CESR quadrupole magnets are located in the CESR lattice
file[1]. The lattice file gives the desired pointing angle and coordinates of quadrupole and dipole
magnets in a X,Y coordinate system that is chosen to describe the set-up geometry used for the wire
measurements (fig. 4). For each quadrupole magnet to be measured, Qset, an orthogonal set-uj
coordinate system (X,Y) can be defined with the origin at the center of quadrupole magnet Qset-1 and
the X-axis passing through the center of Qset+1. The set-up parameters consist of the three pointing
angles9,,6,,06; (the angles the left to right quadrupole magnet axis makes relative to the X-axis) of the
three quadrupole magnets and the three length&' X X, shown below. These parameters are
derived directly from the CESR lattice and describe the desired quadrupole magnet locations.
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FIG. 4. The X,Y geometry used to describe the theoretical locations of the quadrupole magnets set up
Qset for a radial measurement set-up.

The radial analysis programs use a (U,V) coordinate system. This coordinate system removes
the dependence of the measurements on the bushings for a stretched wire. The (U,V) coordinate
system can be used on the quadrupole and dipole magnets in CESR. This allows the difference from
the desired pointing angle (YAW) and radial position (dR) to be calculated (fig. 5). For each set-up
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Qset, the three (U,V) coordinate systems can be defined local to each quadrupole magnet and used tc
locate the quadrupole magnet bushings used by set-up Qset. Each U, V axis is parallel to the setup:
X, Y axis with the quadrupole magnet center as their origin. Not® {Us identical to the (X,Y)

set-up system. We will be considering a wire stretched from bushing o0l to 03 and measurements
made from the wire to bushing o02.
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FIG. 5. The U,V geometry used in the radial analysis program.

The relationship between the theoretical location (X,Y) and the measured location (U,V) of
the quadrupole magnets can now be made. The relationship of the two coordinate systems has beet
worked out in detail elsewhere and will not be presented in this paper; rather, a brief description of the
radial analysis program will be made[2]. The goal of the radial analysis program is to determine the
radial position errors dR(Q) and YAW(Q) for each quadrupole magnet Q.

When examining the problem of determining the alignment of a quadrupole magnet Qset from
the measured data two difficulties surface:

1) In determining the YAW(Qset) of each magnet we always take a left and right bushing
wire measurement of each quadrupole to calculate the YAW(Qset). YAW(Qset) is dependent on the
adjacent quadrupoles radial position errors dR(Qset-1) and dR(Qset+1), but reduced by approximately
1/50 due to the ratio of distances. This weak dependence on the adjacent quadrupoles means that witl
a fixed input vector dR(Qset) allows us to calculate YAW(Qset). This is done at the start of the
analysis program.



2) The data relates the error in radial position dR(Qset) of a quadrupole to the wire. The
position of the wire depends on YAW(Qset) and radial position dR of the 'wire quadrupole magnets'
dR(Qset-1) and dR(Qset+1), which may not be known. If dR(Qset-1) and dR(Qset+1) are known
then the calculated dR(Qset) (called dRcal(Qset)) and YAW(Qset) equations will give the correct
alignment of quadrupole magnet Qset. In practice, dR(Qset-1) and dR(Qset+1) are unkown, and this
requires an error function to describe how dR(Qset) matches the data. We define an error at
guadrupole magnet Q as dYcal(Q)=dRcal(Q)-dRinput(Q) where dRinput(Q) was used as the input
alignment of the wire quadrupole magnets and dRcal(Q) is calculated from the measured data. The
first order expression for dRcal(Q) in terms of the adjacent dR’s is approximately given by (assuming
a symmetric ring):

dRcal (Q) = dR(Q) +.5 xdR(Q -1) +.5 xdR(Q +1).

The measurements will depend on the position of the adjacent wire quadrupole magnets and it is up to
the terms.5x dR(Q -1)+.5x dR(Q +1) to remove this dependence. If an adjacent wire quadrupole
magnet is misaligned by dR then the wire at that quadrupole magnet is dR to the outside of the ring.
The physical measurement and resulting dRcal(Q) will be reduced by 1/2dR due to the motion of the
wire and therefore 1/2dR must be added to dRcal(Q) to get the actual alignment dRcal(Q) of
guadrupole magnet Q. Using our definition above for dRcal(Q) also gives a first order expression for
our error function dYcal:

dY cal(Q) = dReal (Q) - dRinput(Q)
dYcal(Q) = dR(Q) +.5xdR(Q -1) +.5xdR(Q +1) - dRinput(Q) (1)

where dRinput(Q) are the values that the minimization program uses to minimize dYcal. We will
have a solution for the alignment of the CESR ring when dRcal(Q) as calculated equals the alignment
vector used as input for the calculation. Thus dYcal as defined above will approach zero as the set
dRinput(Q) approaches the actual alignment vector dRcal(Q) for the survey of the CESR ring. The
goal of the radial analysis program will be to find a solution vector dRinput(Q) such that dYcal(Q) is
minimized. In order to do this we use a minimization program MINOP and hand it a first order
expression for dYcal(Q) so that it can include the effect of adjacent quadrupoles in determining the
best dRinput(Q).

Below is a brief outline of how the radial program calculates the set dR(Q),YAW(Q) that describes
the misalignment of the CESR quadrupole magnets.

1) Local and setup coordinate systems are defined and used to calculate the set-up parameters fron
the CESR lattice file. The measured data is read into the program.

2) Set dRinput(Q)=0 and calculate YAW(Qset). Iterate to take the effects of YAW(Qset-1) and
YAW(Qset+1) on our calculation of YAW(Qset). dRinput(Q) remains at its initial value during this

5






Since the offsets of the three quadrupoles are known to be 20, -40, and 20 mils, the difference
between the radial analysis program and the known input offsets is plotted in fig. 7 as a function of
the radial program’s iteration number. Notice that by the third iteration the analysis program has
reduced the offset into the noise of the ring. The program’s determination of the offset is good to
approximately 2-3 mils and the program puts in a 2-3 mil wave in the CESR ring.
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FIG. 7. The difference between the radial analysis programs determination of the radial offset of the
guadrupole magnets and the known radial offset of the quadrupole magnet for three different
iterations of the program.

The same plot can be made for the YAW of the quadrupole magnets, and as expected, the
YAW is determined from the first iteration of the radial analysis program (fig. 8)
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FIG. 8. The difference between the radial analysis programs determination of the YAW of the
guadrupole magnets and the known YAW of the quadrupole magnet after one iteration of the
program.

b) Misalignment of the CESR

The second example of the performance of the radial analysis program is when every
guadrupole magnet has a radial misalignment (dR and YAW). This is accomplished by taking a real
CESR radial data set and running it through the radial analysis program to determine the dR and
YAW value from that data set. Figure 9 is a histogram of the known dR and YAW values used to
make the test data.
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FIG. 9. A histogram of the (a) dR and (b) YAW values of the test data for the misaligned quadrupole
magnets. The rms of the data is 26 mils for dR and 5.6 mils for YAW.


















5. Conclusions

The radial alignment of the CESR quadrupole magnets with the method presented in this
paper is highly successful in determining the offsets of the magnets. With the present radial analysis
program the magnet offsets has the potential to be determined to within 5 mils, which, by the way, is
most likely better than the accuracy of moving the magnets to their proper location. Even with the
present system there are several areas of improvement and understanding that needs to be explored: :
Measurement taking is time consuming and laborious. 2) Data entry for the program needs to be
automated. 3) The radial analysis program needs to be reorganized/modified so that when CESR
upgrades are made the program can be easily modified. 4) The quadrupole magnets that are attache
to the CESR vacuum chamber need to be disconnected in order to make moving the magnets easie
and provide less stress on the magnets to move. 5) Determining the radial location of the quadrupole
magnets with the wire measurement depends on the longitudinal position of the magnets. The
program has been modified to correct this error and the relative location of the quadrupoles will
correct this uncertainty. These future improvements will make the radial alignment procedure less of
a strain on the limited resources at the laboratory.
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