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Abstract

Vibrating wire technique is mainly used in NSLS-II project to fulfil the alignment specification of ±30 micron to 6 or 7 main magnets in each girder assembly. The center of magnet can be characterized with an accuracy of better than 10 micron. 

The magnets have been fiducialized mechanically so that they can be coarsely aligned on girder within 100 micron accuracy. Although vibrating wire technique makes the fiducialization process less important, each magnet has been precisely surveyed mechanically.

By comparing the mechanical center deviation of magnets when they are aligned with respect to each other by vibrating wire technique, the fiducialization precision of mechanical method can be estimated. This information is useful for the accelerators which adopt the method of fiducialization mechanically.  
Introduction
Traditionally, one of the fundamental alignment work of accelerator alignment is to establish the relationship between magnet center and its external fiducials. This is called fiducialization. The information generated will be used as reference when magnets are aligned in tunnel. Apparently, if the accuracy of fiducialization is not good, the alignment accuracy will not be good.
Generally, fiducialization includes two steps: firstly, transfer the mechanical center of magnet to outside fiducials; secondly, find the deviation between mechanical and magnetic center and apply it to the reference data. 

Since the deviation between mechanical and magnetic center is usually small and it’s relatively complicated to integrate magnetic and mechanical data together, it’s not rare that some machines choose to use the mechanical center as a representation of the magnetic center. This will introduce error to the fiducial information and thus should be avoided if the alignment requirement is very tight.
In NSLS II, magnets were precisely manufactured and the difference between magnetic and mechanical center was very small. 
Magnetic center of magnet can be found precisely by vibrating wire and mechanical center can be found by use of fiducial information which is generated by mechanical method. Therefore, the fiducialization precision of mechanical method can be estimated.
magnet center based on Mechanical feature

In NSLS-II, each magnet has been pre-surveyed before installation. There are several goals of the pre-survey:

· Check key dimensions and make sure specification is achieved.

· Get a set of fiducial data to be used to align magnets coarsely relative to each other on a common girder so that vibrating wire alignment can start.

Although the alignment tolerance is very tight, fiducialization is less important since the magnets can be aligned precisely based on the measurement data of vibrating wire [1]. Therefore, it should not be a surprise that the fiducial information is not that accurate as is shown in the following section.
Fiducial information of NSLS-II Magnet 
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	Figure 1: Key survey features on one NSLS II quadrupole


Figure 1 shows the survey features on one NSLS II quadrupole which includes a machined top plane, fiducuial holes and pole tips. Top plane defines the horizontally plane with the correction obtained from magnetic measurement. Fiducial holes are used along with a pin nest and spherically mounted retroreflector (SMR). Pole tips are precisely machined and the mechanical center can be defined after geometry measurement.

Fiducialization by articulated arm
Faro Quantum articulated arm was used during fiducialization process. The crosses in Figure 2 represents the measured points. As can be seen, the pole tips were heavily measured, which was the key features that used to establish the mechanical center of magnet. 

Take the quadrupoles as an example, a 1.5” sphere probe was used to measure a horizontal and a vertical plane by touching the pole tips longitudinally. By intersecting the two planes, the mechanical center line can be generated. By building a local frame based on measured geometry, the relationship between mechanical center and fiducials can be established.
To improve measurement accuracy, most of the information was measured 5 times.
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	Figure 2: Measurement information during fiducialization process by use of articulated arm.


Measurement accuracy
The measurement accuracy of Faro Quantum arm by specification is about 30 micron. However, the measurement accuracy depends on several other factors:

· Firstly, temperature and air pressure affect the measurement result significantly. It’s a common sense that measurement should be done in a stable environment to get good measurement accuracy. However, the building where the measurement took place has a temperature variation of more than 8 °C yearly. 

· Secondly, fiducial type has significant impact to accuracy. For NSLS-II magnets, a SMR and a pin nest will be inserted into the fiducial hole so that a point can be referred. While the fitting issue between SMR and pin nest is generally small, the fitting error between pin nest and fiducial hole could be large. A tight fit need to ream a hole or bad fit; and a loose fit makes the points off to some extent, sometime by 50 micron or even larger.
The measurement accuracy of fiducialization can be checked when magnets were aligned in environmentally controlled room and all the fiducials were surveyed by setting up a laser tracker in multiple position. 
In the following discussion, one magnet is chosen as an example. Most of the magnets has similar situation. Its model is SR-MG-QDP-9815 and serial number is 0056. The location of fiducials is shown in Figure 3. 
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	Figure 3: Fiducial location of magnet SR-MG-QDP-9815.
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	Figure 4: Fiducial deviation of magnet SR-MG-QDP-9815 (Unit:mm). 


Figure 4 shows the fiducial deviation of magnet SR-MG-QDP-9815. It provides the maximum difference between 5 iterations. The primary cause of this bad repeatability is that the fitting is not good.

Table 1 shows the fiducial deviation of magnet SR-MG-QDP-9815 between arm and laser tracker data. As can be seen, most of the fiducials shows good repeatability but some have large deviations. 
Table 1 Hole type fiducial deviation of one magnet
	Name
	Nom X
	Nom Y
	Nom Z
	dX
	dY
	dZ

	TOP1
	-147.492
	398.167
	-522.974
	-0.030
	0.063
	-0.005

	TOP3
	147.483
	398.165
	-376.929
	-0.011
	0.063
	-0.007

	TOP2
	147.490
	398.162
	-522.959
	0.010
	0.059
	0.010

	DS3
	199.992
	350.199
	-305.838
	0.038
	-0.031
	0.029

	US4
	-200.018
	350.179
	-594.308
	-0.028
	-0.035
	-0.044

	US1
	199.988
	350.125
	-594.298
	0.039
	-0.002
	-0.051

	DS2
	289.953
	-224.875
	-305.705
	-0.009
	-0.021
	0.057

	DS1
	-200.079
	-299.718
	-305.704
	0.024
	-0.165
	0.049

	US2
	199.910
	-299.946
	-594.156
	0.019
	-0.032
	-0.021

	US3
	-200.089
	-299.980
	-594.195
	-0.052
	0.100
	-0.017


In summary, the repeatability of fiducials is not very well and it can be troublesome for compuation.

As a comparison, a repeat survey of fixed nest fiducials in the same conditions shows only a deviation of several micron, as shown in Table 2. The significant difference of fiducial repeatability indicates that the hole type fiducial should be avoided if high precision is needed for magnet alignment.
Table 2 Fixed nest fiducial deviation of one magnet
	Name
	Nom X
	Nom Y
	Nom Z
	dX
	dY
	dZ

	QC1
	-195.718
	400.372
	3028.828
	0.000
	-0.003
	0.000

	QC2
	197.498
	400.377
	3034.412
	0.001
	-0.002
	-0.001

	QC3
	199.719
	400.388
	3220.867
	-0.001
	0.000
	-0.001

	QC4
	293.224
	219.213
	2976.783
	0.003
	0.002
	0.001

	QC5
	-258.085
	259.221
	2977.262
	-0.003
	0.003
	0.001


Impact of computation method to magnet center
When magnet is installed with vacuum chamber and other components, its center is invisible. To get the center, the fiducials need to be surveyed, the fiducial information is referred, and a best fit transformation needs to be performed.  There are several factors that affect the computed magnet center:
· Selection of measured points. Generally 3 points is a minimum to perform a best fit transformation. To minimize the impact of bad fiducials, 5 or more is preferred. When there are enough points, the fiducials with issues can be identified and excluded during the best fit transformation process. Choosing points with relatively large deviation, the computed result will be different. 

· Temperature compensation. As stated above, there are temperature difference between the time of when magnet was fiducialized and aligned.  Ideally, scale should be free during computation process. However, the sloppiness of fiducials made this option a bad choice.
· Fiducial location. Ideally, fiducials need to be located on magnets symmetrically. However, to get a better line of sight, top area got more and it made the fiducials asymmetrically.
Based on the factors described above, the computed magnet center of several combination of scenarios is listed in Table 3. As can be seen, the method adopted has significant impact to the computed magnet center. The culprit is the sloppiness of fiducials.
Table 3 Magnet Center computed by different scenarios
	Fiducial used
	Eliminating bad points
	Scale free
	X
	Y
	Z

	Top
	No
	Yes
	0.011
	0.091
	-0.187

	Top
	No
	No
	0.014
	0.119
	-0.045

	All
	Yes
	No
	0.017
	0.079
	-0.059

	All
	No
	No
	0.030
	0.057
	-0.053

	All
	No
	Yes
	0.025
	0.046
	-0.051

	All
	Yes
	Yes
	0.032
	0.020
	-0.047

	All
	Yes
	No
	0.017
	0.079
	-0.059


magnetic center determined by vibrating wire
Vibrating wire system was used to align magnets on a common girder after they were coarsely aligned by use of laser tracker. After initial vibrating wire measurement, the magnets were aligned precisely with respect to each other within several iterations. 
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	Figure 4: V-notch used to relate wire to coordinate system.


Since vibrating wire uses magnetic measurement information, the magnetic center of each magnet can be provided accurately. For all of 90 girders, the RMS of magnetic alignment residual error was ±6 micron [2].
To find out the magnet center line defined by vibrating wire, a V-notch fixture was used. As shown in Figure 4, there were 7 fiducials which were set to hold a 0.5” SMR. The relationship between wire center and the fiducials had been be pre-surveyed. After magnet alignment was done the wire center would be computed by measuring the fiducials.
In summary, to provide wire center in coordinate system, there were mainly two kinds of errors:
· The line defining error. The wire center finding process had a combination errors of fiducialization, re-survey and computation which is a similar case to magnet.
· The measurement error of vibrating wire system, which was better than 10 micron. 
Deviation between magnetic and computed mechanical center 
By measuring the fiducials on each magnet, the mechanical center can be computed. By comparing the magnetic and mechanical center of each magnet and since the magnetic center is very accurate, the fiducialization precision of mechanical method can be estimated. 
The following steps need was followed:
· Measure fiducials on V-notches, magnets and girder and monuments around so that all of them has location information in one coordinate system. 

· Bring in the fiducial information of V-notches and magnets.

· By performing best-fit transformation the mechanical centers of vibrating wire and magnets can be computed.

· Comparing magnetic center with mechanical center, the deviation can be obtained. Since magnetic center has about 10 micron accuracy, the accuracy of the computed mechanical center can be estimated.
Multiple laser tracker setup
After magnet alignment was complete, a comprehensive survey was performed by use of laser tracker [3]. To improvement measurement accuracy and address visibility and redundancy issues, 12 laser tracker setups were conducted to record the location of V-notches, girders, and magnets, as shown in Figure 5. With ~800 points taken it needed about 4 hours to accomplish the survey task. 

	[image: image6.png]N

1000.0 mm





	Figure 5: Locating all the fiducials and monuments by multiple laser tracker setup.


 With enough redundant measurement and well controlled temperature, the measurement accuracy was very high. According to computation by use of StarNet, the point accuracy would be better than 20 micron.
Mechanical and magnetic center deviations of NSLS-II magnets
 Figure 6 shows the mechanical and magnetic center deviations of 570 NSLS-II magnets. The horizontal axis depicts both girder name and production sequence, while the vertical axis depicts the deviation with the unit of millimeter. Dx and Dy refer to the radial and elevation deviation respectively, and Linear (Dx) and Linear (Dy) refer to their trend lines. 
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	Figure 6:   Mechanical and magnetic center deviation of NSLS-II project.


 The average deviation of X and Y are 3 and 54 micron respectively. The RMS deviation in X and Y direction is 37 and 42 micron respectively [6].
The cause of the deviation includes bad fiducial setting, measurement error, loose temperature control and/or computation method etc. Within all the factors, the sloppiness of fiducials contributes a lot error. 
Mechanical and magnetic center deviation under controlled conditions
There was a test which was to check the resolution of laser tracker alignment when it is used in tunnel to replace a magnet in case a magnet needs to be replaced or repaired. 
To get better precision, conical precision nests were glued on the object magnet and adjacent magnets. The temperature was controlled to be have a variation of ±0.1°C. 

The following steps were followed for the test:

·  For one girder, one quadrupole was left misaligned intentionally with the offset of (0.066, 0.125) mm as indicated by vibrating wire. 
· By performing a complete 12-tracker setup before magnet alignment, the relationship between the object magnet and adjacent magnets was precisely established. This is a simulation of fiducialization as the relationship between fiducials and magnetic center of the magnet was established according vibrating wire data after laser tracker measurement.
· 2 laser trackers were used to align the magnet by referring to the magnet fiducials. 
· 6-tracker setup was used to capture the as-built information. It showed an offset of (0.0023, 0.0094) mm.

· As a last step, vibrating wire was used to measure the location of the quad.  It showed an offset of (-0.001, 0.012) mm. 
· Comparing the data together, the deviation between laser tracker and vibrating wire is only (-0.003, 0.003) mm.
The test proved that laser tracker would be undoubtedly used to replace a magnet in tunnel if a magnet fails. It also showed that under controlled conditions, very high accuracy could be achieved by use of fiducials and laser tracker. One drawback of the test is that the pole tips didn’t get touched and therefore the deviation between magnetic and mechanical center couldn’t be provided.
Summary

The magnets on common girder were precisely aligned by vibrating wire with very high precision achieved. The precisely aligned magnets provide accurate magnetic centers.
The magnets were fiducialized by articulated arm by measuring the pole tips and fiducials. Since the fiducialization of magnets is just for rough alignment purpose, fiducial holes with bad repeatability were used and the temperature was loosely controlled when measurement was performed.
By comparing the magnetic and mechanical center deviation, a deviation of ~40 micron (RMS) is found. The factors described above contribute a lot.

It’s not uncommon that similar setting of fiducials and measurement method is used in other facilities. Therefore, the result here can give a good estimate regarding the fiducial precision of mechanical method.
To improve, good fiducials, controlled environment and precision measurement should be a minimum.
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