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Introduction


In May 2007, a survey of the DRAGON separator was conducted to determine the effects of motion of the concrete floor in the ISAC I experimental hall on the positions of the magnetic elements.  Metal fitting were machined and (permanently) affixed to the magnetic quadrupoles (quads) 1-8, and precision holes were drilled in the tops of the magnetic dipoles and quads 9-10.  The Leica Total station TDA5005 was used to survey the magnets to determine their position with an accuracy on the order of 0.1mm.   The data was manipulated into a form that gives an intuitive description of the magnets' current positions and orientations relative to their theoretical values.  A preliminary analysis of the data shows three main misalignments.  1) The first magnetic dipole (MD1) is not perfectly level.  2) The beamline is on a constant decline, falling almost 4mm over the course of the separator.  3) Quad 4 is not in alignment with respect to quads 3 and 5.  These conclusions are only reliable to a certain degree—the Total measurements are all relative so absolute differences from theory are hard to predict.  A true measure of the value of this survey should become apparent in the future as the separator is resurveyed and the magnetic elements can be tracked as they move.  The main purpose of this report is to document the surveying process, outline the data analysis, establish the standards, conventions, and nomenclature for future surveying.  The following report should explain the process in great enough detail that it could be reproduced in the future for comparison with this data taken in this survey.

Total Station Specifications

(Taken from the Leica website)

Leica Total TDA5005

Measurement Range: 2 – 600 m

Angular Precision: 0.01 mgon

Distance Precision: 1 micron

Angular Accuracy: 0.15 mgon

Distance Accuracy: 0.2 mm (typical at 20 m)

Data Format: Distance and two angles


The 1.5” Corner Cube Reflector was used.  This provides the greatest precision and allows automatic measurements by the Total station.

Surveying


Three locations were used because there was no single location from which all points were visible.  The first location (A) was located on the East side of the TUDA beamline North of the TUDA shack.  The second position (B) was located by the NE corner of the old control room.  The final position (C) was located inside the DRAGON arc near the NW pillar of the purple power structure.


Typically, at each location every visible point was measured.  There was very little overlap between the data sets, however the MD1b and MD2b points were used as the baseline for the axes and were thus measured in from all three locations.  Table 1 shows which points were measured from which location.
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For each magnetic element three positions were measured (a,b,c) with the 1.5” CCR on the standard (1/2'' thick) base borrowed from the Beamlines group.  Each position was measured twice consecutively and then one additional time after all points had been measured twice.  The third measurement provides an indication of how much the Total system drifted while acquiring the first two measurements at every point.  These three measurements were then averaged to to produce a single set of coordinates for each point.  Also, it should be noted that a single 'measurement' actually refers to sighting the target twice (once with the Total station oriented forwards and once backwards).  The Total station averages two readings in opposite orientations to produce a single measurement in an attempt to average out the small asymmetries in the Total station.


On quads 1-7: point a is the top, upstream point; point b is the top-downstream point; and point c is the  outside-upstream point.  On quad 8: points a and b are the same as on the first 8 quads, however point c is the outside-downstream point (changed for convenience due to piping).  On quads 9 and 10: point a is the upstream-inside point; point b is the outside-upstream point; and point c is the middle-downstream point.  For the two dipoles: point a is the inside-middle point; point b is the outside-upstream point; and point c is the outside-downstream point.  There the inside/middle/downstream designation before the “-” refers to the position with respect to the arc of the dragon separator.  The upstream/middle/downstream designation has the expected interpretation.  It is important to not that the adapter shown in Fig. 1 was used for the c point on all quads, 1-10.
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Coordinate Systems and Computations


Three coordinate systems were used to transform the data from a convenient system for acquiring data to a meaningful system for looking at small movements of the magnets.  The three reference frames are the “Total” system, the “Global” system, and the “Individualized” system.

The “Total” system:


This system is in the raw Total station form, having been modified only by the Axyz program.  The origin is at the first measurement of the MD2b point, the y axis is vertical (as defined by the level in the Total station), and the x-axis lies such that the first measurement of the MD1b point (MD1b-1) has zero z component.  This can be achieved in Axyz from the raw data by:

1) A translation moving MD2b-1 to the origin.

2) A 100 gon rotation about the x axis to make the y axis vertical

3) Aligning the x-axis with the MD1b-1 point with a y-offset equal to the y-value of MD1b-1.


It should be noted that even though the MD2b-1 point was used as the origin, the actual coordinates for the MB2b point may differ slightly from zero, as it is actually the average of three measurements.  This is unfortunate but unavoidable, as the data can only be averaged after it has been exported from Axyz.

The “Global” system:


This system is an intermediate system that provides a slightly more intuitive reference frame, and removes the arbitrariness of the origin by providing more concrete axes.  It this system the origin is defined as the point inside MD2 at which the incoming and outgoing beamlines intersect.  The y-axis is still vertical as defined by the total station, and the x-axis lies along the ED1-MD2 beamline.  This system can be achieved from the “Total” system by:

1) A translation moving to the new origin.

2) A clockwise rotation about the y-axis to account for the angle between the MD2b-MD1b line and the ED1-MD2 beamline.


It should be noted that these two transformations are based on measurements made by hand of the positions of the md1b and md2b points with respect to the geometric centers of the respective dipoles.

The “Individualized” System:


This system is 'personalized' for each magnet.  It discards much of the information about the global position of the magnet, but offers the most informative description of small deviations from the expected position.  For dipoles, the origin is defined to lie at the point where the incoming and outgoing beamlines intersect, the y-axis is vertical, and the x-axis points along the axis of symmetry toward the inside of dragon arc.  For quadrupoles, the origin is located at the geometric center of the magnet, the y-axis is vertical, and the z-axis points downstream along the local beamline.  This coordinate system is achieved by:

1) A translation subtracting the theoretical center point from each of the a,b, and c points.

2) A rotation about the y-axis to reorient the axes in the local frame.

Data


The data for this survey is organized as follows:


For each location of the Total station, there is an Axyz file (*.axyz) and a spreadsheet file containing all of the measurements.


The Axyz file is named 'dragon**-MMDDYY.Axyz', where ** is AA, BB, or CC to denote the location of the Total Station, and MMDDYY is the data on which the data was taken.  This Axyz file contains the raw data for each sighting (front and back of Total station), the un-manipulated data for each measurement, and the information about the first set of transformations to change the data into the 'Total' frame.


The excel file is named 'dragon**-MMDDYY-analysed.xls' and contains only the manipulated positions and the averaged positions of each point.  This file exists for averaging and exporting purposes.


In these two files, each data point contains the name of the point and a '-#' (where # is 1, 2, or 3) at the  end to denote which of the three measurements it was.  The averaged positions are obviously lacking this suffix are they are the average of all three measurements.


Finally, there is a spreadsheet named 'Final Element Positions (Month YY).xls' that contains all of the data that was used from each set of measurements, as well as the transformations between the Total, Global, and Individualized frames.  This file also contains the analysis of the accuracy of the Total data. Finally, this file contains a worksheet to compare two surveys from different times – simply insert the new data set into the blue column and the relative changes will be computed. 


For this survey, all of the useful information in located in a file called “Final Element Positions (May 07).xls”.


Other data used in this analysis was taken from technical drawings.  In particular, the locations of the centers of the magnets use in the Global-Individualized transformation were taken from the IHE0050D drawing showing the overall layout of the recoil separator.  Several measurements were also taken by hand to verify these locations and some lengths have been altered from their values shown in this drawing.  These changes are shown on the first sheet of the 'Final Element Positions (May 07).xls' file and are highlighted in yellow.


Also, measurements were made by hand to determine the locations of the MD1 and MD2 centers with respect to the MD1b and MD2b points respectively.  Several techniques were used including landmarking on the magnets, assumptions of symmetry, estimations from the technical drawings on the magnet specifications, and sighting along the beamlines.  These produced measurements that were consistent to within 1-2cm.  

Accuracy


For repeated measurements (i.e. measurements of the same point without having relocated the Total station) the estimated accuracy and reproducibility is shown in Table 2.

[image: image3.emf]x y z Total

0.0103 0.0004 0.0289 0.01

Sample Variance 0.1013 0.0209 0.1701 0.1149

Max Variance 0.22 0.03 0.42 0.42



For measurements of the same point from different locations the accuracy was not quite as good, but still within the necessary range.  It should be noted that these were the difference between the averaged values for the positions of each point, and should give a good estimate of the reproducibility of a data set independent of the random fluctuation in individual Total measurements.  This data is shown in Table 3.
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Q5 A -0.59 405.32 -117.88

B -0.77 405.29 123.53

C 365.39 59.78 -117.26

Q6 A 0.75 313.30 -90.46

B 0.10 313.24 81.00
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Q7 A -0.15 404.52 -127.49
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C 366.01 58.65 -126.88

MD2 A 694.73 400.25 4.56

B -183.85 400.04 354.30

C -188.15 400.26 -357.92

Q8 A -0.30 403.28 -122.23

B -0.34 403.31 119.22

C 365.29 56.73 54.21

Q9 A -231.04 265.52 -188.52

B 230.95 265.52 -189.98

C -0.26 284.69 174.68

Q10 A -230.18 265.90 -182.77

B 227.21 265.72 -184.18


There are a couple important features to note about these estimates:

1) The y-measurements were consistently accurate.  The standard deviation of these measurements is roughly 0.02mm.  This incredible accuracy is due to the Total station's ability to measure the azimuthal angle very precisely.  This fact could potentially be exploited in future measurements to improve the accuracy of the x- and z-measurements.  Aligning the total station along a beamline would mix the y data with x and z, potentially increasing the accuracy of the measurements.

2) The maximum variance of the z values for the averaged measurements was 0.42 mm.  This value is pushing the limit of the acceptable variance between measurements.  Although this value only occurred once, the 0.42 is actually the difference from the mean, so the two measurements of the same point varied by 0.84mm.  The sets of values averaged to get these two measurements were both self consistent indicating that the difference is not due to a bump to the total station and a poor average.  This value is cause for concern, because although it does not severely affect the data, if a deviation this large occurred at one of the reference points MD2b or MD1b, the entire data set could be translated or rotated by a non-negligible amount.


Another check of the accuracy of the Total station measurements is the relative locations of different points in the same data set.  To do this, the lengths of the line segments joining the a and b points on quads 2,3,4,5,7, and 8 were compared against the known value of 9½".  This value is from the drawing of the mounting piece used to affix the reflector to the quads.  Assuming that these 6 lengths are normally distributed with a mean of 9½", the standard deviation is estimated to be 0.16 mm.  This value is significantly greater than the standard deviation of the distribution of repeat measurements of the same point however it is consistent with the accuracy of measurements of the same point having relocated the Total station.  From this we can conclude that moving the Total station between data sets is not a significant source of uncertainty provided that that equipment is not disturbed during a data set.  Also, it is reasonable to assume that a set of coordinates achieved by averaging three Total measurements has an uncertainty of 0.1-0.2mm.

Differences From Drawings


In transforming from the Global frame to the Individualized frame the centers of the magnetic elements were determined from the technical drawings of the overall DRAGON layout (drawing IHE0050D).  There were clearly some systematic errors in these positions, which became apparent as gross translations common to all points on each magnet.  In order to match reality, some of the dimensions shown in IHE0050D were adjusted.  There is no clear indication as to why these adjustments were necessary; however a list of these adjustments are shown in Table 4 because they reflect the actual layout of the separator and will probably be necessary for future surveys.
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Although only two alterations were made, their existence is troubling.  The contraction of the MD2-ED2 segment is small and could potentially be attributed to errors in laying out the separator; however, this is not the case for the extension of the MD1-ED1 segment.  This change is by more than 35 cm, suggesting that there is some larger source of disagreement with an unknown cause. 


Also, it is important to note that the z-positions of many of the quadrupoles still appear to be incorrect.  From studying the locations of the a, b, and c points on the quads once can infer the approximate z-values for the different points, and especially the relative magnitudes of these values can be determined with certainty.  For many of the quads, these approximate locations  (and relative magnitudes) are not consistent with the survey positions, but all three points differ by some common shift, suggesting that there are still corrections needed in the Global to Individualized transformation.

When the surveying is redone


The primary value of surveying lies in the ability to track magnet motion over time through repeated measurements.  In the future when the surveying is redone, the new data can be compared with the data in this report to determine magnet motion.


In order to completely describe the position of a magnet in space one must know the position of one point (ie the center), and the three angles of rotation (pitch, roll, and yaw).  In the Individualized frame defined above the angles are as follows: pitch is a clockwise rotation about the x-axis; roll is a clockwise rotation about the z-axis; and yaw is a clockwise rotation about the y-axis.


When a second survey is completed, we can define 'small' quantities to describe how the magnets have moved.  


There are two data sets for each magnet.  From the first survey we have [(ax1,ay1,az1), (bx1,by1,bz1),(cx1,cy1,cz1)], and from the second: [(ax2,ay2,az2), (bx2,by2,bz2),(cx2,cy2,cz2)].


We can then define (X1,Y1,Z1) and (X2,Y2,Z2), where X1 = (ax1 + bx1 + cx1)/3, etc..  The quantity (dX, dY, dZ) = (X2 - X1, Y2 - Y1, Z2 – Z1), gives a measure of any shifts that may have occurred.


Similarly, for rotations we can define [(dxa, dya, dza), (dxb, dyb, dzb), (dxc, dyc, dzc)], where dxa = ax2 – ax1, etc..  Using these small quantities we can determine a measure of the change in the rotation angles of each magnet.  Table 5, shows how these rotations are calculated.
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This analysis is contained in the spreadsheet 'Final Element Positions (May 28-07).xls'.  Thus, all future measurements can be referenced to the original survey in order to track changes.

Things to Consider


As was previously mentioned, the MD1b and MD2b points were used to define the axes for the original Total system.  This allows for the longest possible baseline common to all surveying locations, reducing the error in the raw data to Total system transformation.  It does, however, present a problem, in that 1) the points used as the reference are only known to the same accuracy as any other point, and 2) the two reference points may be subject to drifting.  An error in one of the reference points would result in an offset in every other point making the data difficult to compare.  Also, should one or both of the points move before subsequent surveys, it will be difficult to determine if the apparent motion of the other points is due to true motion or a change of the baseline.  While this can be understood to some degree by analyzing the data by hand and removing changes common to many elements, there is not systematic way to remove these effects from the data.

Possible solutions could include:

1) A short fitting program that fits futures data sets to the current data set.  A simple least-squares minimization of the differences between all the points in the two data sets with 4 parameters (x,y, and z offset; and a rotation about the y axis) should be sufficient to eliminate the effects of the baseline moving.  The disadvantages of this technique are that it disregards any information about a global shirt of the separator, and that it does not improve the error resulting from piecing three data sets together (data from three total locations) to produce a complete data set.  To solve this, we would need 12 fitting parameters to fit each Total location with its own parameters.  This becomes increasingly complex and may also disregard any motion of an arm of the separator with respect to the rest of DRAGON.

2) Simply taking more measurements of the reference points from every location.  This will eliminate statistical error in these points allowing the data to be pieced together more reliably. Also, when two data sets are compared, the effects will but due to either true motion of a reference point, or true motion of the other points, which can be determined logically.  The disadvantage of this technique is the increase in the amount of time each survey will take to complete, and the fact that it is possible that systematic errors exist that will not be averaged out.

3) Define a new baseline that is more stable.  Perhaps using three points on the concrete floor and measuring the locations of the reference points relative to these super-reference points could allow tracking of the motion of the reference points themselves.  The problem here lies in defining these super-reference points, because it is not clear that there even exist points in the experimental hall stationary enough for this purpose.


This problem is still unsolved, and for now it is a source of error in the data that must be taken into account.  A solution to this problem could greatly improve the reliability and usefulness of the surveying.

Appendix 1: Data from May 2007
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Table � SEQ "Table" \*Arabic �1�: Positions from which each point was measured.  The gray cells show the data that was actually taken to be the position of the point (as was necessary in the case of redundancy).� EMBED opendocument.CalcDocument.1 ��
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Table � SEQ "Table" \*Arabic �2�: The observed accuracy of repeat measurements.� EMBED opendocument.CalcDocument.1 ��
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Table � SEQ "Table" \*Arabic �3�: The observed reproducibility of measurements after moving the Total station.� EMBED opendocument.CalcDocument.1 ��
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Table � SEQ "Table" \*Arabic �6�: Final data in the 'Individualized' frame for the May 2007 survey� EMBED opendocument.CalcDocument.1 ��
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Table � SEQ "Table" \*Arabic �5�: The angles of rotation for the magnetic elements.� EMBED opendocument.CalcDocument.1 ��
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Table � SEQ "Table" \*Arabic �4�: Alterations made to the theoretical positions of the magnetic elements.� EMBED opendocument.CalcDocument.1 ��
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Figure � SEQ "Figure" \*Arabic �1�: The dimensions for the adapter used with inaccessible points.
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