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Abstract

Annually realignment was initiated in August this year. With the combination of Laser Tracker and digital level, all the monuments and fiducials on the magnets in the Storage Ring had been measured. By the Spatial Analyzer(SA) software, the collected data adjustment had been accomplished. The deviations between the actual positions and the theoretical ones of Quadrupoles were obtained. And the comparisons between the deviations of adjacent magnets in-cell and cell-cell had also been made, which can be a criterion for the components adjustment. This paper will also discuss the former realignment activities besides that in 2014 and present the current status of  SSRF as well.

Introduction
Shanghai Synchrotron Radiation Facility (SSRF) is a 3rd generation light source with its energy of 3.5Gev.The facility has two main parts:accelator and beam lines which contain 12 lines installend and several ones planned. The accelerator mainly includes Linac,Booster and Storage Ring(SR). It has been operated more than six years since its commissioning in 2008.

Due to the slab deformation mainly caused by the building foundation subsidence , release of mechanical stress from girder system and environmental factors ect., it is inevitable to lead to positions distortion for the accelerator components. Periodical monitoring activities is necessary and critical to the accelerator normal opration. In spite of continuous monitoring activities during the construction of the facility and the installation of the accelerator , realignment campaign had been carried out during the summer shut-down every year except the year of 2008.
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Figure 1 :  layout of  SSRF
THE SR REALIGNMENT MEHOD

The SR is the most important part of the accelerator with the circumference of 432m, consisting of 20 cells, 16 straight sections and 4 long ones. It is essential to monitor the motions of the components periodically. A combination of a laser tracker (Leica Ltd640) and a digital level (DNA03) were employed to perform the task.   for their excellent capabilities of easy operation, high efficiency and accuracy.
Monuments
There are several hundreds of monuments distributing the rachet and inner wall, floor throughout the whole ring tunnel. All the floor monument shafts were embedded into the slab by the depth of less than 20cm. And further more, the geologic conditions of the building are composed of soft cohesive soil and silt which means it will need very high cost to stick the monument into the bed rock. For this reason, there are no permanent, stable enough monuments available being as fixed , solid references over the facility.

All the monuments built the control net work for the installation of girders, magnets and other components in the course of the acclerator construction. In the duration of the accelerator operation, they play a role for the components motion monitoring. It seems that it is a conflict for monitoring variations based on unstable references. A concept of “ relativity”  had been introduced to attempt to reduce the contradiction.
Basic measuring way
The acquisition of measurements depends on two instruments: a tracker and a digital level. The tracker measures all the visible monuments and fiducials on the magnets in the range of 12 metres backward and forward respectively. The fiducials on rachet wall usually can not be shot for the problem of intervisibility. When the task at one station is finished ,the machine will move to the next station about 6 metres away from the last one, then to another until the whole ring is covered. Generally, the two adjacent stations share 2/3 common points. As a result, approximate 50% points was measured twice, about 40% three times and 10% or so only one time for the reason of being blocked, which ensure the accuracy for different stations aligning during data processing.

Compared with the data from tracker is of 3 dimensions, the data from level is only in vertical. All the floor monuments spacious enough for staffs establishing will be surveyed. The floor monuments are divided into two roughly parallel circles with points interlaced, one locating close to the root of inner wall and the other to that of the girders. The levelling routines are determined along monuments on the two loops independently which  make two circuits. Additionally, the third circuit is made along some specific monuments on both two loops, which combines the other two loops to create more closure to check the measurements quality and improve the accuracy of levelling result consequently. Besides that, the fiducials on the dipoles are also surveyed to control the girders rotating angle in the course of data processing for the 3D network. 
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Figure 2: basic measuring way for tracker
Data processing and smoothing 
All the acquired data including 3D values from tracker and levelling measurements will be pre-processed. This step is to detect blunders、mistakes and errors which will be handled by being deleted and corrected. Then the handled data can be processed for adjustment and new positions of the points. Based on the concept of “relativity”, a new frame will be set up for all the points by means of a best-fit transformation based on all the designed values of quadrupoles, which also will be the reference frame for re-adjustment.

 Before the action of re-adjustment is to be implemented, the step for smoothing would be arranged. The purpose for smoothing is to keep the beam orbit smooth enough for normal operation of the accelerator, at the same time the impacts on beam lines after smoothing should be decreased as little as possible. According to the two points above, the three adjacent girders for co-girder magnets are acted as smoothing unit. A pragmatic smoothing way has been adopted through best-fit transformation, which is mainly depending on the experiences before. Several, even many times iterations will be performed until satisfied results can be obtained. The final smoothing result will be the new positions determining the new orbit and goals for re-adjustment.
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Figure 3: sketch for smoothing unit

REALIGNMENT ACCTIVITIES

In summer of 2011, according to the measuring way mentioned above, all the visible fiducials and monuments were measured. The data processing followed a 3D+1D pattern. Every station for tracker was levelled by the adjusted level results, and then the distances form tracker to targets and angles referring to a baseline could be deduced. All the distances and angles were involved in the horizontal plane adjustment. With adjusted elevations, a 3D network was born. For the quadrupoles are the most critical components, a comparison between the actual positions and designed ones on quadrupoles by fixed the designed ones was conducted. The deviations is shown by the figure 4 bellow﹝1﹞. From the diagram, huge  distortions  had happened in the past years. In vertical, the maximum uneven settlement came to about 7mm between the two extremes. Regardless the longitudinal for its less importance, in radial it seems that a tendency of contraction had come into being. The magnitude of contraction we had no confidence about because the calculation was fixed by two unstable points as initial known data although one coordinate component of a point had been released.
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Figure 4: deviations of quadrupoles with respect to designed value in 2011
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Figure 5: relative displacement specific for quadrupoles between cells in 2011
In order to inspect the variations further more, the comparisons between cell-cell magnets was made which means the relative displacement of magnets on two ends of either two adjacent cells or one cell, shown as fig.5. The maximum between two extremes is about 1.6mm in vertical and about 0.6 in radial
For some reasons, time is short for this realignment activities which had to be terminated without re-adjustment step.
In 2012, the similar campaign restarted. A real 3D adjustment was realised by Spatial Analyzer(SA-New River Kinematics). Based on the adjustment results and designed quadrupoles values, the smoothing task was finished which had given the new nominal positions for quadrupoles at the same time, and re-adjustment activities were implemented. It had taken two weeks to accomplish the whole ring by two trackers. In Dec., 2012, the facility had operated in top-up mode for user experiments〔2〕, which was a milestone of SSRF in facility performance improvements and also proved that the method for smoothing and re-adjustments was effective and successful.  
In the following two years, the activities still went on for deformation monitoring. Only that in 2014 will be introduced here.
The activities carried out in 2014 share a lot in common with other ones. Assigned a priori 1.5 arcsecond both for horizontal and vertical angle, 0.03mm for distance, all the measured were processed by SA with a 3D adjustment model. The result was made a comparison with that of 2013. Discarding the comparisons in horizontal plane for its unexpected accuracy, the vertical comparisons was  given by the graphic as figure 6 below. The picture  exposes the portion of more than 80% fiducials vary of the range within 0.22mm in vertical.
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Figure 6 : the variations of quadrupoles in vertical between 2013 and 2014
The result of 2014 was also analysed to judge whether some steps would be adopted for re-adjustment. As figure 7 indicates, all the quadrupoles were compared with the new orbit. The relative differences between them fluctuate within the range of  ±0.4 mm except several isolated points in vertical; similarly in radial the points approximately obey the rang of ±0.4 but several points  beyond the range mainly due to lack proper constraints during the calculation, as a result the curve seemed not as smooth as that in vertical.
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Figure 7 : global deviation of quadrupoles with respect to new theoretical in 2014
For the sense of beam is sensitive to the relative positions of related magnets instead of their absolute ones. A comparison on displacements for adjacent quadrupoles was also made, see figure 8.
  In vertical, most points are in the range of ±0.2mm ,for the points in cell within ±0.1mm except few isolated points jumping out of  0.1mm; in radial the range is similar to that of vertical, but it is apparent that the curve is not as smooth as the vertical one and the deviations are more bigger. 
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Figure 8: relative displacement between adjacent quadrupoles in 2014 
Specificly, in order to make the diagram more clear,   relative displacement on cell-cell quadrupoles including   ones on the two ends of a cell was also made. as shown in figure 9. The  vertical fluctuation is about ±0.2mm except few points; the radial fluctuation for most points in radial is ±0.3mm except several ones. The determination for re-adjustment focus more on vertical variations than radial ones for the latter own less precision than the former one. 

According to the analysis above, the re-adjustment step had not been performed in 2014. 
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Figure  9:  relative displacement on cell-cell quadrupoles in 2014
summary
The realignment activities had been implemented since the facility began its normal operation. A combination with laser tracker and high precision level for measuring and surveying had been proved to be competent in the task.
By SA or other software for data processing through the pattern of 3D or 2D+1, satisfied result could be acquired. The smoothing method mainly based on experiences through best-fit transformation was also proved successful and effective. The local residuals in cell between smoothing components and smoothing orbit could reach the accuracy of ±0.05mm or less﹝3﹞.
Unfortunately, for the absence of stable enough points for reference, the variations after long time interval could not be gotten as accurate as expected especially in radial direction. By means of assigning proper weights for controlling points to constrain error accumulation and amplification on horizontal plane could be obtain a better result, but there are many uncertainties for weights assigned. More experiments and researches on uncertainties may help to get a ideal solution.
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