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5. Survey

5.1 Goal of the Survey

The goal of the survey of the ATLAS pixel endcap modules is to provide the position and orientation of the 48 pixel modules on each of the 6 disks, due the placement of the modules on the sector and the placement of the sectors on the disk ring. These survey module alignment parameters are put into the conditions database, and are then used in the track reconstruction. The absolute positions of the disks or of the pixel endcap are not measured in this survey.

5.2 Module Alignment Parameters

The pixel endcap module is treated as flat rigid plane, as the module distortions are very small. The bow of the module is defined as the distance of the module center to the plane defined by the module ends. Figure 5.1 shows the distribution of the absolute value of bow for all modules. The |bow| distribution has a mean of 7 microns and RMS of 6 microns. This small amount of bow has a negligible effect on the spatial resolution, since for even a 50 micron module tilt the apparent shifts of the pixel positions at the module edge are less than 0.2 microns in R*phi and less than 10 microns in radius (R).

The local module coordinate system is shown in Figure 5.2 for a typical module in Endcap A and Endcap C, as seen from the interaction point (IP). Thus for modules on A disks, for a "12:00" module X is to the right and Y is up (as seen from the IP), and for a "6:00" module X is to the left and Y is down (as seen from the IP). For modules on C disks, for a "12:00" module X is to the left and Y is up (as seen from the IP), and for a "6:00" module X is to the right and Y is down (as seen from the IP).

The module alignment parameters in the local module reference frame are those 6 parameters used to describe a flat plane:


X, Y, Z, FX, FY, F
where:

X,Y
is the position of the module center (mm).

Z
is the midpoint of the silicon at the module center (mm).


ΦX
is the rotation of the module about the X (short) axis (mrad).


ΦY
is the rotation of the module about the Y (long) axis (mrad).

ΦZ
is the rotation of the module about the Z axis (mrad).

The 3 phi angles are simple rotations, not Euler angles.

In the local module reference frame, the nominal module positions are X=Y=Z=ΦX=ΦY=ΦZ=0. Thus the module alignment parameters are the displacements of the module from its nominal position (i.e. the difference from nominal).

5.3 Description of the Various Surveys

Figure 5.3 shows three endcap modules mounted on a sector. For the surveys, the sector (or disk) is mounted on the table of an optical SmartScope. The SmartScope very precisely measures X,Y coordinates (in the plane of the sector) by measuring the position of the table, and measures Z coordinates (perpendicular to the sector) with optical focusing.

When the pixel endcaps are installed in Atlas, the "front" modules are on the sides of the sectors facing towards the interaction point, and the "back" modules are on the sides of the sectors facing away from the interaction point.

To determine the module alignment parameters three different types of surveys of modules were done:

X,Y sector survey:
Measured the X,Y position of survey targets at the 4 corners of front and back modules mounted on a sector. Sectors are not mounted on disks.

Z sector survey:
Measured 32 X,Y,Z points on the top side of all modules (16 along one long edge, 16 along the other long edge) in the vicinity of the first and last chip ID pads of each front-end chip. The Z values are with respect to the plane of the sector (determined by the surfaces of the 3 mounting buttons). Sectors are not mounted on disks.

X,Y disk survey:
Measured the X,Y position of survey targets at the 4 corners of front modules on sectors mounted on disks.

The data from each of the above surveys were used in the following ways:

X,Y sector survey:
Used to calculate the X,Y,ΦZ of front and back modules on a sector, due to the placement of the module on the sector. These are not the final survey alignment parameters, as they do not include the effect of the placement of the sector on the disk ring.

Z sector survey:
Used to calculate the Z,ΦX,ΦY of front and back modules on a sector, due to the placement of the module on the sector.

X,Y disk survey:
Used to directly calculate the X,Y,ΦZ of front modules, due to the placement of the module on the sector and the placement of the sector on the disk ring.

Used to indirectly calculate the X,Y,ΦZ of back modules:

· Calculate the movement of a sector from nominal (during placement on the disk ring) from the difference of the X,Y,ΦZ parameters of front modules between the X,Y disk survey and the X,Y sector survey.

· Use this calculated sector movement to calculate how much the back modules move when the sectors are placed on the disk ring.

· Add this calculated movement of the back modules to the X,Y,ΦZ from the X,Y sector survey results, to get the final X,Y,ΦZ parameters of back modules for both effects (the placement of the modules on the sector and the placement of the sectors on the disk ring).

5.4 Calculation of the Survey Module Alignment Parameters

The six survey module alignment parameters were calculated from the survey data with the following procedure:

Using the X,Y survey data, calculated:

X,Y:
The X and Y of the module center, in the sector reference frame, are calculated as the average of the 4 target X values and the 4 target Y values, respectively. They are then transformed to the local module reference frame.

ΦZ:
This angle is also determined from the X,Y positions of the 4 targets at the corners of each module. The angle of rotation is calculated for each target, using the X,Y of the target and the X,Y of the module center. The average of the 4 angles is calculated for each module. ΦZ is the difference between this average value of rotation and the nominal value of rotation, for each module.

Using the Z sector survey data, calculated:

Z:
The 32 X,Y,Z points measured along the module edges were fit to a flat 3D plane using a ROOT macro, giving a module plane. The equation of the module plane was then transformed from the sector coordinate system to the local module coordinate system, resulting in Z = d + e*X + f*Y. Z has been corrected here to be that of the midpoint of the silicon, with respect to nominal. Thus Z at the module center = d.

ΦX,ΦY:
Since these angles are small, from the above equation: ΦX=f, ΦY=-e (using the normal right hand definitions of angles).

5.5 Results of the X,Y and Z sector surveys
Using the data from the X,Y sector surveys and the Z sector surveys described in Section 5.3, the six module alignment parameters (X, Y, Z, ΦX, ΦY, ΦZ) were calculated (in the local module reference frame) for all front and back modules, as described in Section 5.4. These alignment parameters are the displacements from nominal due only to the placement of the module on the sector. The X,Y,ΦZ alignment parameters calculated here from the X,Y sector surveys are not the final survey alignment parameters, as they do not include the effect of the placement of the sector on the disk ring. The Z,ΦX,ΦY alignment parameters calculated here from the Z sector surveys are the final survey alignment parameters, since no Z information was obtained during the disk surveys.

In Figure 5.4 are the distributions of the X,Y,ΦZ alignment parameters calculated from the X,Y sector surveys, and in Table 5.1 are the means and sigmas of the Gaussian fits to these distributions. One sees several features:

· The mean of the X alignment parameter distribution is different for front and back modules: -2.7 microns for front modules, and +3.0 microns for back modules. This is due to a small systematic offset when the modules were mounted on the sectors. The opposite sign occurs when converting the survey measurements to the same coordinate system.

· The average sigma for the three X and Y alignment parameter distributions shown in Figure 5.4 is 2.1 microns, and the sigma for the ΦZ alignment parameter distribution is 0.064 mrad. These small values show that the modules have been placed on the sectors with excellent accuracy. This is just the placement accuracy; the measurement precision of the alignment parameters is better than these values, as will be presented later.

In Figure 5.5 are the distributions of the Z,ΦX,ΦY alignment parameters calculated from the Z sector surveys, and in Table 5.2 are the means and sigmas of the Gaussian fits to these distributions. The mean of the Z alignment parameter distribution is different for front and back modules: +51 microns for front modules, and -12 microns for back modules. In the calculation of the these Z alignment parameters it was assumed that the nominal Z value of the midpoint of the silicon is +/- 2.1 mm from the midpoint of the sector. At the beginning of the analysis of the Z survey data, the nominal distance was actually +/- 3.0 mm, but the survey results indicated that it was closer to +/- 2.1 mm. Thus while the nominal distance between the midpoints of the silicon of front and back modules is 4.2 mm, the survey shows that it is actually 4.263 mm, averaged over all modules.

5.6 Results of the X,Y disk surveys

Using the data from the X,Y disk surveys described in Section 5.3, the final X,Y,ΦZ alignment parameters of front modules were directly calculated and the final X,Y,ΦZ alignment parameters of back modules were indirectly calculated, as described in Sections 5.3 and 5.4. All alignment parameters are in the local module reference frame. These final X,Y,ΦZ alignment parameters calculated here are the displacements from nominal due to both the placement of the modules on the sector and the placement of the sectors on the disk ring.

In Figure 5.6 are the distributions of the X,Y,ΦZ alignment parameters calculated from the X,Y disk surveys, and in Table 5.3 are the means and sigmas of the Gaussian fits to these distributions. One sees several features:

· The average sigma for the two X and Y alignment parameter distributions shown in Figure 5.6 is 12 microns, and the sigma for the ΦZ alignment parameter distribution is 0.18 mrad. These values include both the placement of the modules on the sector and the placement of the sectors on the disk ring. Recall from the X,Y sector survey results (which only include the placement of the modules on the sector), that the average sigma for X and Y was 2 microns, and the sigma for ΦZ was 0.06 mrad. Thus we see a much larger variation in the module position due to the sectors being placed on the disk ring than due to the modules being placed on the sector.

· The mean of the Y alignment parameter distribution is 37 microns. The local module Y direction is the radial direction in the disk. The reason that the Y alignment parameter is so large is mostly because the average radius of the mounting holes in the disk rings is larger than the nominal value of 156 mm. From independent disk ring measurements, the radius appears to be roughly 25 microns larger than nominal. This accounts for the major part of the 37 microns.

5.7 Measurement Precision and Stability

The measurement precision is determined by comparing the X,Y module alignment parameters calculated from two X,Y disk surveys taken one right after the other. This was done for two disks, Disk 0A and Disk 1A. In Figure 5.7 are the distributions of the difference in the X alignment parameters and the difference in the Y alignment parameters for two surveys of Disk 0A taken one right after the other, and the same for Disk 1A. In Table 5.4 are the means and RMS of these distributions. The RMS of these difference distributions is 0.4 microns. One divides 0.4 microns by (2 to get 0.3 microns for the statistical precision of measuring the X,Y module alignment parameters.

The stability during a month of handling of a disk is determined by comparing the X,Y module alignment parameters calculated from two X,Y disk surveys taken one month apart. This was done for Disk 2A. During the month of handling Disk 2A was moved from one building to another and back by car (~2 miles round trip), U-tubes and exhaust tubes were added, the disk was transferred from the holder to the sector loading tool, 2 sectors were removed, and 2 sectors were loaded on the disk. This stability study only used the six sectors that were not removed. For the modules in those six sectors, Figure 5.8 shows the distributions of the difference in the X alignment parameters and the difference in the Y alignment parameters for two surveys of Disk 2A taken one month apart. In Table 5.5 are the means and RMS of these distributions. It is seen that the stability of the measurements of the X,Y module alignment parameters is about 1 micron over a month of handling.

5.8 Additional Uncertainty for Back Module Alignment Parameters
As seen from the previous Sections, the final X,Y,ΦZ survey alignment parameters of the front modules of a sector were determined from SmartScope measurements done after the sectors were attached to the disk rings (the "X,Y disk survey"). But the back modules were not measured after the sectors were attached to the disk rings; their positions were only measured when they were mounted on the sectors. Thus to get the final analogous final X,Y,ΦZ survey alignment parameters for the back modules requires an additional step (using the positions of the back modules relative to the front modules from the measurements of the front and back modules on the individual sectors in the "X,Y sector survey"). This introduces several additional sources of uncertainty for the back modules, which when added in quadrature equal about 5 microns:
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Basic statistical precision of measuring the module center.


1
Stability of precision after a month of handling of a disk.


4
Back module position relative to front modules in the sector survey.
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Movement of modules between surveying them on sectors and surveying them on disks.


2
Extrapolation of back module measurements on sectors to back module positions on disks.

5
microns RMS  (added in quadrature)

The 4 micron uncertainty due to the "Back module position relative to front modules in the sector survey" is due to the error in measuring the reference holes on the front and back sides of the sector, and the variation of the actual distance between the holes. It was determined by using the measured positions of the two reference holes to calculate the distance between them, and then calculating the variation of that distance from nominal.

The 2 micron uncertainty due to the "Movement of modules between surveying them on sectors and surveying them on disks" was determined by comparing the distance between targets on neighboring modules from the sector survey measurements to the same quantity from the disk survey measurements, for the front modules. It is assumed that the results apply equally well to the back modules. For front modules this movement is taken care of since the front modules are measured again after mounting the sectors on the disks, but this is not true for the back modules.

Finally, there is a 2 micron uncertainty due to the "Extrapolation of back module measurements on sectors to back module positions on disks". It is assumed there is a small translation and rotation of the sector from nominal when it is mounted on the disk ring, which is determined from a fit to the differences in the local module positions of the three front modules from the X,Y sector survey and the X,Y disk survey. The sector fits are used along with the positions of the back modules from the X,Y sector surveys to calculate the final X,Y,ΦZ survey alignment parameters for the back modules. The 2 micron uncertainty arises from the uncertainty in the fits.

5.9 Conclusion

The X, Y, Z, ΦX, ΦY, ΦZ survey alignment parameters of the 48 pixel modules on each of the 6 endcap disks have been determined. These alignment parameters give the position and orientation of each module due to the effects of the placement of the modules on the sector and the placement of the sectors on the disk ring. The distributions of the final alignment parameters are in Figures 5.5 and 5.6, and the means and sigmas of the Gaussian fits to the distributions are in Tables 5.2 and 5.3. The statistical uncertainty in the X,Y survey alignment parameters is about 1 micron for front modules, and about 5 microns for back modules.

