Introduction: CMS at LHC

To answer key unresolved questions in high energy physics the most powerful particle accelerator has been built: the Large Hadron Collider (LHC) at the CERN laboratory in Geneva, Switzerland. The LHC starts running later this year, a 17-mile long, 300 feet deep underground circuit that took 25 years to plan and $6 billion to construct. The unprecedented energy it achieves may even reveal some unexpected results that no one has ever thought of! What is the origin of mass? Why do tiny particles weigh the amount they do? Why do some particles have no mass at all? At present, there are no established answers to these questions. 

What is 96% of the universe made of? Everything we see in the Universe, from an ant to a galaxy, is made up of ordinary particles. These are collectively referred to as matter, forming 4% of the Universe. Dark matter and dark energy are believed to make up the remaining proportion, but they are incredibly difficult to detect and study. Further on, Einstein showed that the three dimensions of space are related to time. Subsequent theories propose that further hidden dimensions of space may exist.

The experiments at the LHC (CMS and ATLAS and others) will be actively searching for anwers and signs of these elusive phenomena. 

Presented work is a part of construction and commissioning of the Compact Muon Solenoid (CMS) experiment. (NO DIRECT CONNECTION with the CMSConference!). The CMS uses a general-purpose detector to investigate a wide range of physics, including the search for the mass origin, particles that could make up dark matter and hidden dimensions.

The detector is built around a huge solenoid magnet. This takes the form of a cylindrical coil of superconducting cable that generates a magnetic field of 4 teslas, about 100 000 times that of the Earth. The magnetic field is confined by a steel 'yoke' that forms the bulk of the detector's weight of 12 500 tonnes. More than 2000 scientists collaborate in CMS, coming from 155 institutes in 37 countries.

The CMS is constructed in layers from the center outwards. The collision region at the center is where the protons smash into each other. The focusing magnets in the LHC force the proton beams, traveling in opposite directions, to cross at the center of the CMS detector. The first layer which detect and preciesly measured position of interaction and directions of emerging debrees is the Pixel tracker. Finely segmented silicon sensors have 66 million pixels individually read out.[1] They also reveal the positions at which long-lived unstable particles decay with accuracy of about 10 microns.This part is followed by the world's largest silicon strip detector measuring momenta of charges particles deflected by magnetic field. It has 205 m2 of silicon sensors (approximately the area of a tennis court) comprising 9.3 million microstrips. 

These very delicate and precise systems are surrounded with detectors measuring energy coming in neutral particles, called electromagnetic and hadron calorimeters. The outer iron yoke of the magnet is instrumented  with gas-based detectors measuring momenta of the most penetrating particles, muons (which give name to this experiment).

To connect together all these sub-detector information a hardware and software survey and alignment systems are established. Today we decribe only part of it: hybrid survey technique we empoyed to use for alignment of the Forward Pixel tracker constructed at Fermilab and delivered to CERN were final installation and survey is now in progress.

Introduction: FPIX in CMS 

The silicon pixel detector is the innermost component of the CMS tracking system. It provides precise measurements of space point to allow effective pattern recognition in multiple track environments near the LHC interaction point. The end disks of the pixel detector, known as the Forward Pixel (FPIX) detector, are constructed by the US-CMS collaboration. Four of the FPIX disks will be located at a mean distance of 35.5 cm and 48.5 cm longitudinally from both sides of the interaction point. Due to installation requirements each disk is made of two half disks which carry silicon sensors detecting passing particles.  The half-disks are mounted on carbon fiber half-cylinders carrying cooling, power lines and front-end electronics. The assembled and pre-tested half-cylinder is to be installed and surveyed in the CMS detector. 

As installed, this assembly is not accessible so the survey of its elements has to be done during construction.   

 The detector basic unit is called a plaquette, which is assembly of silicon sensors and readout electronics. Plaquettes are then used to form panels, blades, and then half-disks. Figure ? shows a flow diagram of the steps in construction. A total of 672 plaquettes are needed to build the Forward Pixel Detector. Several plaquettes (three or four) are placed on a laminated piece of Beryllium forming a panel. (Figure?). 24 panels are needed to construct a half-disk. A total over 200 panels have been built to assemble 8 half-disks. To form the half-disk the panels are installed on a V-shaped cooling channel “skeleton” with turbine geometry, where the panels are tilted by 20º to the plane of the disk to increase precision of the coordinate measurements. 

Survey flow.

For detector alignment positions of each sensor on the panel, panel on the disk and disk in the half cylinder are to be determined before installation in the CMS, so several steps in the survey was performed using various techniques. The survey flow is shown in Fig.?

At first step, measurement of silicon target sensor positions on the individual beryllium panels was made using an optical Coordinate Measuring Machine (CMM) by the OGP (Optical Gauge Products) Company after assembly of the unit. Due to small size of the targets (~60 microns) high magnification lens (~x500) was used. The measurements were made with typical accuracy of 2-5 microns.   

At second step, the tested and accepted panels were mounted on the cooling channel forming the half disk. The survey of the assembled half disk was done in two steps using the same optical CMM and photogrammetry. This required special study of compatibility of these two techniques and introduction additional targets allowing precision connection of the measurements. We describe some details of the procedure below. As a result we introduce optical 1 and 3 mm targets installed on the panels and outer and inner shells of the half disk. We measure 1 mm targets together with sensor targets using the CMM due to limitations of the optics. Then we make photogrammetry of 1 and 3 mm targets and compare two methods. Note, that we have combination of 1 and 3 mm targets and use larger targets for further survey of the bigger objects like half cylinder with dimensions of ~2m.  

At the third step, the half cylinder assembled with two half disks is installed in a special alignment fixture with the same dimensions as rails supporting the FPIX detector in the CMS detector. To establish relative positions of the rail slots and the detector targets two methods are employed: a CMM equipped with a touch probe and photogrammetry. Details of the technique are described below.

Two final steps of the survey are made at CERN. As the half disks were removed from the half cylinders and transported separately, they have been re-assembled there. Photogrammetry survey was performed using the same alignment fixture using 1mm, 3 mm and a few additional targets and results were compared with previous measurements at Fermilab. The final step of survey is measurement of the positions of the targets visible after installation in the CMS apparatus together with its targets relative global coordinate system of the LHC. This survey will be performed with photogrammetry .

Connection between CMM and Photogrammetry

Survey of the Optical Targets with CMM and Photogrammetry.

 As we mentioned above we use 1 mm optical targets to connect the optical CMM and photogrammetry methods. The CMM uses automatic pattern recognition algorithms to find effective center of the sensor fiducials and 1 mm optical target in three dimensions.

Due to different optical properties of these two objects possible bias can occur during the measurements. Namely, the sensor fiducials were made using etching of the surface of the silicon sensors covered by aluminum with thickness of fraction of micron. The optical targets are made of glass beads with diameter of ~80 microns glued on the plastic substrate. So these two objects appear quite different at the screen of the CMM display. We compare coordinates of targets in plane orthogonal to the optical axis of the CMM microscope (X and Y) and found that we have  agreement between two methods for the optical targets of ~20 microns, which corresponds only partially to intrinsic accuracy of the photogrammetry (~10 um) and mostly due to irregular shape of the targets introducing systematic shifts in the CMM pattern recognition. Note that to get such low absolute errors for the photogrammetry survey of this relatively small object (half-disk diameter of ~300 mm) the pictures were taken from the smallest possible distance (>~ 0.5 m). Detailed study of the 1 mm retro-targets shows that selecting the targets with regular shape can reduce the observed spread.  

To find proper connection in the Z-direction along the optical axis of CMM appeared to be more complicated. We use independent three dimension reconstruction of the half disk connecting two sides of it measured independently with CMM machine using touch probe with survey balls attached to the supporting plate. It allows establishing the overall Z-shift of the CMM measured coordinates of the 1 mm targets relative to the sensor fiducials. The shift was found to be  ~70 microns with broad dispersion of about 40 microns for all eight half disks using the best fit of CMM coordinates to photogrammetry. This uncertainty is  possibly due to irregular shape of the target and partially due to difficulty of calibration of the depth resolution of the methods.          

Results

Conclusions
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