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Introduction





Recently CERN has a developed a simple capacitance strain gauge for use in measuring coil stresses during construction and cooldown of model magnets for the LHC1. These gauges were operated at room temperature and at liquid Nitrogen temperature (77K). Measurement sensitivity and reproducibility is claimed to be about 5%. Correlation with resistive strain gauge measurements appear to be about 8%. Construction of these gauges appears to be relatively straightforward and, though requiring care, does not entail the use of any exotic or expensive materials. In this paper we discuss the theory of operation of capacitance strain gauges, some factors affecting their performance, measurement system requirements, and finally a modest program for pursuing their development at Fermilab. 








Theory of Operation





In principle, the capacitance strain gauge is an exceedingly simple device.  As any elementary physics student will know, the capacitance (in Farads) of a pair of electrodes of area A separated by a distance d is simply given by :





� EMBED Equation.2  ���                                                                                                                                         (1)





where eo is the permittivity of free space (8.8542 x 10-12 C2/N-m2).





This relationship assumes that the two electrodes are of equal area, parallel, and neglects the effects of fringe electric fields.





The capacitance of a pair of parallel plates can be made to vary by simply varying their separation, d. Therefore, if the space between these electrodes is filled with a dielectric material, instead of air, that has a suitable modulus of elasticity, we can then relate the change in electrode spacing (and hence capacitance) to the stress applied to the electrode surfaces. 





The change in thickness of a slab of dielectric material with modulus of elasticity E under  a uniform applied stress s is given by the following :





� EMBED Equation.2  ���                                                                                                                          (2)





so that 





� EMBED Equation.2  ���                                                                                                                             (3) 





Substituting (3) for  d in (1), and e (the dielectric constant of the material) for eo, we have an expression for  the capacitance as a function of the applied stress s  :





� EMBED Equation.2  ��� .                                                                                                                            (4)








When designing a sensor it is important to understand the effects that changes in the sensor parameters and materials have on its sensitivity. This is useful for design optimization. The sensitivity of a capacitance sensor to changes in applied stress, which is a feature we would like to maximize, is represented by  taking� EMBED Equation.2  ��� :








� EMBED Equation.2  ���                                                                                       (5)








Now, if we utilize a material such as Kapton( film as the dielectric in a capacitance gauge, which has a modulus of elasticity E of about 5 x 105 psi, and we consider maximum applied stresses on the order of 2 x 104 psi, we find s/E to be 0.04.  We can then expand the denominator of (5) as follows :





� EMBED Equation.2  ���                                                                                                     (6)





which, for s/E << 1, yields :





� EMBED Equation.2  ���                                                                                                              (7)








From (7) we see that the sensitivity of a capacitance gauge is linearly related to the area of the gauge, and inversely related to the separation of the electrodes and the modulus of elasticity of the dielectric material. In order to maximize a gauge’s sensitivity, one should use as large an area a practical, with as thin and “soft” a dielectric as possible. 








Some Practical Considerations





One of the more desirable aspects of a capacitance gauge would appear to be its simplicity in construction and its small size, which minimally perturbs the magnet structure. This is accomplished by using thin film materials in its construction - most notably Kapton( films on the order of 0.001” - 0.0005” thickness as the dielectric material, and thin steel foils on the order of 0.002” - 0.001” thickness as the electrodes. Thinner materials are neither readily available, sufficiently robust, nor easy to work with. Therefore, design optimization is achievable primarily through maximization of the gauge area.





In general there may be only one free parameter for adjusting the gauge area; often the gauge width is determined by the superconducting cable width. Therefore, the gauge area is only adjustable via the gauge length. Some practical considerations that limit the gauge length are the longitudinal uniformity of the stress distribution in a magnet assembly, and the size of the calibration fixture that would be needed. Both these considerations place a practical upper bound on gauge length of a few to several inches. 





A particularly useful means of improving the gauge sensitivity is to increase the effective area without increasing the geometrical area of the gauge. This can be done by, e.g., fabricating a “stacked” capacitance gauge where layers of dielectric alternate with layers of electrode material. This produces a somewhat thicker gauge with the same overall area, and a capacitance that is the product of the number of layers and the capacitance of a single layer gauge (since capacitors in parallel add linearly). Using dielectric films and electrode foils of 0.001” thickness, a five-layer gauge can still be only ~ 0.012 - 0.015” thick. This can be easily accommodated in a magnet assembly.





One variation of this technique to increase the effective area, used at IHEP2, is to bi-filarly roll an aluminized Mylar( or Kapton( film over a flat “mandrel” (not unlike the jelly-roll construction of Nb3Sn superconductor) which is later removed and the aluminized dielectric package pressed flat. The resultant gauge is several layers thick, but of greater effective area, and hence, capacitance. In practice, it is found that Mylar( film is not well-suited to cryogenic applications, and aluminized Kapton( film will be required to pursue this technique.





The bond between the electrode and dielectric film contributes significantly to the effectiveness of the capacitance gauge. Successful gauges have been fabricated by using the same techniques used in bonding resistive strain gauges to transducer plates.  The adhesive is heat cured under a constant pressure using a spring-loaded fixture. Proper cleaning of the gauge and dielectric surfaces prior to the application of adhesive is also essential, as is proper alignment of the gauge components.  However, it does not appear that these assembly procedures are any more stringent than those for the manufacture of resistive foil strain gauges. 





Calibration of capacitance strain gauges appears to be relatively straightforward. This has been accomplished at CERN by loading the gauges with a hydraulic press and measuring the gauge capacitance using a commercial LCR meter. It is claimed that the gauges function well as force-integrators, so that accurate positioning of the gauge during loading is not important, the stresses being reasonably uniform across the gauge surface. This is true for “reasonably wide” gauges1. Calibrations at CERN have been performed at room temperature and at liquid Nitrogen temperature (77K). Presumably there is no fundamental reason why calibrations could not be adequately performed at liquid Helium temperatures (4.2K) also, as the relevant parameters of the gauge material at 4.2K do not differ significantly from their 77K values. The nature of the calibration facility at CERN, which does not appear capable of adequately handling liquid Helium, is most likely the reason calibrations were not performed at 4.2K.  At cryogenic temperatures, the zero-strain and strain sensitivity are found to differ from the room temperature values, due to changes in the gauge dimensions/spacing and material properties (relative permittivity and modulus of elasticity) of the dielectric. In this sense they behave in a manner similar to resistive strain gauges.








Measurement System Requirements  





The simplest data acquisition system for use with capacitance strain gauges consists of a commercial LCR meter (such as a Hewlett-Packard Model 4263A or Keithley Instruments Model 3330), an analog multiplexer (such as a Keithley Model 7001), and a PC to control the data acquisition process. A system such as this, employed at CERN, is able to record the values of the capacitance of several gauges at a time, as would be required during the magnet assembly stage and during cold testing.





In order to determine the range and level of sensitivity required by a measurement system, it is instructive to calculate the capacitance and capacitance change with applied stress for some representative gauge geometry and materials. Consider a gauge with the following dimensions and material properties :





l = 1.5”  (38.1 mm)				d =  0.001” (0.0254 mm)


w = 0.591” (15.0 mm)				A = 0.8865 in2 (5.715 x 10-4 m2)


e = 2.7						E = 5 x 105 psi (3.5 GPa) 


Using (4) we can calculate the zero-stress capacitance of such a gauge, finding Co ( 540 pF. Using (7) we can estimate the gauge’s sensitivity for stresses much smaller than the modulus of the dielectric, finding � EMBED Equation.2  ��� = 0.27 pF/MPa . These values are well within the capability of off-the-shelf measurement devices, and indeed, can easily be increased by a factor of 2 - 5 by employing some of the techniques discussed earlier that increase the effective area of the gauge.





Presently in the Fermilab/Technical Division there does not exist a system for the automated measurement of several capacitance strain gauges.  In order to fully incorporate capacitance strain gauges in the LHC magnet program, i.e., as a replacement for resistive strain gauges, and used throughout magnet construction and testing, suitable data acquisition systems must be developed for the calibration facility, room-temperature measurement facility, and Magnet Test Facility. Each of these facilities would require a dedicated LCR meter and multiplexer. A suitable multiplexer exists in the room-temperature strain gauge system; however the scanning cards would need to be replaced. It is estimated that capital expenditures required to convert the present calibration, room-temperature, and MTF systems would be US$ 7,100, 7,500, and 9,300, respectively. This does not include labor costs for interface panel design/construction or software development. This is a non-negligible added cost to the LHC magnet development program.








A Modest Proposal





Before embarking on the development of facilities to fabricate, calibrate, and measure capacitance strain gauges, it would prove prudent to gain some understanding of their construction and behavior through simple bench tests and experiments. It is proposed that some prototype gauges be constructed using existing or easily obtained materials, and that they be tested at room temperature using a hydraulic press and stand-alone LCR meter.  If sufficient performance can be achieved vis-à-vis accuracy, reproducibility, reliability, etc., then cryogenic calibrations can be attempted. If this is met with further success, then additional gauges of various designs should be fabricated and tested in order to determine gauge variability and optimal design parameters.  This proposed work would be pursued within existing budgets and manpower availability.





If results from the above work indicate that capacitance strain gauges demonstrably offer a significant improvement over existing technology, then a development plan and budget within the constraints of the LHC magnet program can be formalized. 
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