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Abstract


The superconducting radio frequency (SCRF) cavities of the International Linear Collider (ILC) will require high precision length control to operate on resonance.  Piezoelectric columns are employed as actuators, and current research aims at lengthening the lifetime of these implements by applying the correct preload, or axial load before actuation.  One method of measuring the preload involves placing a metallic block in-line with the piezoelectric column and reading strain gauges on the block.  This paper discusses current pitfalls of this method and ways to avoid them.  Bench tests of measurement equipment and theory of static mechanics have shown this to be a viable method and have provided insight about specific, beneficial modifications to the current configuration.  These improvements make the goal of a reliable accuracy of 50 pounds—currently frustrated by temperature effects—theoretically attainable while also allowing for migration to a more compact, less expensive data acquisition system. 

Introduction

The study of particle physics is advancing so rapidly that even before the latest generation of accelerator is operational, the global scientific community has already set its sights on the next.  That latest generation, embodied in the Large Hadron Collider, a 14 TeV proton-proton accelerator, is to be complemented by the International Linear Collider (ILC) in the next ten to twenty years.  This high precision machine will sling electrons and positrons through miles of super-fluid helium cooled cavities, after which they will meet nearly head on, annihilating and showering detectors with a flurry of rare or never-before seen particles.   

One of the greatest challenges in making this machine a reality is its cost.  An important angle for limiting both acquisition and operational costs is reducing the ILC’s immense power demands.  Elements of the system are carefully chosen so as to minimize the energy needs.  This factor, for example, contributed to the selection of superconducting radio frequency (SCRF) cavities—as opposed to normal conducting—as the body housing the beam and the accelerating field.  The superconductivity allows almost all of the power to energize the beam, rather than heat the cavity, and the money thus saved is greater than the cost to cool the cavities to superconducting temperatures (below 4 K).  Pictured below is one such cavity.
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Figure 1. (A) Roughly one meter long SCRF cavity of pure niobium, 2-3 mm thick  (B) a cavity in a cryomodule which will contain liquid helium.
Operating the cavity on electromagnetic resonance is another power saving technique.  The high quality factor (QL ≈ 3x106) of the cavities insures a high peak response to driving on resonance, but it also causes a narrow resonance bandwidth (
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Hz).  Slight mechanical changes in the cavity, such as in volume or length, can significantly alter the resonance frequency; a change in length by 1 µm changes the resonant frequency by about 400 Hz.  Since the klystron supplies the 1.3 GHz power signal in a narrow bandwidth as well, it becomes a central issue to monitor and control the resonance of the cavity.

Any shift of the peak resonance frequency of the cavity from 1.3 GHz is known as detuning.  The causes of detuning, classified into two categories, include microphonics and Lorentz force detuning.  Microphonics is an umbrella category, encompassing all environmental vibrations, such as that from the liquid helium pumps or any seismic activity.  A bothersome corollary to the operating principles of this design, Lorentz force detuning is the action by which powering the cavity alters its shape, as shown below.  What is worse, the klystron powers the cavities in short pulses of roughly 1 ms, so this detuning becomes a dynamic player, repeatedly shrinking the cavities after they stretch themselves back to normal length.

[image: image3]
Figure 2. The Lorentz force of the electromagnetic fields within the cavities is strong enough to move their thin walls.
Control of electron beam dynamics demands a constant accelerating gradient (35 MV/m for ILC) during each beam pulse.  To achieve this, the klystron follows the cycle shown in Figure 2.  From no power—and no gradient—the klystron provides power for several hundred microseconds, increasing the fields of the cavity according to its time constant.  Once the proper accelerating gradient is reached, the klystron works to maintain it for several hundred more microseconds in a period known as the “flat-top”.   It is during this time that bunches of electrons will pass through the cavity.  At the end of the flat-top, the klystron cuts power, and the gradient decays exponentially.  The Lorentz force detuning, also depicted in the figure, causes the klystron to have to supply uneven power to maintain the gradient.  
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Figure 2.  Graph portraying accelerating gradient, peak resonant frequency, and required power during a  ~1.3 ms pulse.  Note the proper pre-detuning; matching frequencies in the middle of the flat-top reduces peak power and total energy.
This effect is dependent on the accelerating gradient; change in frequency during the course of the flattop is proportional to the square of the accelerating gradient:
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, and change in peak power is proportional to the square of the detuning: 
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.  The peak power therefore rises with the fourth power of the accelerating gradient.  Although Lorentz force detuning can largely be ignored when operating below about 15 MV/m, by 35 MV/m, the consequences become drastic.  If the cavity begins the flattop perfectly in tune with the klystron, then the required power increases by over 100% by the end of the pulse.
The current aim of many scientists and engineers around the world is to develop a tuning system to prevent this.  These systems might stretch or squeeze the meter long cavity with a resolution below a micron so as to counteract both microphonics and the Lorentz force.  One model, under development at Fermilab, utilizes both a slow and a fast tuner.  A stepper motor, acting as the slow tuner, functions over a wide range of distances and is best suited for corrections at the outset of cavity operation.  The driving component of the fast tuner, which will pulse against the Lorentz force, is a piezoelectric column.  These elements combine to act on the end of the cavity by a system of levers, as below. The use of piezoelectric columns, or piezostacks, as dynamically driven actuators is of specific interest in this paper.
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Figure 3.  Graphic of cavity end with slow and fast tuners.
Background: The Preload

Although shown to be a viable method of resonance control by researchers at DESY [1], in Hamburg, piezotuners have exhibited unpromisingly short lifetimes.  Current designs place the actuator inside the cryogenic chamber, making the replacement of one piezostack a slow process requiring the shutdown of the entire accelerator for perhaps a day or more.  With one tuner about every meter, 35 km of ILC translates to roughly 35,000 tuners.  Since the success of modern accelerators depends on amassing a large history of collisions, this poses a daunting complication.  Clearly, if this method is to be employed in the ILC, then the average lifetime of the implement must be extended to several years.

One of the most important factors influencing the lifetime of a dynamically driven piezostack is the preload.  This is the amount of force applied axially to the piezostack before it is excited.  Another key term is the blocking force, or the smallest amount of preload which prevents the piezostack from actuating when excited.  Without any preload, a dynamically driven piezostack can quickly deteriorate, as the ends experience tens, or even close to one hundred g’s of acceleration.  Between layers of the piezostack, tiny clefts develop and eventually render the column useless.  Applying a preload is therefore healthy for the piezostack, but as the preload approaches the blocking force, it will reduce the stroke length of the piezostack—the same applied voltage will cause less expansion.  This adds a wrinkle to any algorithm designed to control the piezostacks.  For these reasons, it is important to develop the ability to routinely attain the proper preload, which lies somewhere between one half and two thirds of the blocking force.

To achieve the proper preload, researchers at Fermilab have constructed an adjustable stainless steel fixture to house the piezostack, as shown in the figure below.  The disc springs allow for precision adjustment in the preload force by f = k•∆x while also allowing the movement of the bottom plate by piezostack expansion.  The difficulty with this method is that the nuts are put in place when the fixture is in a different environment than where it will eventually reside and operate.  Over the course of the cool down from room temperature to cryogenic temperatures, the stainless steel of the fixture contracts more than the piezostack.  The change in preload is so dramatic that it is necessary to measure the force in the operating environment.  The drive of this paper is to describe current methods employed at Fermilab for making this measurement and to recommend improvements to these methods.
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Figure 4.  Piezostack in SS fixture with disc springs.
Measurement Method
Researchers at various laboratories have explored several methods for accomplishing this measurement.  Some involve a bulky load cell, while others examine properties of the piezostack itself, such as capacitance and resonant frequencies.  The present project focuses on the effort to use bonded metallic resistive strain gauges.  The basic concept is to measure the strain on some object of known stiffness and then back out the applied force.  Due to an uneven surface, the piezostacks themselves are not suitable for strain gauge application.  Instead, the strain gauges (Vishay Micro-Measurements WK-06-062AP-350W) are mounted on a small stainless steel block which is inserted into the fixture inline with the piezostack such that it bears the same load (most varieties of strain gauge are designed with metals in mind anyway).  The block is known as a “bullet” for its shape; the bottom is a hemisphere which fits into a hemisphere socket to reduce the effects of any slight misalignment.  It can be seen below the piezostack in Figure 4.
 
[image: image9]             [image: image10.emf]
Figure 5.  (A)Bullet with strain gauges, (B) strain gauge, courtesy of [2]
Strain gauges are common devices whose resistance changes in proportion to a change in length.  The figure below shows an example.  A thin metal foil is embedded in a carrier material, which in turn is glued to the object of interest.  The gauge changes size with the surface it is mounted to.  The foil is arranged in a grid-like pattern so as to provide maximum sensitivity along a principal axis.  The operation is simple: when the gauge elongates, the current path lengthens (by several times more), and resistance increases.  When the gauge contracts in length, so does the current path, so the resistance decreases.  The change in resistance is translated into a strain by way of the gauge factor (GF).  This gives the relation between the fractional change in resistance (R) and that of the length (L), 
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where ε is strain.  A common value for the gauge factor is about two.  Knowing the modulus of elasticity (E) makes it possible to calculate the force,
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where A is the cross-sectional area of the block.


The strain gauge method suffers from one major complication—temperature effects.  These effects manifest themselves in two ways.  The first is through a change in gauge factor—the sensitivity to strain can vary by as much as ten percent from 300K to 4K.  Second, these gauges exhibit what is known as “thermal output.”  That is, their resistance changes with temperature.  If left unaccounted for, this effect could be misinterpreted for thousands of pounds of force.  Fortunately, the mild gauge factor effect is easy to correct for using information from the strain gauge manufacturer, but this is not so for thermal output. 

At present, two related techniques are employed to account for thermal output.  One of these uses a resistive temperature detector (RTD) mounted nearby to measure the temperature.  After being glued to the bullet, the strain gauges are cooled to 4K, and the unstressed resistance is recorded for many points over the temperature range.  Later, during operation, the temperature measured by the RTD can be used to find the unstressed resistance according to this calibration data.  Subtracting that value from the measured resistance of the strain gauge gives ΔR, the change in resistance due to stress.  The other technique involves a compensating strain gauge.  Here, another strain gauge of the same type as is used on the bullet is glued somewhere nearby, also on stainless steel, but to a surface which does not come under stress.  At any point during operation then, this resistance can be measured and taken as the unstressed resistance of each of the other strain gauges (with some offset correction).

Each of these techniques has its own merits and drawbacks.  An advantage of the RTD is that its resistance rises in an exponential fashion as the temperature decreases (see Fig. 6), giving good resolution at very low temperatures.  An accompanying drawback, however, is the poor resolution from room temperature down to about 25K.  Another advantage of this RTD is its small size; it is easy to find a place for it near the strain gauges.  This is necessary because the insulating vacuum environment inhibits heat transfer, making it possible for adjacent components to differ in temperature by several degrees.  The small size and insulating vacuum also invoke the problem of self-heating, whereby the power dissipated by the current used to measure the resistance heats up the RTD, thus altering the measurement.  It is necessary to use a very low current of about 1 µA, making it difficult to measure resistance with sufficient resolution.  The larger size of the compensating strain gauge prevents it from having this issue.  Moreover, as long as the same current is passed through all of the strain gauges, any slight temperature changes would be innocuous.  The drawback to the size is that it is more difficult to find a place for the compensating strain gauge, which needs to be very close to the others.  Lastly, a major drawback of this technique is that it does not necessarily give a temperature, for the function from temperature to resistance is not invertible.  All of these factors conspire to make it sensible to employ both methods together.
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Figure 6. This RTD resistance vs. temperature curve gives good resolution at low temperatures.

But even this is not always enough.  Although earlier results are largely reliable, the erratic data taken in June of 2007 from the Horizontal Test Stand proved impervious to analysis.  Slight differences in temperature calibration data caused results from the two methods to vary widely, and neither was at all reasonable, especially in light of earlier observations.  Some data even read hundreds of pounds of tension on the bullet, but this is impossible because if relieved of compressive forces the bullet and piezostack would fall out of the fixture.  This sparked a further investigation into the system, aimed at discovering what could cause results so inconsistent with reality.
The first step is to evaluate the demands placed on the measurement system in achieving the desired accuracy.  Given the desired preload of roughly 500 lbs, an error of no more than 50 lbs, or ten percent, in measurement is appropriate for this application.  Applying the relevant parameter values: 193 GPa for the modulus of elasticity of the bullet, 1 x 10-4 m2 for its area, 2 for the gauge factor, and 350 Ω for the base resistance, reveals that nearly 6,000 lbs are required to generate a change in resistance of 1 Ω.  This requires measurement within 8 mΩ to be within 50 lbs of the actual force.  This immediately seems a stringent demand, especially considering the wire distance (tens of meters) and disparate environments of the resistors and the voltmeters.  
A view of the temperature calibration curve of the strain gauges on the unstressed bullet (see Fig. 7) shows another area of high demand.  The left tail is so steep that, at 5 K, a mere 80 mK difference in temperature changes the resistance by 8 mΩ.  Even if the RTD could be read exactly, the fact that such a minor deviation could invalidate the measurement seems problematic.  Granting that it seems to have worked in the past, a simple recalibration might temporarily fix the system, but the fact remains that reliability has already become an issue.  Some changes in implementation, suggested below, should provide greater accuracy and reliability in measurement by reducing the demands placed on the measurement system.
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Figure 7. Example Resistance vs. Temperature curve (with trend line) for a strain gauge mounted on the bullet.  The curve becomes exceedingly  steep below 30 K.
Measurement Hardware

Before proceeding to recommendations on strain gauge modifications, a brief look at the current hardware employed to measure these devices will reveal another critical area of improvement.  As it stands, a National Instruments PXI crate with amultiplexer coordinates two Keithley current sources (220 & 224), a custom-made switch box, and an HP 3458A 8 ½ digit voltmeter to make these measurements.  The proposal is to replace this cluster with one new PXI crate containing a PXI 2501 FET Multiplexer and a PXI 4071 7 ½ digit multimeter (DMM); one piece to accomplish the task of five.  Knowing the required sensitivities from the above analysis, the plausibility of employing this slightly less precise equipment can be analyzed with results from bench tests.  These tests have been carried out by wiring a Vishay high-precision resistor of 350 Ω (0.005%) through the multiplexer for a four-wire measurement at the DMM.  The software NI-SWITCH 3.3 and NI-DMM 2.7 controlled the instruments.
Several settings on the DMM influence the accuracy and precision of its measurement.  One of these is the range of measurement.  This is so in part because selecting the range also determines the current applied, according to the table below.  Other factors include resolution, 
Table 1.  Range setting and corresponding best resolution and current when driving PXI 4071 with NI-DMM 2.7.

[image: image15]
and aperture time, which can be set in seconds or, as below, in power line cycles.  
The table below outlines test results using the minimum aperture time for a given noise-rejection mode.  This test was designed to probe performance in the configurations appropriate for strain gauge measurement.  This table shows failure to meet requirements in some configurations, such as the fourth, where the uncertainty is 30 mΩ and the range is even greater.  Still, other configurations’ uncertainty exceeds the 8 mΩ standard by an order of magnitude, pointing to the viability of this instrument in fulfilling the appointed role.  The only area of
Table 2.  Performance profile for PXI 4071 wired through PXI 2501.  Each set of statistics covers 5,000 measurements, and time (s) is time to switch and take a 50 point multipoint read.
	SETTINGS
	
	
	RESULTS
	

	Range: 1 k(
	Resolution: 7 ½
	
	µ = 350.0485
	Range = 0.003

	Noise- rej: high-order
	Apt. time: 6
	
	σ = 0.00052
	Time = 5.2

	
	
	
	
	

	Range: 10 k(
	Resolution: 7 ½
	
	µ = 349.9684
	Range = 0.029

	Noise- rej: high-order
	Apt. time: 6
	
	σ = 0.0044
	Time = 5.4

	
	
	
	
	

	Range: 1 k(
	Resolution: 7 ½
	
	µ = 350.0516
	Range = 0.005

	Noise- rej: second-order
	Apt. time: 2
	
	σ = 0.0013
	Time = 1.9

	
	
	
	
	

	Range: 10 k(
	Resolution: 7 ½
	
	µ = 349.983
	Range = 0.11

	Noise- rej: second-order
	Apt. time: 2
	
	σ = 0.030
	Time = 2.1

	
	
	
	
	

	Range: 1 k(
	Resolution: 7 ½
	
	µ = 350.0524
	Range = 0.006

	Noise- rej: normal
	Apt. time: 1
	
	σ = 0.00078
	Time = 1.1

	
	
	
	
	

	Range: 10 k(
	Resolution: 7 ½
	
	µ = 349.9845
	Range = 0.003

	Noise- rej: normal
	Apt. time: 1
	
	σ = 0.0021
	Time = 1.3


concern is in the differences between the averages, which are in some cases greater than 8 mΩ.   All of the readings are fairly close to the presumed 350 Ω of the test specimen, indicating that a simple calibration against a high precision resistor might correct for this.  But then again, this test employed a high precision resistor, so while 8 mΩ is the target accuracy level, this discrepancy cannot be ignored.  Lastly, what remains to be seen is a test of this equipment in the operating environment, which is surely noisier than the desk upon which all current test equipment fits.  

Table 3 outlines results from a similar test, this time aimed at the measurement of an RTD.  The target accuracy here is about 4 Ω.  The range 100 kΩ measurements could be a clear success, but they pass 10 µA current, so a higher range is sought.  The inaccuracy in the range 10 MΩ measurements was so bad, however, that the results were not included.

Table 3. Performance profile for PXI 4071 wired through PXI 2501.  Each set of statistics covers 5,000 measurements, and time (s) is time to switch and take a 50 point multipoint read.
	SETTINGS
	
	
	RESULTS
	

	Range: 100 k(
	Resolution: 7 ½
	
	µ = 349.01
	Range = 0.862

	Noise- rej: high-order
	Apt. time: 6
	
	σ = 0.20
	Time = 6.4

	
	
	
	
	

	Range: 1 M(
	Resolution: 7 ½
	
	µ = 318.61
	Range = 3.81

	Noise- rej: high-order
	Apt. time: 6
	
	σ = 0.68
	Time = 10.2

	
	
	
	
	

	Range: 100 k(
	Resolution: 7 ½
	
	µ = 348.989
	Range = 0.242

	Noise- rej: second-order
	Apt. time: 2
	
	σ = 0.038
	Time = 3.1

	
	
	
	
	

	Range: 1 M(
	Resolution: 7 ½
	
	µ = 319.4
	Range = 4.977

	Noise- rej: second-order
	Apt. time: 2
	
	σ = 1.0
	Time = 6.9

	
	
	
	
	

	Range: 100 k(
	Resolution: 7 ½
	
	µ = 349.030
	Range = 0.244

	Noise- rej: normal
	Apt. time: 1
	
	σ = 0.038
	Time = 2.3

	
	
	
	
	

	Range: 1 M(
	Resolution: 7 ½
	
	µ = 320.6
	Range = 9.174

	Noise- rej: normal
	Apt. time: 1
	
	σ = 2.1
	Time = 6.0



Instead of setting the aperture time to the minimum for a given noise-rejection mode, the user may allow LabVIEW and NI-DMM to determine this setting.  Doing this usually yields much more accurate results.  Here, the influence of resolution can be seen on accuracy and timing.  This information seems to show the viability of using the PXI 4071 in measuring the RTD resistance.  But this is only so for temperatures close to 5 K, where the calibration curve is steepest, and even then only barely.  Especially considering that the operating environment can only degrade the quality of these measurements, it seems that the PXI 4071 is not capable of making this particular measurement unless some timing scheme can allow for higher current.  On the other hand, this DMM does still offer promise for strain gauge measurements, especially if the demands of this measurement can be eased.
Table 4. Performance profile for PXI 4071 wired through PXI 2501.  Each set of statistics covers 200 measurements, and time (s) is time to switch and take a 20 point multipoint read.  Range is set to 10 MΩ for all.
	SETTINGS
	
	RESULTS
	

	Resolution: 5 ½
	
	µ = 346.6
	Range = 35.04

	Noise- rej: high-order
	
	σ = 7.1
	Time = 5.08

	
	
	
	

	Resolution: 6 ½
	
	µ = 346.43
	Range = 4.918

	Noise- rej: high-order
	
	σ = 0.82
	Time = 9.9

	
	
	
	

	Resolution: 7 ½
	
	µ = 346.36
	Range = 2.236

	Noise- rej: high-order
	
	σ = 0.36
	Time = 32

	
	
	
	

	Resolution: 5 ½
	
	µ = 344.1
	Range = 36.262

	Noise- rej: second-order
	
	σ = 7.6
	Time = 5.2

	
	
	
	

	Resolution: 6 ½
	
	µ = 346.50
	Range = 4.93

	Noise- rej: second-order
	
	σ = 0.86
	Time = 9.9

	
	
	
	

	Resolution: 7 ½
	
	µ = 346.32
	Range = 2.217

	Noise- rej: second-order
	
	σ = 0.34
	Time = 32

	
	
	
	

	Resolution: 5 ½
	
	µ = 348
	Range = 78.868

	Noise- rej: normal
	
	σ = 13
	Time = 5.2

	
	
	
	

	Resolution: 6 ½
	
	µ = 346.59
	Range = 5.235

	Noise- rej: normal
	
	σ = 0.76
	Time = 9.9

	
	
	
	

	Resolution: 7 ½
	
	µ = 346.37
	Range = 2.291

	Noise- rej: normal
	
	σ = 0.36
	Time = 32


Recommendations

The high stiffness of the bullet poses the greatest difficulty in measurement.  In the current configuration, 500 lbs produces only 115 µε, whereas the industry standard for measurement lies somewhere between 1000 and 1500 µε at maximum load.  A change as small as 11 µε cannot be measured reliably in this situation; it is analogous to changing the length of a 15 mile rope by less than a foot.  Part of the solution, therefore, is to create a bullet with more flex, while remaining wary of three conditions.  First, the bullet must have a high enough elastic limit to keep from going plastic when the piezostack is driven dynamically.  The maximum force is estimated at 10,000 N.  Second, the bullet must be stiff enough to stand up to dynamic driving of the piezostack and not merely absorb and damp the motion, which would make the piezostack useless.  The stiffness must be compared to that of whatever is opposing the motion on the other end of the piezostack: the disc springs.  For this, a spring constant for the bullet can be calculated using E=σ/ε.  Finally, earlier tests indicated some bending in the bullet, revealing 100 lbs of shear force acting along its upper surface.  This is worrisome for the health of the piezostack—such contortion can only shorten its lifespan—and until it is prevented, the bullet must remain strong enough to withstand it (it also creates the need to monitor the evolution of the preload throughout the cool-down).

This problem can be attacked from two angles which must be considered together: the bullet material and the bullet dimensions.  Stainless steel 316 is very stiff, with a modulus of elasticity in compression of 193 GPa.  Certain aluminum alloys, with moduli close to 70 GPa, could offer nearly three times the compression.  Decreasing the depth and width of the bullet to 7.5 mm from 10 mm will increase the stress by a factor of 1.8.  Implementing these changes together would allow for nearly 600 µε at 500 lbs, equating 40 mΩ to 50lbs, clearly an easier measurement.  Will such a small bullet survive the maximum loads?  Using aluminum 2014-T4 [3] as an example, the following table points to yes, with room to spare.  Other factors, such as price and availability, need consideration before the final decision of a new bullet size or material, but it has been shown that alternatives more favorable than the current model do exist.  
Table 5. Bullet material requirements and properties for a 7.5 x 7.5 x 10 mm bullet of aluminum 2014-T4.
	Requirement
	Material Property

	Maximum Compressive Force: 10,000 N

Maximum Compressive Stress: 178 MPa
	Compressive Strength: 425 MPa

	Shear Force: 450 N

Shear Stress: 64 MPa
	Shear Strength: 262 MPa

	Spring constant >> 9 N/µm
(Latest setting of CuBe 2 disc springs in HTS)
	Spring constant: 394 N/µm
(1.93 kN/µm for SS 316, 1 cm3)



Alternatives exist in the selection and configuration of the strain gauges, as well.  Something as simple as placing the compensating strain gauge and RTD on the top plate of the bullet, so as to get them as close to the strain gauges as possible, might significantly improve temperature monitoring.  A more complete solution involves reducing the steepness of the temperature calibration curve in the region below 30 K.  The extremely low operating temperatures limits the choice of foil material to Karma-alloy, but these strain gauges do have another selectable property.  That property is referred to by the self temperature calibration, or S-T-C, number, which indicates materials to which the gauge is calibrated to give minimal thermal output near room temperature.  By choosing a purposefully mismatched S-T-C number, the thermal output curve can be rotated about the zero point (at room temperature).  Choosing a lower S-T-C number causes counter-clockwise rotation; in this way, the curve might shallow out below 30 K at the cost of steepening above that temperature.  On the other hand, it is also possible that the sharp change in trend at 40 K results from the fact that stainless steel stops contracting below that temperature (see Fig. 8), and that manufacturer’s mathematical models of thermal output do not account for this (applications engineers at Vishay expressed surprise at the hook below 40 K).  If so, it may be that lowering the S-T-C number will not change the strain gauge behavior below this temperature, or even that making it greater will prove more beneficial by generally producing less thermal output between 300 K and 30 K.  This matter is still ambiguous and merits further investigation, to include experimentation with various gauges on and off bullets—aluminum exhibits the same behavior. 

At the same time, it is worthwhile to seek more robust techniques for temperature compensation.  The most promising options use the Wheatstone bridge to “magnify” differences in resistance while cancelling temperature variations which affect the resistors uniformly.  The importance of the inherent temperature compensation of these schemes cannot be stressed enough; it may free all of these measurements from the follies of calibration.  If any modification is to be made to this measurement system, this is it.  One example is the full Poisson bridge, which is an excellent method for measuring axial loads.  It employs four strain gauges, as shown in Figure 9.  

By completing the bridge, the two horizontal strain gauges provide ease in wiring, and by taking advantage of Poisson strain (wherein an axially compressed body expands radially in some ratio, ν, to the axial strain), they improve the resolution of the measurement.  In this configuration, an excitation voltage is applied top-to-bottom, and the voltage is read side-to-side.  Temperature compensation in this model is excellent, as resistors adjacent in this bridge lie on the same surface; the resistors stay essentially the same temperature as each other, and the effect 
[image: image16.emf]
Figure 8. Example Length vs. Temperature curve, Stainless steel (321), courtesy of [4].
[image: image17.emf]       [image: image18.emf]
Figure 9.  Full Poisson bridge for measuring axial strain.  Gauges on the same surface are in adjacent arms of the bridge.  For example, the two gauges on the upper surface might occupy the two right positions in the circuit. Courtesy of [5].
of broad temperature changes on the voltage division is negligible.  This output voltage is the difference in voltage dropped across the top two resistors,
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which simplifies to
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From Equation 1, substitute,
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and finally, the strain is obtained by
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(6)
Even while powering the circuit with a current or voltage source and measuring Ei separately, measuring two or four voltages (for two full Poisson bridges) is simpler than measuring four resistances, which require four wires each.  Commercial, off-the-shelf products suited for use in the full Poisson bridge do exist, as shown below.  

[image: image23.emf]
Figure 10. Vishay Micro-Measurements 062TT tee rosette strain gauge. The entire base is 7.1 x 6.6 mm, small enough to fit on a 7.5 mm bullet.  The leads configuration also allows for independent use of each gauge. Courtesy of [6].
One characteristic of this bridge is that the effects of bending cancel.  This is not helpful, for asymmetric loading is worth monitoring.  To compliment the full Poisson bridge, a bending half bridge, shown in Figure 11, offers temperature compensation for bending measurements.  The disadvantage is that it requires two more reference resistors, and the vertical strain gauges in the Poisson bridge cannot be used doubly for this without complicated switching mechanisms inside the cryogenic vessel.  Since the interest in bending is more qualitative than quantitative, simply comparing the relative change in resistance of the vertical gauges in the full Poisson bridge may provide an adequate picture (it’s the same principle).  This method is presented, however, in case bending continues to plague the project and a more detailed description is required.
[image: image24.emf]  [image: image25.emf]
Figure 11. The bending beam half bridge offers temperature compensation by placing the gauges in adjacent arms.  Courtesy of [7].
Final Remarks
It is clear from earlier results and this study that the bullet method is a viable way of measuring the preload force on the piezostack.  Given that the present configuration pushes the limits of useful measurement, care should be taken to thoughtfully improve select elements of the system.  The most reliable methods available having been discussed, it is up to project managers in the future to weigh demand for accuracy in measurement against time and cost of implementation.
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