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The error in measurement due to an expansion or contraction of  probe windings is calculated. It is assumed that the wire expands or contracts freely. Whether or not this is true for a wire-epoxy matrix embedded in a G10 slot, this should give us a worst case estimate of the effects.





m-pole Winding


When the probe is at the temperature at which it was calibrated, the true value of the field amplitude (Cn) measured by a Morgan (m-pole) coil winding� is related to the flux (() by





� EMBED Equation.2  ��� 





where K is the sensitivity factor, L, the probe length, R, the probe radius, and F contains some constant factors.





Let us consider how the expansion of a winding with temperature changes the measured field. We would see a change in the measured flux due to the change in the geometry of the winding but would convert the measured flux to field amplitude with the “wrong” radius and length. The wrongly measured field amplitude is given by





� EMBED Equation.2  ��� .





� EMBED SmartDraw.2  ���


We need to determine the effect of the winding expansion on the radius and length. Take, for example, a dipole winding which is a simple flux loop of length L and width R=W/2.





Given a change in temperature (T and coefficient of thermal expansion f, the length,  width and radius change as follows.





� EMBED Equation.2  ���
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� EMBED Equation.2  ���





The measured flux changes due to the expansion of the winding. The original flux is given by





� EMBED Equation.2  ���





and the flux measured at a temperature different by (T, by 





� EMBED Equation.2  ��� .





The mismeasured field amplitude will be





� EMBED Equation.2  ���





and the ratio of the mismeasured field to the true field is





� EMBED Equation.2  ��� .





Note that for an integral magnetic measurement the length factor should be removed.





For harmonics other than the main field one typically normalizes higher order harmonics to the main field amplitude. For a dipole magnet,





� EMBED Equation.2  ���.





The mismeasured harmonic amplitude will be





� EMBED Equation.2  ��� .





The length factor cancels, and the effect of the radius is reduced by one power.





� EMBED Equation.2  ��� .





For a quadrupole magnet, the relevant equation is 





� EMBED Equation.2  ��� .





Generalizing to the m-pole magnet, we get





� EMBED Equation.2  ��� .





Table 1 gives the ratios of the mismeasured to true field for the case of a dipole magnet. The effect on the strength is 1/10000 for a 10 degree change in temperature (1 unit) which is off the same order as other uncertainties. For the higher order harmonics the change is 3/1000 for the worst case calculated. Higher order harmonics are typically a factor of 10000 below that of the main field, and the factor of 3/1000 can be neglected.�
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Table � SEQ Table \* ARABIC �1�:  Change in the measured field of a dipole magnet due to expansion of windings. The ratio of calculated to true field is given.  For n=1 this is the ratio of field amplitudes. For n>1, it is assumed to be the ratio of normalized amplitudes. The coefficient of thermal expansion is typical of copper or copper alloy wire.




































































Tangential Winding


The expansion or contraction of a tangential coil winding changes the opening angle and length. There is no change in radius. The true and mismeasured field amplitudes are given by


� EMBED Equation.2  ���


and





� EMBED Equation.2  ��� .


Ft is a combination of constants independent of temperature, L and R are the length and radius of the winding; ( is the opening angle. The ratio of the two is





� EMBED Equation.2  ���.





Table 2 gives the ratios of the mismeasured to true field for the case of a dipole magnet. 
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Table � SEQ Table \* ARABIC �2�: Change in the measured field of a dipole magnet due to expansion of the windings of a tangential coil with a 15( opending angle. The ratio of calculated to true field is given. 
























































The previous equation does not truly give the impact on the measurement since what we typically report for higher order harmonics (n ( 3) is the harmonic amplitude measured by the tangential winding normalized to the main field measured by a dipole or quadrupole Morgan coil. In this case the ratio of mismeasured to true normalized harmonic amplitude is





� EMBED Equation.2  ���





and is tabulated in Table 3. As for normalized harmonics measured by an m-pole winding the effect is negligible. 
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Table � SEQ Table \* ARABIC �3�: Change in the measured field of a dipole magnet due to expansion of tangential coil windings. The ratio of calculated to true normalized amplitudes is given.








Summary


Expansion and contraction of coil windings with temperature has a negligible impact on measurements.


� The case of a tangential winding is more complicated and will be treated separately.


� Even for the case of a MI Recycler combined function magnet with 1200 units of gradient the error is 0.1 unit.








