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Described is a method for deriving all calibration parameters for a 5 winding tangential probe which requires 3 magnets (dipole, quadrupole, sextupole).


Only one field needs to be known. We assume here that it is the dipole field (B1); however, any one of the three could be used. All radii are determined; all angles are determined with respect to one; the tangential coil opening angle and tilt are measured.





The tangential probe system has 5 windings:  a tangential main coil, 2 dipole and 2 quad coils for bucking.�  There are 5 radii to determine:  R(1), R(2), R(3), R(4), R(5); 5 angles:  d(1), d(2), d(3), d(4), d(5); the opening angle of the tangential winding, D; and the “tilt” of the tangential winding, e. The windings are numbered as follows.





1�
2p1�
dipole bucking coil number 1�
�
2�
2p2�
dipole bucking coil number 2�
�
3�
4p1�
quad bucking coil number 1�
�
4�
4p2�
quad bucking coil number 2�
�
5�
tan�
tangential coil�
�
 


The method described here is based on that suggested by A. Jain in [�], as is the notation used. This note works out the equations necessary to convert measurements to calibrated values.





Calculation of the 2p1 Radius Using the Known Field





Let F1 be the dipole flux harmonic amplitude measured by the dipole winding of the tangential probe in a magnet whose dipole strength (B1) is known. We assume the field is entirely normal. The flux is related to the measured field by





� EMBED Equation.2  ���





from which one derives the radius of the dipole winding.





� EMBED Equation.2  ���





The nomenclature used is the same as that used in [�]. The dipole field could be that measured by a previously calibrated coil or measured by a different technique such as NMR or SSW.


Calculation of Radii and Opening Angle Using the Known Radius





We now proceed to relate all radii to the 2p1 radius. Let (1) refer to the 2p1 coil, (5) to the tan coil, and n=1 in the dipole whose field we have measured.





� EMBED Equation.2  ���


We solve for the desired radius R(5).





� EMBED Equation.2  ���





Now we measure the field of a sextupole. Let (1) refer to the 2p1 coil, (5) to the tan coil, and n=3.





� EMBED Equation.2  ���


We solve for the desired radius R(5).





� EMBED Equation.2  ���





We have two equations and two unknowns, R(5), D. From the two equations for R(5), we arrive at the following equation.





� EMBED Equation.2  ���





Let the right side of the equation, containing only quantities known or measured, be defined as F.  We use





� EMBED Equation.2  ���





to arrive at





� EMBED Equation.2  ���





from which we extract D.





� EMBED Equation.2  ���





We now have ( and can use either of the two equations above which relate R(1), R(5), and ( to get R(5).





We now measure a quadrupole.  From the comparison of 4p1 and tan winding measurements of the quadrupole strength, we have the following relationship from [� NOTEREF _Ref413214863 �2�].





� EMBED Equation.2  ���





From this we relate R(3) to R(5) and ( which we have already established.





� EMBED Equation.2  ���





We have now determined R(1), R(3), R(5), and (. The second dipole and quad winding radii are easily related to those of the first.[� NOTEREF _Ref413214863 �2�]





� EMBED Equation.2  ���





� EMBED Equation.2  ���





All radii and the tangential winding opening angle have been determined from measurements of the field of a dipole, quadrupole and sextupole, knowing the absolute strength of only the dipole.�





Relating All Winding Angles to one Winding Angle





From our measurements in the three magnets we measure the differences in the flux harmonic phases of the various windings.





� EMBED Equation.2  ���





� EMBED Equation.2  ���





� EMBED Equation.2  ���





where (1(1,2) is the difference between the phase of the dipole (n=1) measured by the 2p1 and 2p2 windings and so forth. Of course, the angles are independent of the harmonic measured so (1(1)((3(1)(((1), etc.





Comparing the phases measured by the bucking windings to those measured by the tangential winding gives us 3 more equations.





� EMBED Equation.2  ���





� EMBED Equation.2  ���





� EMBED Equation.2  ���





In this case, the phase difference is a function of harmonic due to the tilt of the tangential winding.





� EMBED Equation.2  ���





The measured phase differences are determined by the true phase of the winding (((5)) and an error term which changes with harmonic number. The table below gives values for an MTF probe.





�
�
N�
error (radians)�
�
radius (m)�
0.031097�
1�
0.0072�
�
epsilon (m)�
2.54E-05�
2�
0.0035�
�
delta (rad.)�
0.2270�
3�
0.0023�
�



For the three magnets measured, the tangential winding phases are given by these equations.





� EMBED Equation.2  ���





� EMBED Equation.2  ���





� EMBED Equation.2  ���





From the measured phase differences between the 2p1 and tangential winding for dipole and sextupole we derive the following equation relating the tilt, (, to measured phase differences and previously determined quantities:  (, R(5).





� EMBED Equation.2  ���





This equation can be solved for ( leaving us only two tasks:  (1) determining the true angle of the tangential winding, and (2) relating the 4p1 and 4p2 winding angles to that of 2p1. Again we use the measurement of dipole and sextupole by the 2p1 and tangential windings in the two magnets. From equations above we get





� EMBED Equation.2  ���





from which we derive





� EMBED Equation.2  ���





which relates the true phase of the tangential winding to that of 2p1 in terms of known or measured quantities.





To determine the relationship between the 2p1 and 4p1 winding angles we start with the following equations,





� EMBED Equation.2  ���





and,





� EMBED Equation.2  ���





from which one gets the desired relationship in terms of known or measured quantities.





� EMBED Equation.2  ���








�Our practice is to measure the dipole and quadrupole components of the field from the bucking coils rather than the tangential coil.


� The method could have used a known quadrupole or sextupole instead.
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