Magnetic Field Analysis

By: Benjamin Strong


In preparation for the delivery of the twist solenoid magnet from triumf laboratory I was given the projects to evaluate the magnetic field map that was sent ahead of the physical magnet. The main motivation for this was to assess the distance from the magnet that various electrical and magnetic objects could be brought, namely credit cards and pacemakers. This boundary was the line at which the magnetic field had dropped from 2 Tesla near the magnet to 5 gauss. The original field maps did not include data up to the 5 gauss line so it had to be extrapolated.


The first step of the original field map was to load it into root and calculate a total magnetic field value at each point (Btotal). This was written into part of the root command and calculated by simply taking the sum of the squares.

                                   Btotal(x,y,z) = sqrt((Btotal(x))^2+(Btotal(y))^2+(Btotal(z))^2)                          (1)


This data was then plotted in several forms using the Draw() function in root. Plotting the entire data set in three dimensions gave a very interesting picture of the magnetic field and helped to visualize exactly how the field looks.

                        Figure 1.) The magnetic map of the solenoid in three dimensions.[image: image1.emf]
  


This image however was not useful for the principle goal of this analysis, the extrapolation of the 5 gauss line. A much more useful picture for that investigation was the field strength as you move down the beam axis at x&y=0. This plot was the second created, and led to the first initial calculation of a 5 gauss line.

Figure 2.) The [image: image2.emf]magnetic field strength of the 40cm diameter 

           yoke hole at x = 0 & y = 0 along the z axis.      



From this graph, the tail was looked at in closer detail so that it could be fitted with an exponential function and the 5 gauss line could be determined. The exponential equation used in the root fitting program is of the form...

                                                             y = e^(constant + slope*x)                                                         (2)

Only the last 20 data points were taken into consideration for the fitting function to obtain a function that would be more consistent as you moved towards larger and larger negative z values.

[image: image3.emf]Figure 3.) The fitted tail of the total magnetic field strength plotted against the 

z axis for the 40cm diameter yoke hole.

 
The parameterization of the exponential line yielded the following function.

                                                                 y=e^(9.52682+.0156105x)                                                     (3)

solving for x, the 5 gauss line for the initial magnetic field data from triumf laboratory was found to be 507.18cm.


This was the limit of the physical data, however there was a need to predict 5 gauss lines for the magnet under several different operation conditions. The yoke which shields the magnetic fields could be reconfigured into many different operating forms, and it would be useful to obtain the 5 gauss lines for the magnet under these various other conditions. The main variations of the yoke we were concerned with were operating the yoke with a 140cm diameter hole instead of the 40cm hole that the triumf team used to compile the data it provided us, as well as a hole diameter of 110cm and the magnet operation without any yoke shielding at all. The magnetic field data for each of these scenarios was calculated using a sophisticated computer model, and then provided to me for analysis.


The first alternate magnetic yoke configuration that I looked at was the 140cm diameter. It was expected that this enlargement of the hole by more than a factor of three would greatly increase the range at which sensitive electronics would have to be kept. The first step was to plot the two data sets and see how they compared to one another.

[image: image4.emf]
                            Figure 4.) The field strength of the magnet with a 40cm yoke hole 

                                                    (bottom) and a 140cm yoke hole (top).


As you can see there was a discrepancy in the two data sets even in the middle of the magnet, where they should be equal. This equality could have been reached because all that was being varied was the shielding, and the shielding does not have any effect on the center of the magnet. In fact the errors in fact came from two areas, the computer model assuming ideal characteristics for the magnet as well as not knowing the exact voltage that these original tests were taken at. The larger the voltage you apply to this electromagnet the stronger the field you will get out, so an estimation had to be made, and it was relatively accurate. However, for these purposes it was necessary for the computer model to be brought into line with the real world data, and that was done through the application of a scaling factor added into the line of code where the total magnetic field strength was calculated. 

[image: image5.emf]
        Figure 5.) The magnetic field strength of the 140cm (blue) and 40cm (black) 

                            diameter yoke holes after the correction factor has been applied.


The scaling factor was derived by fitting each function around the point z=0 with a 0th order polynomial function and then simply scaling the 140cm diameter modeled data by the ration of the two numbers. From this point it was simply a matter of fitting the corrected data with another exponential function and calculating the 5 gauss line. The scaling factor for the 140cm data was found to equal 

.983.

[image: image6.emf]                               Figure 6.) The magnetic field strength of the 140cm diameter 

                                       yoke hole fitted with the exponential fit function. 


The equation for this line was determined to be equal to: 

                                                          y = e^(9.86520+.0152457x)                                                          (4)

This equation was then once again set equal to 5 to see where the 5 gauss line fell, and it was determined to be at 541.51cm for the 140cm hole in the yoke of the solenoid.


The next yoke configuration that was of interest was running the twist solenoid without any yoke shielding at all. The first step in this process was once again to read the data into root so that it would be easier to access and manipulate. Once this had been done it was graphed and compared to the 40cm data so that a scaling factor could bring it into line with real world values. This result is shown in the following figure.

[image: image7.emf]Figure 7.) The magnetic field strength along the z-axis without the yoke 

compared to the 40cm diameter yoke hole.


Unlike the 140cm hole where the field strength had been greater than the real world data, this unyoked magnetic field had weaker field strength than the 40cm field map from triumf. To bring this into line the same process as the 140cm diameter hole was used. This data however lacked a large portion of data points including the x = 0 line which was used to derive the fit function for the 140cm diameter hole. This necessitated the use of an off axis measurement of x = -15 & y = 0. Both graphs were fitted symmetrically +-50 around z = 0, with the unyoked field map constant being 19090.13 and the 40cm field map being 20060.37. By taking 20060.37 and dividing it by 19090.13 I was able to get the scaling factor that I required to fit the unyoked data onto the 40cm triumf data. The scale factor was 1.050824 and when applied mapped the unyoked data perfectly onto the 40cm data around the origin and is shown below.

[image: image8.emf]Figure 8.) The adjusted unyoked magnetic field strength plotted

 against the 40cm yoke field strength.


Once this data had been scaled it was once again simply a matter of fitting the tail and extrapolating a new 5 gauss line. The fitting of this unyoked data with the exponential function yielded the equation...

                                                                y=e^(9.66621+.0111904x)                                                      (5)

which yielded a 5 gauss line of 720cm. This was much larger than the 140cm yoke hole data as was expected with the removing of the shielding.


The fourth and final data set to be considered was using a 110cm hole in the yoke. This is the actual value that we intend to operate the magnet at, so it was very useful to model this data. The 5 gauss line was expected to fall between the 40cm and 140cm yoke holes. As with the other data the first step was to read the into data to root to be analyzed. The 110cm hole was graphed against the 140cm data from triumf and then fitted. This fit was taken at a smaller range around z = 0 to achieve a better fit because the data began to drop off before it reached z = +-50, this plot is shown below.

[image: image9.emf]Figure 9.) The magnetic field strength of the 110cm yoke (blue) and 140cm (black) 

yoke holes, and the 0th order polynomial lines applied to both.


The functions had a value of 20470.10 for the 110cm diameter yoke hole and 20051.96 for the 140cm diameter yoke hole. Therefore, the correction factor needed to achieve this transformation was the ration of the two, in this case .9794054. After this factor was applied it was simply a matter of looking at the tail of this function and fitting it with the exponential function that we have used throughout this analysis. Once the data had been fitted there was a very strong correlation between the 110cm line and the 140cm line, as would be expected.

[image: image10.emf]Figure 10.) The magnetic field strength for the scaled 110cm (blue) diameter yoke 

data and the 140cm diameter (black) data.


However, something interesting did appear when looking closely at the tail of these two curves. It was found that the 110cm line had a higher field strength than the 140cm diameter yoke hole. This effect is not noticeable in this graph, but when the equations are extrapolated out to large z values the 110cm diameter yoke field strength decays slower than the 140cm diameter yoke field. 

[image: image11.emf]Figure 11.) The 110cm yoke (blue) data plotted against the 140cm yoke 

data (black) with both fitted by exponential equations.

 The equation of the 110cm fitted line was  

                                                           y=e^(9.63491+.0146763x)                                                          (6)

this yielded a 5 gauss line that was 546.83cm from the center of the solenoid which is less than 1% larger than the value of the 5 gauss line for the 140cm diameter hole which was 541.51cm. I believe that this can be attributed to the random error of the calculations and should not cast doubt on the data or the analysis. 


In summary, four magnetic field maps were analyzed and extrapolated to determine the 5 gauss line in each case. Three of these maps, the 110cm and 140cm yoke holes with the unyoked magnet were created using sophisticated computer modeling and the fourth, 40cm yoke hole, was a direct measurement of the field strength from the triumf laboratory. The computer models were adjusted to match the central field strength of the actual magnet, plotted, and then fitted. The 5 gauss limits on the magnets were found to be 507.18 for the 40cm hole, 541.51cm for the 140cm hole,  546.83cm for the 110cm yoke hole, and 720cm for the unyoked magnet.

