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1 Introduction

1.1 Program function

Magnum applies finite-element techniques to find magnetostatic fields in arbitrary three-
dimensional systems. The program can include effects of applied currents, permanent magnets,
linear ferromagnetic materials and ideal conducting boundaries for pulsed fields. The Mag-
Wainder utility is used to define drive coils of any geometry. The program can operate in two
modes:

e Bounded finite-element solutions, including the effects of ferromagnetic or conducting
materials.

e Unbounded free-space fields resulting from a specified distribution of currents.
Three programs are included in the package:

e MAGWINDER.EXE. An interactive, graphical utility to define applied currents and to create
standard files of current elements.

e MAGNUM.EXE. The main solution program to determine one or more magnetostatic solu-
tions in a window or under batch file control.

e MAGVIEW.EXE. A postprocessor to generate plots and to analyze solutions from Magnum.

MetaMesh (the AMaze conformal mesh generator) is required to create geometry files for
solutions. Magnum features fast and accurate calculations in random-access memory. The
programs use dynamic memory allocation; therefore, the size of the solution is limited only by
the installed RAM. A computer with 2 GB of memory can handle over 10 million elements.
As a quick introduction to the programs, the following section in this chapter describes
a step-by-step calculation. Chapter 2 reviews magnetostatic theory as applied in Magnum.
Although a detailed knowledge of numerical theory is not required to use the program, this
brief description of program methods will help you to create effective solutions. Chapter 3
covers the programs used for a complete magnetostatic solution and the organization of input
and output files. Defining applied currents is the first step in most Magnum simulations.
Chapter 4 describes the MagWinder preprocessor. In this interactive program, you specify
macroscopic coils model to generate large sets of three-dimensional current elements. Chapter 5
covers the structure of the Magnum control script. The script sets parameters for program
operation and defines the material properties of regions. Magnum features an interactive
dialog to generate basic scripts. Advanced control commands may be added with an editor.
Chapter 7 describes how to run magnum.exe to generate a solution, either interactively in
a window or autonomously under batch file control. Chapters 8 through 11 introduce the
MagView postprocessor. This program creates a variety of two and three-dimensional plots
and performs quantitative analyses. Chapter 15 summarizes the formats of the current element
input file and the Magnum output file. This information is useful if you want to write your own
analysis programs. Techniques for three-dimensional force calculations are covered in Chap. 13.
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Figure 1: Mesh plot of the cross-section of the quadrupole magnet in a plane normal to z at
z = 4.0 cm. A projection of the drive coils is shown in red.

1.2 Walkthrough example

A quick way to understand the solution procedure is to step through an example. The calcula-
tion describes a finite-length quadrupole magnet. A coarse mesh and symmetry boundaries are
used for a fast solution - the process takes less than 1 minute. Figure 1 shows a cross-section
of the magnet in the x-y plane. The orientation was chosen so that the planes x = 0.0 and
y = 0.0 are symmetry planes that satisfy the condition B = 0.0. Therefore, it is sufficient to
model only one quadrant of the magnet. Similarly, the symmetry condition B, = 0.0 holds at
the axial midplane (z = 0.0), so it is sufficient to model only the portion of the magnet in the
region z > 0.0. The iron pole has an axial length of 12.00 cm. It extends from z = 0.0 cm to
z = 6.0 cm in the half-plane simulation. The outer radius is 5.0 cm. A peripheral region of
coarse mesh extending to x = 8.0 cm, y = 8.0 cm and z = 16.0 cm has been included for a good
representation of fringing fields. Figure 2 shows a three-dimensional view of the pole piece and
one set of drive coils.

To prepare for the run, move the example input files SHORTQUAD.MIN, SHORTQUAD.CDF,
and SHORTQUAD.SCR to a working directory. Run amaze.exe (the AMaze program launcher)
and click on Set data directory. Move to the working directory and click OK. Then launch
MetaMesh. The first step in the solution process is to create a volume mesh. Table 1 shows
the MetaMesh script SHORTQUAD . MIN. The mesh serves two purposes. First, the region assign-
ments and shapes of the conformal elements define the material division of the solution volume
(i.e., the boundaries of the pole piece in Fig. 2). Second, the mesh serves as an armature for
projecting the applied fields. The calculated field values at nodes are used to determine source
terms for the magnetic field solutions in Magnum. Load and process the file SHORTQUAD . MIN,



Figure 2: Three-dimensional view of the pole piece in the solution volume and a portion of the
drive coils.

and save the mesh to create the file SHORTQUAD . MDF.

The second required input component is the spatial distribution of applied currents to drive
the magnetic fields. The values are contained in a file with a name of the form DATANAME.WND.
The file contains a set of current element specifications. Each data line gives the start point,
end point and current of an element. The currents determine the applied magnetic intensity
H, at nodes of the solution volume. In most cases, you need not create this file directly. The
Magnum package contains the utility program MagWinder which reads coil specifications
and automatically divides the coils into small current elements.

Run MAGWINDER.EXE and choose Load coil file in the File menu. Pick the file SHORTQUAD. CDF.
MagWinder immediately processes the file and shows a three-dimensional plot similar to
Fig. 3. Table 2 shows an extract from the script. The complete file defines eight box coils that
surround the four pole extensions of the quadrupole magnet. You could define a larger number
of coils to give a better approximation of the winding density - we used a small number in the
example to ensure a quick solution. Note that it is necessary to define the full complement of
four coil sets over the complete axial range even though the solution in Magnum is carried
out only in the first quadrant. This is a consequence of the solution technique applied in the
program - Magnum first calculates applied fields from a Biot-Savart integral and then uses
finite-element techniques to compute the field contributions from materials. Although symmetry
boundaries influence material contributions to the fields, we must ensure the symmetry of the
applied fields directly by including all coils. Chapter 2 gives a more detailed description of the
solution process. Click on the Save element file command to create the file SHORTQUAD.WND.
You can exit or minimize MagWinder.

We are now ready to use Magnum. Run the program from AMaze, choose the Setup



GLOBAL
XMesh
0.00 .20 0.20
5.20 8.00 0.40
End
YMesh
0.00 5.20 0.20
5.20 8.00 0.40
End
ZMesh
0.00 6.20 0.20
6.20 16.00 0.40
End

[

Table 1: MetaMesh script file SHORTQUAD.MIN

RegName 1 Air volume

RegName 2 Quad pole

RegName 3 Symmetry boundary

END

PART
Type Box
Region 1

Fab 16.00 16.00 32.00

END
PART
Type Extrusion

L 4.00E+00 O.
.00E+00 O.

.00E+00 5
.8672E-08
.2839E+00
.50E-01 1

.T5E+00 7
.28388E+00

= i e
W NNN P OO

End
Region 2
Fab 12.00
Surface Region 1
END
PART
Type BoundXDn
Region 3
END
PART
Type BoundYDn
Region 3
END
ENDFILE

OOE+00 5.00E+00 0.00E+00
OOE+00 6.08398E-08 5.00E+00 0.00E+00 0.00E+00 S

.00E+00 0.00000E+00 4.00E+00

4.0E+00 2.2839E+00 3.2839E+00 0.0E+00 0.0E+00 S
3.2839E+00 7.50000E-01 1.75000E+00 S

.75E+00 7.50E-01 7.50E-01 1.25E+00 1.25E+00 S
.50E-01 7.

50E-01 1.75E+00 7.50E-01 1.25E+00 1.25E+00 S

.50E-01 3.28388E+00 2.28388E+00 S

2.28388E+00 4.0E+00 0.0E+00 0.0E+00 0.0E+00 S



Coil file: Shortfuad.cdf
frigin: -1.97E-05
Torigin: 1.97E-05
Z0rigin:  0.00E+00
Wimit: -3.00E+00 3. 00E+00
Thimit: -3.00E4+00 3. 00E+00
Ilimit: -6.35E400 6.35E400
Viems -30.0, 0.0, 30.0
Mumber of elements: 944
I Coil No: 1
[ Coil No:
Coil No:
[ coil No:

NS =]

Figure 3: Current-element set created by Magwinder for the SHORTQUAD example.

Table 2: Section of the MagWinder script SHORTQUAD . CDF

GLOBAL
DUnit = 100.0
Ds = 0.250
END
COIL

Name = QuadrantO1
Current = 1000.0
Part
Rotate = 90.0 0.0 -45.0 XYZ
Shift = 1.750 1.750 0.000
Type = Rectangle
Fab = (-1.061, -6.354) (1.061, 6.354)
End
Part
Rotate = 90.0 0.0 -45.0 XYZ
Shift = 2.250 2.250 0.000
Type = Rectangle
Fab = (-1.061, -6.354) (1.061, 6.354)
End
END

ENDFILE



n MagNum script setup ==

Contral parameters
& STANDARD COIL SOURCE [Shatued —
 FREE SPACE

DUNIT [ > MEXCYCLE [ 2500
RESTARGET [~ 5 000E-08 OMEGA ™ 1. 9500
BOUNDSRY [

SUPERPOSITION

Region properties

Regha Mame MuR Br L Uy Uz Potential ‘s
1)AIRYOLUME 1.0
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3|5YMMETRYBOUMNDARY 0.0

Figure 4: Setup dialog with values for the SHORTQUAD example.

command and pick the file SHORTQUAD.MDF. The program displays the dialog of Fig. 4. Note
that the grid contains a row for each mesh region. There are six columns in the grid where
you can enter values: MuR (relative dielectric constant), Br (the remanence magnetic flux
density in tesla), Uz, Uy and Uz (magnetization direction vector for a permanent magnet) and
Potential (fixed value of dual and reduced potentials).

The entries in the Control parameter section of the dialog have the following functions:

e STANDARD, FREE SPACE. Radio button to set the solution type. The standard type is a
bounded finite-element solution with magnetic materials and drive coils and/or permanent
magnets. The free-space type is a Biot-Savart integral with specified coils.

e COIL SOURCE. The prefix of a current element file (FPREFIX.WND) created by Mag-
Wainder for solutions with drive coils.

e DUNIT. Set a factor to convert coordinate units used in MetaMesh to meters. The value
is the number of mesh units per meter: 39.37 for inches, 100.0 for cm.

e BOUNDARY and SUPERPOSITION. Advanced program capabilities described in Sect. 5.4.

e RESTARGET. Accuracy tolerance for the iterative matrix solution of the finite-element
equations. The field and the following ones apply only to Standard solution.

e MAXCYCLE. Maximum number of cycles in the iterative solution.

e OMEGA. A parameter in the range 0.0 to 2.0 to control the iterative matrix solution.



Table 3: Magnum script SHORTQUAD.GIN

SolType = STANDARD
Mesh = ShortQuad
Source = ShortQuad

DUnit =  1.0000E+02
ResTarget = 1.0000E-07
Omega =  1.9500E+00
MaxCycle = 2000
Parallel

* Region 1: AIRVOLUME
Mu(1) = 1.0000E+00

* Region 2: QUADPOLE
Mu(2) = 5.0000E+02

* Region 3: SYMMETRYBOUNDARY
Potential(3) = 0.0000E+00

EndFile

The column options in the region grid box determine the material properties of the regions.
An entry in the MuR column implies a linear, ferromagnetic material. Entries in the Br, U,
Uy and Uz define a permanent magnet with a straight-line demagnetization curve. Finally, an
entry in the Potential column specifies that the region has a fixed value of the reduced and
dual potentials. The most common entry is 0.0 to define a symmetry boundary with B = 0.0.
The values shown in Fig. 4 define the following region characteristics:

e Region 1. Air, pu, = 1.0.
e Region 2. Iron pole, p, = 500.0.

e Region 3. Fixed-potential symmetry boundaries at x = 0.0 and y = 0.0.

Set up the dialog as shown and click OK. Magnum uses the information in the dialog to create
the script SHORTQUAD.GIN shown in Table 3. Chapter 5 reviews the script format and advanced
program capabilities.

To carry out the solution, click on the Run/Start run menu command or tool. In the
dialog, pick the file SHORTQUAD.GIN. Magnum reads the mesh and current element information,
calculates applied fields, determines element matrices and coupling coefficients for the finite-
element solution and then proceeds with two solution stages. The entire process takes less than
a minute. The program creates the binary output file SHORTQUAD.GOU and the diagnostic listing
SHORTQUAD . GLS.

When the solution is complete, start the program MagView. Pick Load solution file from
the File menu or click on the tool. Choose the file SHORTQUAD . GOU in the dialog. MagView can
generate a wide variety of 2D and 3D plots. Figure 5 shows an example, a 3D representation
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Surface type: Normal plane
Plotted quantity: B

¥hxis: O.00E+00 8. 00E+HID
Taxis: 0.00B+00 8. 00E+00
Ihxis: 0.OCE+0 1.GOE+0L
Plane position: Z = 4. 00E+00
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1.223-01
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I

Figure 5: Three-dimensional view of physical surfaces with a plot of |B| in a plane normal to
z.

of the pole piece with |B| plotted in a plane normal to the z axis. Chapters 8, 10 and 11 give
detailed information on plotting capabilities. Here, we shall create a simple example to test the
program. Click on Plane plots to bring up the plane plot menu.

The default plot shows the variation of |B| in a plane normal to z at the midpoint. Click
on the Set plane command. In the dialog move the slider to z = 4.0 ¢cm, within the region
of the pole. Change plot limits to z,,,, = 4.0 cm and ¥, = 4.0 cm. Finally, click on Plot
style in the Plot control menu. You should see a plot similar to Fig. 6. If you try some of the
other plot styles, note that plane plots may give ragged edges on sloped or curved surfaces.
This is because the plot is based on a simple division of the plane into a rectangular array with
no special provisions for material boundaries. Slice plots give more accurate representations,
although the available styles are more limited.

Although plots are interesting, the primary function of Magnum is to generate numbers.
Return to the main menu and click on Run script in the File menu. In the dialog, pick the
file SHORTQUAD. SCR. There is a delay while Magnum performs an analysis. To begin, we shall
inspect the instructions in the data script. In the File menu click on FEdit script and choose
SHORTQUAD . SCR. The internal program editor loads and shows the following content:

INPUT ShortQuad.GOU
OUTPUT ShortQuad.DAT

NSCAN 50

RECORD FIELD

SCAN 0.0 0.0 1.0 1.0 1.0 1.0
SCAN 0.0 0.0 5.0 1.0 1.0 5.0
SCAN 0.0 0.0 6.5 1.0 1.0 6.5
ENDFILE

11



3.438-02
1.03E-01
1.71E-01
2.39E-01
3.08E-01
3.76B-01
4, 458-01
5. 138-01
5.81E-01
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5,23E-01
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Figure 6: Plot of |B| in a plane normal to z at z = 4.0 cm.
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Figure 7: Variation of |B| as a function of = along a 45° line at three axial positions
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The first statement ensures that the proper solution file is loaded, and the second statement
opens a data file to write the results. The command NScan 50 instructs the program to compute
51 values (50 intervals) along a line scan. The next three lines compute scans of values from the
axis to the point(x = 0.7, y = 0.7). Results are plotted in Fig. 7. The lines at z = 1.0 and 5.0
cm are almost identical. The field variation near the axis is linear and grows faster than linear
near the pole face. The non-linearity results from the fact that the pole does not have an ideal
hyperbolic shape. Note that there are small discontinuities in the plot. We have shown these
as a reminder that numerical results are never exact. The interpolation routines have done the
best job possible with the coarse mesh of Fig. 1. Improved results could be achieved with a
finer mesh near the axis.

13



2 Theoretical background

2.1 Reduced potential model

This chapter briefly covers numerical methods used in Magnum. It is not necessary to un-
derstand all details. The goal is to give an idea of the steps involved in a solution to help you
create effective setups. The most familiar method for numerical solution of magnetic fields is
to solve the following equation for the vector potential:

v x (;v « A) s (1)

In Eq. 1, the quantity j, is the applied current. Currents resulting from the presence of materials
are represented by the factor 1/u. The variation of the quantity in space is determined by the
geometric distribution of ferromagnetic and conductive materials. Equation 1 follows from the
definition of vector potential,

B =VxA, (2)
and Ampere’s law,
B
Vx(lu)—VxH—js. (3)

In Eq. 3, the quantity B is the magnetic flur density and H is the magnetic field.

In two-dimensional solutions, there is only a single component of the vector potential A
and Eq. 1 reduces to the same form as the Poisson equation used in electrostatics. Therefore
two-dimensional finite-element magnetostatic solutions are no more difficult than electrostatic
solutions. The computation is more difficult in three dimensions. The three components of
vector potential are coupled through spatial variations in p. The finite-element equations to
represent Eq. 1 on a hexahedron mesh involve 234 coupling coefficients per node as opposed
to 26 coefficients in a solution of the Poisson equation. Because of the increased computation
times and storage requirements, a direct solution of Eq. 1 on a large mesh is impractical on a
personal computer. There are two other problems associated with the equation:

e [t is more difficult to identify boundary conditions on the vector quantity A.

e [t is challenging to convert current carried by a discrete set of applied current elements
to three-dimensional current density js on a conformal mesh of hexahedrons.

Magnum utilizes the indirect reduced potential model for magnetostatic solutions in three
dimensions. With this method, storage requirements and computation times are only slightly
higher than those for an electrostatic solution. The key is to divide the magnetic field into two
components:

14



The component Hy arises from the applied currents while H,, is the component created by
currents in materials. By superposition, the components individually satisfy the equations:

V x Hy = js, (5)

V xH,, =0. (6)

Given the spatial distribution of applied current j,, the component H, can be determined
directly from a Biot-Savart integral (Sect. 2.2) at all points in space without recourse to finite-

element methods. Equation 6 implies that the material component H,, may be expressed as
the gradient of a scalar potential:

H,, =—-Vo. (7)
The quantity ¢ is called the reduced potential. The equation

V-B=0, (8)

implies that
V- [pHs, = Vo) =0, (9)
V- (pV¢) =V - (uH,). (10)

Equation 10 has the form of the Poisson equation with a source term on the right-hand side.
The source term can be determined from the known spatial variations of p and Hj.
The Magnum solution procedure consists of the following steps:

1. Read a file (MDF) created by MetaMesh that gives node coordinates and the region
identities of elements.

2. In the Magnum script (GIN), read values of u to associate with element region numbers.

3. Using geometric and material information, calculate finite-element coefficients to represent
Eq. 10 as a set coupled linear equations, one for each node.

4. Read a file (WND) of applied current elements created by MagWinder and apply a Biot-
Savart integral to determine values of H, at nodes.

5. Analyze the mesh to calculate source terms V - (uHy) at nodes.

6. Solve the coupled set of node equations by iterative methods to find the reduced potential

o.

7. Record the applied field H, and reduced potential ¢ at each node in the Mlagnum output
file (GOU).

15



8. In the MagView post-processor, the magnetic flux density is determined by interpola-
tions using the equation:

B = u(H, — V). (11)

Magnum supports two computational modes. We call the full calculation with applied
fields and reduced potential the Standard solution mode. If there are no materials that have
1 # 1.0, we can omit the calculation of ¢ and simply record values of H, in the output file.
We refer to this as the Free solution mode (for free-space fields). In this case, interpolations in
MagView return values of the applied fields over the solution space. The corresponding field
values are those that occur in an infinite space, unaffected by the boundaries of the solution
volume.

2.2 Applied field calculation

Magnum uses a simple yet versatile method to define three-dimensional coils of any degree
of complexity. The program expects to receive a predigested list of short current elements in
the WND input file. Section 4.13 describes the file format. Figure 8 shows the geometry of a
filamentary element of length

L= \(we = 2)? + (g — 9)? + (2 — )7, (12)
at average position

. ws+xe7ys+ye’zs+ze (13)

2 2 2
carrying current /. The unit vector

_Q;e —Ts Ye = Ys Re — Zs_
L > L ' L
lies along the filament direction. The contribution to the magnetic field at position r from the
element at position r’ is given by

IL fux(r—r)
) -

Magnum computes the total applied magnetic field Hy at each node position by taking a
sum over current elements in the WND file. One advantage of the approach is that numerically-
derived model particle orbits in the OmniTrak code can be treated as a sequence of current
elements. Hence it is straightforward to include the contribution of beam currents to magnetic
fields. The drawback of the method is that it takes time to calculate fields created by thousands
of current elements at millions of node points.

The field contribution of a filamentary current-element may be quite large if it lies close to a
node. To avoid diverging field values, Magnum treats an element of length L as a cylinder with
current-density distributed uniformly over diameter L (Figure 9). The code uses a look-up table
derived from a numerical solution within the region shown as a dashed line of Fig. 9. To reduce
calculation time, the code applies Eq. 15 (using the average position of the element) outside the
region. The effects of the finite-width of applied currents will be apparent in MagView plots.
You can adjust the width through the choice of element length in MagWinder (Chapter4).

u =

(14)

16



(Xe1Ye:Ze)

(Xs,ys,zs)

Figure 8: Current-element geometry.

Figure 9: Representation of a current element as a cylinder of radius L /2. Dashed line indicates
the transition boundary to the Biot-Savart calculation.
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5. DO0E+0D Conducting chamber

-5.000E+00

5. T00E+00 5. D00E+00
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Drive current
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-5.000E+00

-5. DODE+00 5. D0DE+00

Figure 10: Effect of materials with u, < 1.0 on lines of magnetic flux density B. ) Drive
current external to the region. b) Drive current internal to the region.

2.3 Representing perfect conductors

Magnum can model both linear and non-linear isotropic magnetic materials (i.e., soft iron and
ferrites). For linear materials the value of 1 does not depend on the field amplitude. In this
case, the magnetic field and flux density vectors are co-linear and have magnitudes related by

B=uH = p, p, H. (16)

The program does not handle permanent magnets with highly non-linear demagnetization
curves.

The physical properties of high-u materials are familiar from introductory courses on elec-
tromagnetism. In the remainder of this section, we shall discuss the properties of materials
with p, < 1.0 and their application in Magnum. In such a material, the magnetic flux den-
sity is approximately B = 0.0. Equation 8 implies that the normal component B, across the

18



¢ = 0.000001

Applied current

Figure 11: Toroidal conductor with a pulsed azimuthal current inside a conducting toroidal
housing.
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Figure 12: Example SURFCURRENT — |B| in the plane z = 0.0.

boundary is continuous. Therefore, the magnetic flux density just outside the material must be
parallel to the surface. In other words, a material with u, < 1.0 acts like a perfect conductor.
Figure 10a shows the effect of such a material on the fields produced by an external pulsed
current. You can find the distribution of surface current on the conductor by calculating the
magnetic field in the adjacent air region and taking,

Js = A5y , (17)
Koo
where the surface current J, has units of A/m.

A more interesting situation results when a drive current is inside a low-u region. In this
case, the reduced-potential solution creates a distribution of material currents that ensure that
B = 0.0 at all points inside the material. As an example, Figure 10b shows a cross section of
a coaxial transmission line. The inner and outer conductors are represented as materials with
iy < 0.0. An offset drive current flows in the z direction. Even though the drive current is
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displaced from the axis, the numerically-derived fields are azimuthally symmetric and closely
follow the 1/r variation of magnitude predicted for the geometry.

An example will clarify methods for modeling perfectly-conducting materials. Figure 11
shows the geometry (the input files SURFCURRENT . MIN, SURFCURRENT . CDF and SURFCURRENT . GIN
are included in the example library). A toroidal conductor inside a toroidal chamber carries
a pulsed azimuthal current of 2000 A - we want to find fields in the intervening space. The
finite-element simulation treats one-quarter of the geometry. The default boundary condition
of By = 0.0 (Sect. 2.5) is appropriate for the open ends. It is necessary to use a full circular
drive current loop to ensure that the applied fields have correct symmetry at the boundaries.
The condition p, = 0.0001 is assigned to elements inside the brown facets of Fig. 11 (inner
conductor) and elements outside the blue facets (outer conductor). Elements in the intervening
space have u,, = 1.0. We find that the results are independent of the radius or position of the
drive current loop as long as it is inside the inner conductor. Figure 12 shows calculated values
of |B| in a normal plane, the summation of applied and material contributions. The field is
zero inside the conductors and is azimuthally symmetric in the air gap.

2.4 Dual-potential model

The reduced-potential model always provides good results in regions of the simulation where the
relative magnetic permeability .. is not much larger than unity. In iron regions where p, > 1.0,
the two contributions in Eq. 11 may be almost equal. The small difference is multiplied by
to determine the magnetic flux density B. Small interpolation errors in H,, and H, may give
errors in B. For this reason, Magnum includes the option to generate an alternate finite-
element solution for iron regions where u, > 1.0. This approach is called the dual-potential
model.

Figure 13 shows the division of a solution volume into regions representing air (u, = 1.0),
perfect conductors (u, < 1.0) and ferromagnetic materials (u, > 1.0). In a physically-correct
solution, applied currents may wrap around iron objects but they do pass directly through
them. With the condition j; = 0.0, the following condition holds on the total magnetic field
inside the iron:

V xH=0. (18)
Therefore, we can set H equal to the gradient of a scalar potential:

H=-VVU (19)
In this case, Eq. 8 implies that the potential satisfies the Laplace equation:

V- (uVU) =0 (20)

The approach in the finite-element method is to generate discrete node equations by setting
the local integrals of the left-hand side of Eq. 20 around nodes equal to zero. This procedure
leads to the following equation for v at node i:

[ [ wone-vwav = [ [ NpSas, 1)
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Figure 13: Schematic view - division of the solution volume for a dual-potential solution.

In Eq. 21 the quantity V; is a weighting function that we can identify with the shape functions
of the hexahedron elements surrounding the node. The volume integral on the left-hand side is
identical in form to the integral for the reduced potential ¢. Therefore, we can use the coupling
coefficients that have already been determined for the reduced potential calculation. The new
term is the surface integral on the right-hand side. The normal derivative of 1 at the surface
is equivalent to

ov

Hon

In other words, the node equations include source terms given by surface integrals of the normal

component of the magnetic flux density. The form of the node weighting functions N; and the

continuity of magnetic flux guarantees that contributions from all surfaces inside contiguous

iron regions equal zero, even if ;1 varies through the material or if two different regions intersect.

Non-zero contributions occur only on the interface between iron and air or conductor regions.

With this background, we can understand the additional steps in the Magnum solution
procedure when the dual-potential option is invoked:

- B, (22)

1. After completing the reduced-potential calculation, Magnum organizes the mesh and
marks nodes that are connected to iron elements. Boundary nodes connected to both
iron and air elements are also marked. The goal is to determine values of 1) on this node
set. The set may contain multiple connected or disconnected iron regions.

2. Coupling coefficients for the nodes are taken from those created for the reduced-potential
calculation. Coupling coefficients to nodes outside the iron region or its boundaries are
set to zero.

3. Source terms for the boundary nodes are calculated from values of the normal component
of B derived from the reduced potential model according to Eqs. 21 and 22.
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4. Magnum performs a second iterative solution to find ¢ at the mesh nodes and records
values in the output GOU file.

5. Field calculations performed in MagView depend on the setting of the interpolation
mode. In the default Standard mode, the equation B = pu(Hy; — V¢) is applied over
the full solution volume. In the DualPot interpolation mode, the program applies the
equation B = u(Hy — V@) at points inside elements with p, = 1.0 and uses B = —uV)
in elements with p, > 1.0.

It is important to note that the dual potential calculation may fail under conditions where
V1 = 0.0 inside a material:

e Field lines in a pole travel between two symmetry boundaries with ¢ = 0.0.

e A pole has no air gap so that lines of H circulate and reconnect completely with a pole
(e.g., a toroidal transformer core).

In these cases, do not use the DualPot command in Magnum and use the Standard mode for
field calculations in MagView.

Finally, non-physical results may occur if drive currents pass through iron regions. Magnum
incorporates two features to avoid this problem.

e Magnum checks the validity of the geometry after opening the mesh (MDF) and current
element (WND) files. The program checks all current elements and reports an error if the
average position of an element lies within an element with p, > 1.0.

e After loading solution (GOU) and current element (WND) files, you can create three-dimensional
plots in MagView to check the relative orientation of coils and iron regions. Note that
the tests do not account for the width of current elements (Sect. 2.2). You must ensure
that no portion of a finite-width element extends into an iron region.

2.5 Boundary and symmetry conditions

The application of boundary conditions in Magnum can be challenging because calculations
may involve multiple sources of information: applied fields and material fields (from the gradient
of the reduced potential ¢) in non-iron regions and total fields from the gradient of the dual
potential v in iron regions.

The field solution for ¢ and ¢ with attendant boundary conditions has no effect on the
applied field H,. Therefore, we must ensure the collection of current elements in the WND file
generates a physically-correct applied field solution, regardless of the solution-volume limits and
symmetries of the finite-element calculations for the potentials. For example, we must include
the full current loop for the calculation of Fig. 11. Using only one-quarter of a the loop would
give a non-physical applied field solution because the drive current would not define a circuit.
Sometimes we can omit portions of a coil if the current elements make a negligible contribution
to applied fields in the solution volume. For example, consider fields in a cylinder of radius R
driven by a line current of infinite length. Because of the scaling of the Biot-Savart equation
[Eq. 15], the contribution to the field of elements at an axial distance z > 10R is less than 0.1%
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of the contribution from a nearby element. Therefore, it is sufficient to use a non-circuital line
current of approximate length 20R to get a good approximation to the applied fields generated
by an infinite wire. With some pre-analysis and judgement, you can substantially reduce the
work involved in calculating the applied fields.

We shall next consider conditions for the calculation of the reduced potential ¢. An un-
derlying assumption in Magnum is that the solution volume is surrounded by a set of virtual
elements with the property p, < 1.0. Therefore, the magnetic flux density B is constrained
to be parallel to any unspecified boundary. Equivalently, the solution volume is automatically
surrounded by a virtual volume of perfect conductor. The alternative to the natural boundary
condition is to specify a fixed value of reduced potential (usually ¢ = 0.0) along the surface
(Dirichet condition). In this case, the derivative of ¢ parallel to the surface must be zero. This
condition implies that the material component of magnetic flux density B,, is normal to the
boundary. If the applied component By is also normal, then the surface constitutes a symmetry
boundary. This condition was applied in the example of Sect.1.2 to model one-quarter of the
quadrupole.

Conditions on the dual potential 1) are the similar to those for ¢. The region external to
an iron region that contacts the solution boundary consists of virtual elements with u, < 1.0.
Therefore, the magnetic flux density B in an iron region is parallel to such a boundary. The
condition ¢ = 0.0 implies that the total magnetic flux density B is normal to the boundary.
The resulting solution is physically-consistent only if the applied field By is also normal to the
boundary.
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3 Organizing Magnum calculations

3.1 Procedures and files

The Magnum package contains three components:

e MagWinder creates lists of input specifications for applied-field coils and generates files
of current elements in a standard format.

e The Magnum program computes the physical solution

e MagView is a dedicated post-processor for analyses of the results.

All three programs can run in two modes: interactively in a window or autonomously in the
background under batch file control. The autonomous mode allows automatic processing of
large or repetitive data sets.

The MagWinder pre-processor creates and analyzes coil definition files with names of form
FPREFIX.CDF. Chapter 4 describes operation of the program. Three input files may be required
for a Magnum solution:

e A script that sets control parameters and describes the physical properties associated
with regions.

e A list of drive current elements to compute the applied field.

e A MetaMesh output file that describes the conformal hexahedron mesh. The file con-
tains node coordinates and the region numbers of elements and nodes.

The MagWinder output file has a name of the form FPREFIX.WND. The MetaMesh output
file always has a name of the form RUNNAME.MDF. The Magnum script must have a name of
the form RUNNAME.GIN. The file may be prepared with the Setup command in Magnum or
directly with an editor. Mlagnum issues an error message if any input files are not available in
the current working directory. To organize data, the resulting output file is assigned the name
RUNNAME. GOU.

To review, a simulation usually consists of the following steps:

e Prepare a MetaMesh script (MPREFIX.MIN) using Geometer or a text editor to defines
the solution space. In simulations with conductive or ferromagnetic materials, the con-
formal mesh describes the division of the solution space into air and material regions. In
free-space calculations, the mesh is merely a convenient set of node positions for calcula-
tions of applied fields.

e Run MetaMesh to create a file MPREFIX.MDF of standard mesh information. This file
could be used as input for multiple Magnum simulations or for other AMaze solution
programs.
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Table 4: Magnum files

Name form \ Function \ Status ‘

MPREFIX.MIN | Description of simulation geometry, input to | Required
MetaMesh

CPREFIX.CDF | Description of applied field coils, input to | Required
MagWinder

CPREFIX.WND | Output from MagWinder, input to Mag- | Required
num

MPREFIX.MDF | Output from MetaMesh, input to Magnum | Required
RUNNAME.GIN | Description of material properties, input to | Required

Magnum
RUNNAME.GOU | Output from Magnum, input to MagView | Required
SPREFIX.SCR | Analysis control, input to MagView Optional
SPREFIX.DAT | Analysis data output from MagView Optional

e Prepare a MagWinder coil definition file (WPREFIX.CDF) to specify the geometry and
currents of drive coils. This file is not necessary if fields are created solely by permanent
magnets.

e Run MagWinder to cut the coils into small current elements and generate a standard
element file (FPREFIX.WND).

e Use the Setup command or an editor to prepare a Magnum script (RUNNAME.GIN) that
sets control parameters and defines the material properties of regions.

e Run Magnum to create a solution file RUNNAME.GOU. This file contains the following
node quantities: spatial coordinates, applied field components H,, reduced potential ¢
and dual potential ¥ (in calculations with ferromagnetic materials).

e Optionally, prepare a standard AMaze analysis script (SPREFIX.SCR) to control a MagView
analysis session.

e Run MagView to create plots or to generate numerical data using the information in
RUNNAME. GOU.

Although a calculation involves several steps, the approach saves time and aggravation in the
long run. Splitting complex solutions into small steps is always a good practice. The input
scripts form permanent records of the setup with complete information necessary to regenerate a
solution. Furthermore, the scripts may often be used in other solutions with small modifications.
Table 4 summarizes the input and output files used in Magnum.

3.2 Script conventions

The Magnum input script FPREFIX.GIN is a text file with data lines containing commands
and parameters. The script must end with the EndFile command. The programs make no
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distinction between upper and lower case. Entries on a line may be separated by the following
delimiters:

Space, blank

Comma [,]

Tab

Colon [:]

Equal sign [=]

Left parenthesis [(]
Right parenthesis [)]

You may use any number of delimiters in a line. This means that you can add indentations
and customize the appearance of the script. For example, the two lines

Epsi 2 5.56
Epsi(2) = 5.56

have the same effect.
Magnum ignores blank lines and comment lines. Comment lines begin with the symbol [*]
(asterisk). Most parameters are real numbers. The following formats are valid.

1.000
5.67E6
6.8845E+09
5

The final number is interpreted as 5.0.

Magnum accepts commands in any order. The program reads and analyzes all commands
before starting the solution. Generally, it is good practice to put control commands at the
beginning and to group commands that set material properties by region. The following example
illustrates a complete script:
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MagNum 2.0 Script (Field Precision)
File: relay.GIN

Date: 05/22/2006

Time: 13:40:14

* ¥ X %

SolType = STANDARD

Mesh = relay

Source = relay

DUnit =  1.0000E+02
ResTarget = 1.0000E-06
Omega =  1.9850E+00
MaxCycle = 1000

* Region 1: AIR
Mu(1) =  1.0000E+00

* Region 2: SOLECORE
Mu(2) = 5.0000E+02

* Region 3: PLATE
Mu(3) = 5.0000E+02

EndFile

You may place text in any format after the EndFile command. Therefore you can add annota-
tions that may be helpful when you return to a simulation after a long period of time.
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4 MagWinder — defining applied current

4.1 Program function

Input files of current elements are used in Magnum to define drive currents. Magnet coils
are represented numerically by dividing them into a large set of short segments. Sometimes
drive coils may be simple, but often they follow complex paths in three-dimensional space.
MagWinder provides an interactive environment where you can build magnet windings step-
by-step. Several features of MagWinder help in the task of current-element generation:

e A comprehensive set of parametric models for common coil configurations (solenoids,
helices,...).

e Versatile graphical displays to show the state of the assembly.

e Interactive dialogs to modify the geometry, position and orientation of components.

MagWinder may be used as a command-line utility with an existing CDF file with command
of the form:

[PATH\]MAGWINDER FPREFIX <Enter>

An interactive MagWinder session involves three steps: 1) specify a set of parametric
models to define one or more drive coils, 2) divide the coils into elements and 3) record the
results in a file for input to Magnum. The program creates two types of text data files:

e A list of model parameters containing all necessary information to regenerate elements.
The file has a name of the form FPREFIX.CDF (Coil Definition File). You can reload the
script into MagWinder to make changes in geometry or element lengths.

e The Magnum element file FPREFIX.WND, which represents a specific embodiment of the
parametric models. Section 4.13 reviews the file organization.

It is important to save the CDF file if you want to repeat a calculation or to change an assembly.
The script can regenerate an element file, but the CDF file cannot be recovered from the contents
of the element file.

The next sections in this chapter describe how to create CDF scripts. The easiest approach
is to employ the interactive features of MagWinder (Sections 4.2 through 4.9). You can also
build a script and make changes directly with a text editor. Sections 4.10 through 4.12 describe
the script syntax. Either way, the process is easier if you understand the definitions of a few
terms:

e Element. A differential element of current familiar from introductory electromagnetism
courses. An element extends from vector position x; to x.. It has length dl = |x. — x|
and carries a current dI. For accuracy, the length of elements should be shorter than
the distance from the coil to the magnetic field calculation point. It is important to note

28



3 MagWinder 3.0 (Field Precision) |E=HEcR (5=

FILE BULD PLOT HELP
8|3 7|5 | mlw|ns aw s@E=NEEE oS o

.'l',

A EA Y
FA T I TEN

'yl rs
'7

T

T N

Coil file: cmagnet.cdf
XOrigin: 6.00E+00
¥Yorigin: 0.00E+00
ZOrigin: 0.00E+00

XTick: 5.00E-01

¥Tick: 2.00E-01

ZTick: 5.00E-01

DView: 1.23E+01

Number of elements: 3584

b
‘ B Coil No: 1
I I Ccoil No: 2
! I Coil No: 3
N i BN Coil No: 4
| I Coil No: 5
s I  Coil No: 6
I coil No: 7
I Coil No: 8
\ R
1% J
LR
N ¢ jgjj
R
RN [F
38 }; 7

Ty ld

N L

CEEL

LT 2
.
Assembly: cmagnet |Elementﬁlenotsavad |Coi|f\\a saved |NCoiI: 8 |Current coil: 8 |NPart: 8 |DUr|it: 1.00E+02 NE 2

Figure 14: Working environment of MagWinder.

that an element is not treated as a filament in Magnum, but rather as a cylinder with
uniform current density distributed over a diameter equal to its length. This convention
avoids numerically-infinite values of applied magnetic field which can compromise code
accuracy and plot quality.

e Part. A basic building block consisting of wires with a specified shape, position and
orientation. The shape is defined by the choice of a model. MagWinder has fifteen
models ranging from simple (line segment between points, circular coil,...) to complex
(solenoid with radial thickness, helical coil,...).

e Coil. A set of associated parts that carry the same current. For physically-meaningful
solutions, the parts should form self-connected circuits.

e Assembly. The collection of coils that defines all drive currents for the Magnum cal-
culation.

For reference, an assembly may contain up to 150 coils. The maximum number of parts to
build all coils is 2500. The assembly may contain up to 2,000,000 current elements.
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4.2 Starting an assembly

To create a new CDF file, run MagWinder and choose the File/New coil assembly command. In
the dialog, supply a descriptive name that will be used as the default prefix for the CDF and ele-
ment files. The prefix should have length from 1 to 46 characters and may not include standard
AMaze delimiters (i.e., use underscores rather than spaces). You must choose dimensional
units that will be used for positions and length. For custom units, pick Other. In this case, a
dialog will prompt for a conversion factor DUnit. The factor equals the number of units per
meter. For example, to work in units of feet, set DUnit = 3.281. Finally, you have the option
to specify a default global element length DsGlobal. The length applies to parts in coils that
do not have individual values of Ds.

When you exit the dialog, MagWinder updates the status bar to show the assembly name
and the unit conversion factor. Note that the plot window is initially blank. Plots are generated
from elements, and there are no elements until you define at least one coil with at least one
part.

We shall use the example shown in Fig. 14 to illustrate the procedure. Six rectangular loops
are arranged to generate a sextupole field over a 50 cm length along z. To follow the example
in the following sections, start a new assembly with the name SEXTUPOLE using dimensions of
cm and setting DsGlobal = 1.0.

NEW COIL ASSEMBLY
Initialize all variables and begin a new assembly. MagWinder issues a prompt if current work
has not been saved.

4.3 Adding a coil

Use the New coil command to add a coil to an assembly. The command activates the dialog of
Fig. 15. Coils are numbered from 1 to 250 as they are added and assigned default names such
as COILOO1. You can change the name to a more descriptive title up to 80 characters in length.
You must supply a value for the current — this value applies to all parts that constitute the coil.
Optionally, you can enter a local value Ds for element length that applies only to components
of the coil. This feature is useful to represent small components in a large assembly.

Entries in the group of boxes in the lower half of the dialog are used to set global values of
shifts and rotations that apply to all parts of the coil. These operations are performed after
individual shifts and rotations of parts within a coil. With this feature, you can construct a
complex set of parts and then move it as a rigid body. Section 4.5 gives a detailed discussion
of positioning operations for coils and individual parts.

For the SEXTUPOLE example, we shall use a strategy that minimizes the number of positioning
operations and reduces the chances of error. Rather than flip the loops to reverse the field
direction, we shall use the same relative orientation for all loops and divide them into two sets
(i.e., coils) with positive and negative current values. Loops 1, 3 and 5 have I = 410,000
A while loops 2, 4 and 6 have I = —10,000 A. Accordingly, we set up the first coil with
parameters shown in Fig.15. Click the New coil command again, and give the second coil the
name Negative and assign current I = —10,000 A. After you exit the dialog, the status bar
shows that the assembly contains two coils with no parts or elements.
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Figure 15: New coil dialog.

NEW COIL

Add a coil to the assembly. The new coil becomes the current coil for editing. You can assign a
name, current, local element length and global rotations and shifts that affect all components
of the coil. These parameters may be changed using the Edit coil command.

4.4 Adding a part

Coil editing operations (such as adding parts) are applied to the current coil. You can change
the current coil with the Set current coil command. The resulting dialog shows a list of defined
coils. To choose a coil, press one of the buttons on the right-hand side and then click OK.

The Add part command brings up the dialog of Fig. 16. The entries in the top group define
the model type and parameters. The entries in the bottom group determine the orientation and
position of individual parts within a coil. Regarding the top group, all boxes for real-number
and integer parameters are initially inactive. The first step is to pick a model type for the
part in the drop-down list box at the top. When a model is specified, Magwinder activates
appropriate parameter fields and adds descriptive labels. Section 4.6 describes the geometries
and parameters of available models.

To continue the SEXTUPOLE example, click on Set current coil and choose the first coil
(Positive). To define the first rectangular loop, click on Add part and choose the RECTANGLE
model. Enter LOOPO1 in the Name field. The loop has narrow dimension 5.0 cm and long
dimension 50.0 cm. Enter the following values to define two corners of the rectangle: x. =
—25.0, Yo = —2.5, e = 25.0 and y.o = 2.5. Click OK to exit the dialog. The plot shows a
rectangle with the desired dimensions centered in the z-y plane. We must make changes from
the default position and orientation to place it in the assembly.

ADD PART
Open a dialog to create a new part in the current coil. Specify the model type and fabrication,
position and orientation parameters.
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Figure 16: Add part dialog.

EDIT PART
Pick a part in the current coil and change any of the parameters.

SET CURRENT COIL
Pick the current coil for editing operations and the addition of new parts.

4.5 Position and orientation of parts and coils

You can rotate and shift individual parts within a coil and also apply global positioning op-
erations that affect all parts of a coil. The positioning procedure is similar to the operations

necessary to construct a physical coil:

e Fabricate the part on the workbench by specifying the model and the associated dimen-
sions. The workbench frame is equivalent to the default orientation and position of the

model.

e Rotate the part in three dimensions so that it has the the correct orientation relative to
the coil.

e Move the part from the workbench to its position in the coil.
e When the coil is complete, you have the option to rotate or shift it.

We can choose items with different features (models) from a standard parts bin and fabricate
them by setting dimensional parameters. Simple shapes like line segments may connect any two
points in the workbench frame. Complex parts like helices have specific orientations and posi-
tions with respect to the workbench. The order of operations is important. In MagWinder,

rotations always precede shifts.
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Figure 17: Positions of the six loops in the SEXTUPOLE example. View normal to the z axis.

ROTORDER

You can achieve any orientation in space by making rotations about the z, y and/or z Cartesian
axes of the workbench coordinate system. Rotations are not commutative; therefore, the final
orientation depends on the order. Use the pull-down list box to specify the order in which
rotations are applied. The default is XYZ.

THETAX
THETAY
THETAZ
Rotation angles about the x, y and 2z axes. Enter values in degrees. Negative angles are allowed.

XSHIFT

YSHIFT

ZSHIFT

Apply shifts along z, y and/or z to move the part from the workbench to its position in the
coil.

To illustrate, we shall position the first loop in the SEXTUPOLE example. Click the Edit part
command and press the button next to LOOP01. MagWinder displays the dialog of Fig. 16.
Note that fields contain all currently-defined values. To make the long axis of the rectangle
point along z, apply a rotation 6, = 90.0° by entering the number 90.0 in the THETAY field.
Click OK and check the plot to confirm that the part has the correct orientation. Figure 17
shows a scaled view of the configuration in a plane normal to z. The goal is to position the six
loops at 60° intervals at a radius R = 6.0 cm. To move LOOPO1 to its final position, use the
Edit part command and enter the value 6.0 in the XSHIFT field.
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4.6 Part models

The standard parts bin contains fourteen models with which you can construct most practical
magnet coils. Enter lengths in units specified by DUnit and angles in degrees. All models are
defined with respect to the workbench coordinate frame. Their positions and orientations in
the simulation space may be adjusted by specifying local or global shifts and rotations.

LINE

The line segment is the simplest and most versatile part. It is a vector that connects any two
points in the workbench coordinate system. The model involves six parameters: the coordinates
of the start point (zy,ys, 2s) and the end point (x.,v., z.). A positive value of current flows
from the start point to the end. MagWinder attempts to cut lines into equal segments with
length less than or equal to Ds. For short lines, the minimum number of segments is 2.

RECTANGLE

This model consists of four line segments that define a rectangular loop. A rectangle lies in
the x-y plane of the workbench coordinate system at z = 0.0. The model has four parameters
to define two corners of the rectangle in the z-y plane: (z1,7;) and (x2,%,). Current flows in
the sense of positive rotation. (i.e., if you point the thumb of your right hand along z, positive
current flows in the direction of your fingers.) As with lines, the minimum number of segments
per side is 2.

CIRCLE

This model defines a circular coil in the z-y plane of the workbench at z = 0.0. The single
parameter is the radius R. The circle is centered at position (x = 0.0,y = 0.0). Current flows
in the direction of positive rotation. The minimum number of elements in a circle is 12.

ELLIPSE
This command creates an elliptical coil in the z-y plane of the workbench at z = 0.0 that

follows the curve:
2
T \? Y
— =] =1. 23
)+ (%) )

The two real-number parameters are R, and R,. Positive current flows in the direction of
positive rotation. The minimum number of elements is 12.

ARC

The model requires three real-number parameters: R, 0, and .. The arc has radius R and
lies in the z-y plane of the workbench with center point at x = 0.0,y = 0.0. The start angle
(relative to the z axis) is 0, and the end angle is 6.. Positive current flows in the direction of
positive rotation.
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Figure 18: Parameters used in the TORUS model.

HELIX

This model is useful to create a circular coil or twisted wire pairs. The model involves four
real-number parameters: R, Z;, Z. and Pitch. The helix winds along 2z and has a circular
projection of radius R in the z-y plane centered at the origin. The helix extends along z from
Zs to Z.. The quantity Pitch is the axial distance for a full revolution. Therefore, the number
of turns is

N = |Ze _ ZS‘

Pitch
By convention, a helix starts at position (R,0.0) in the z-y plane at z = Z,. The end position
in the z-y plane is determined by N. Enter a value in the ThetaZ field to change the start
position. The minimum number of elements per turn is 12. By default, the helix has a positive
sense of rotation as it moves from Z to Z..

(24)

TORUS

The torus (Fig. 18) involves five real-number parameters R,qj, Rumin, Opiten, 0s and 6. and the
optional parameter 6;,;;. The toroidal winding creates an azimuthal field. The torus is centered
at position (0.0, 0.0, 0.0) with major radius R,,,; in the z-y plane. Figure 18 defines the
parameters Ry, and 6,;.,. The pitch angle (in degrees) is the rotation about the z axis per
turn. A TORUS starts at angle 6, (in the z-y plane relative to the = axis) and ends at §.. Current
flows in the direction of positive rotation. The minimum number of elements per turn is 12.
By default, the winding starts at an angle of 0.0° relative to the plane of the minor radius. You
can change this value with the parameter 6;,,;.
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Figure 19: Parameters of the TORUSR model. The example contains 24 loops from 0.0° to 345.0°.

TORUSR

This model (Fig. 19) creates an object consisting of a set of loops with rectangular cross section
arranged to form a torus. The model involves five real-number parameters (R;,, Rout, L, 05
and 6.) and one integer parameter N. The torus is centered at position (0.0,0.0,0.0) with inner
radius R;, and outer radius R, in the z-y plane. The parameter L is the coil height along z.
The part consists of N loops that cover the range from 6, to 6, in the z-y plane.

The next group of models is useful for constructing volumetric coils with non-zero cross-
section. The models automatically create parallel sets of elements with transverse spacing on
the order of DsGlobal or Ds. All volumetric assemblies have a fixed orientation and position in
the assembly coordinate system. Note that volumetric models may generate large numbers of
elements. You can ensure that solutions are efficient by using volumetric assemblies only where
they are necessary. For instance, suppose you want to find fields near the surface of a circular
coil with a rectangular cross section. It is not necessary to model the entire circular coil using
the ELBOWR model if you only need to know fields at a representative position. Instead, define
a short azimuthal section of the coil with the ELBOWR model and then fill in the remainder with
the ARC model. Because of the 1/R? variation in the Biot-Savart integral of Magnum, the
contribution from a distant coil segment has little dependence on the coil cross section.

SOLENOID

The solenoid model (Fig. 20) generates elements to represent a solenoid with radial thickness.
It involves four required real-number parameters R,,;, Rn.. and L and three optional integer
parameters Ng, Ny and Ng. The quantity R,,;, is the inner radius, R,,., is the outer radius
and L is the axial length. The solenoid consists of a set of nested circular loops centered in
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Figure 20: Arrangement of wires in the SOLENOID model.

the z-y plane and arrayed along z. The wires extend from —L/2 to L/2 in the z direction.
There are three optional integer numbers: Ny (number of radial layers), Ny (number of axial
layers) and No (number of azimuthal segments in each circular coil). If the numbers are not
specified, MagWinder makes a choice based on the value of DsGlobal or Ds. The coil current
1. equals the total number of A-turns in the SOLENOID. Therefore, the current per circular loop
is I./(N, x N,).

BAR

A BAR is a set of straight wires parallel to z that fill a rectangular cross section in the z-y plane.
The model involves three required real-number parameters (L,, L, and L,) and two optional
integer parameters (N, and N,). The required parameters are the cross section dimensions
(L, and L,) and the axial length L,. The BAR extends from z = —L,/2 to z = L,/2 in the
workbench frame. The number of elements along z is determined by DsGlobal or Ds. You
have the option to specify the number of parallel wires by entering values for N, and N,.
The BAR carries a total current equal to the coil current I.. Therefore, the current per wire is

I./(N, x N,).

ELBOWR

The ELBOWR model is an elbow with a rectangular cross section. The elbow is equivalent to
a SOLENOID that extends over a limited angular range. There are four required real-number
parameters: R, Rmaee, L and 6. The quantities R,.;,, R and L are identical to those
used for the SOLENOID. The quantity # is the angular extent (in degrees) in the x-y plane. The
ELBOWR extends from the x axis of the workbench frame to 6. There are three optional integer
parameters: N, (number of wires along r), N, (number of wires along z) and Ny (number of
elements along the arc). Figure 21 shows a combination of the BAR and ELBOWR models to define
the drive coil for a C-magnet. The ELBOWR carries a total current equal to the coil current I..
Therefore, the current per wire is I./(N, x N,).

ROD
A ROD is similar to a BAR. The difference is that it has an approximately circular cross section.
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Figure 21: Magnet winding composed or four BAR models and four ELBOWR models.

There are two required real-number parameters: R (radius) and L (length). In this model
MagWinder sets up a set of parallel line currents in a hexagonal pattern in the x-y plane.
The hexagons have scale size on the order of DsGlobal or Ds. The total current of all wires in
the ROD equals 1.

ELBOWC

The ELBOWC model represents an elbow with a circular cross section. It involves three real-
number parameters: R, (outer radius), R;, (inner radius) and 6 (angular extent in the z-y
plane). The ELBOWC model starts at the x axis and extends to . You can combine ELBOWC and
ROD models to create a continuous set of parallel wires. The total current of all wires in the
ELBOWC equals 1.

POLYNOID

A POLYNOID (Fig 22) is similar to a SOLENOID. The difference is that the individual coils are
polygons rather than circles. There are four required parameters. The real-number parameters
Rpin, Romee and L are identical to those of the SOLENOID. The integer N, is the number of
polygon sides. There are three optional parameters: N, (number of radial layers), N, (number
of axial layers) and Ny (number of elements per side). The coil current I. equals the total
number of A-turns in the POLYNOID. Therefore, the current per circular loop is I./(N, x N,).
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Figure 22: POLYNOID with Ry = 6.0, Riin = 4.0, L = 8.0, Ny = 6, N, = 3 and N, = 20.

4.7 Editing coils and parts

Use the Edit coil command to change coil parameters. Changes apply to all existing and future
parts associated with the coil. The command brings up the dialog of Fig. 15. The fields contain
the present parameter values for the coil. The Coil parameters command provides a quick
alternative to change selected coil properties.

COIL PARAMETERS

This command brings up the dialog of Fig. 23. The grid has a row for each coil in the assembly.
You can modify the entries in the white boxes (name, current and local element width). The
Display check box determines whether the coil is displayed in 2D and 3D views. (Note that
this setting does not affect whether the coil is recorded in the CDF and element files.) Make
a choice in the Select column and the Current coil button to pick the current coil. You can
delete a coil and its associated parts by using the Select column and the Delete coil button.

You can change any part in the current coil with the Edit part command. To modify parts
in a different coil, first use the Set current coil command. The following commands change the
properties of parts in an assembly:.

DELETE PART
Remove a part from the current coil. MagWinder displays a list of available parts. Press the
button on the right-hand side for the part you want to delete.

COPY PART
Select a part from the current coil and copy it to a temporary buffer.
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Figure 23: Coil parameters dialog

CUT PART
Remove a part from the current coil and copy it to a temporary buffer.

PASTE PART
Use the contents of the temporary buffer to create a part in the current coil.

As an example, to move a part to a different coil, cut it from the current coil, change the
current coil and then use the paste operation. Note that we have not included copy, cut and
paste operations for entire coils because it is easier to perform the operations by direct editing
of the CDF file.

The editing operations are particularly useful for the SEXTUPOLE example because the assem-
bly is composed of six similar parts with different orientations. Before making further changes,
it is a good idea to save the present state of the assembly. Use the Save coil file command to
record your work. Then, make sure that the current coil is set to POSITIVE. Use the Copy part
command to put LOOPO1 in the buffer. Then use the Past part command twice to add two parts
to the coil. Note that the plot does not change because the three parts have identical shapes
and positions.

Three parts are available when you click the Edit part command. Choose the second part.
In the dialog, change its name to LOOP03. Inspection of Fig. 17 shows that we need to rotate
the part by 120° and to move it to the appropriate position. Change the following fields:
ThetaZ = 120.0, XShift = 6.0 cos(120°) = —3.000, and Y Shift = 6.0sin(120°) = 5.196. The
loop appears in the correct position when you exit the dialog. Similarly, edit the third part.
Assign the name LOOP05 and apply rotations and displacements for 240°.

To complete the assembly, we need to add parts to the NEGATIVE coil. Change the current
coil and then use the paste operation three times to create three parts in the second coil. Use
the Edit part command as before with the following names and rotations: LOOP02 (60°), LOOP04
(180°) and LOOP06 (300°). The plot should be similar to Fig. 14. Save the completed assembly
with the Save coil file command. We shall add the other five loops after we discuss editing
commands.
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4.8 Displaying an assembly

MagWinder creates plots in two modes:

e Three-dimensional plots (with perspective and shading) provide an overview of the as-
sembly.

e Two-dimensional plots are useful for precise work.

In the 3D mode (Fig. 14), the display is divided into three sections: 1) the main plot area, 2)
the orientation area (top-right) and 3) the information area (bottom-right). The orientation
area shows the current view and plot boundaries. You can control the view with the mouse.
The operation is similar to that in MetaMesh and MagView:

e Move the mouse cursor to the center of the plot area. Press the left button to zoom in and
the right button to expand the view. Note that the change is reflected in the orientation
area, and the plot is regenerated when you release the mouse buttom.

e Move the mouse cursor to the right side of the plot area. The shape changes to an arrow.
Press the left button to walk around the object. Press the right button to shift the view
to the right.

e Similar actions apply when you move the mouse cursor to the top, left and bottom of the
plot area.

Two-dimensional plots (Fig. 17) are created by projecting elements to a chosen Cartesian plane.
With the correct window size, the plots preserve true scaling.
The following commands control the plot display.

TOGGLE 2D/3D
Switch between the 2D and 3D plot modes.

DISPLAYED COILS

You can suppress the display of coils for clarity. Use the buttons in the grid box of the dialog
to change the display status of individual coils. Note that all coils are recorded in coil and
element files, independent of their display status.

GRID CONTROL

Use this command to suppress display of a grid or to change grid parameters from the defaults.
The dialog options depend on whether the current plot mode is 2D or 3D. Three-dimensional
plots show the Cartesian axes relative to an origin. You can control the following functions
in the Grid control dialog: 1) suppress the axis display, 2) set the axis origin, 3) suppress the
tick display and 4) set values for the tick intervals. In the 2D mode, you can suppress the grid
and /or specify grid intervals in the horizontal and vertical directions.

TOGGLE ORTHOGRAPHIC
The default 3D plot shows a view from a distance DView from the assembly with perspective.
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This command toggles between orthographic and perspective views. In an orthographic plot,
the viewpoint is at infinity.

ENDPOINT DISPLAY

Elements are normally plotted as thick lines. In the endpoint mode, MagWinder marks the
start and end points of all elements. The mode is useful to check whether element sizes are
appropriate.

ARROW DISPLAY

Use this command to show the orientation of current elements in 2D plots. The display is
useful to check the polarity of elements of a part when rotations have been applied. Elements
are displayed as sperm cells, swimming in the direction of the head. The endpoint displayed is
deactivated in the arrow plot mode.

XNORMAL

YNORMAL

ZNORMAL

These commands change the projection plane in the 2D plot mode. In the 3D mode, the
commands change the viewpoint to +x, +y or +z.

COORDINATES

This command functions only in 2D plots. It sets the program in coordinate mode. Coordinates
in the normal plane are displayed in the status bar when you move the mouse into the plot
area. Click the right button or press ESC to exit coordinate mode.

INITIALIZE DISPLAY

This command performs the following functions in the 3D mode: 1) set the viewpoint to a
reference with 45° azimuth and elevation, 2) set the zoom factor to include the whole assembly
and 3) center the display. The command has no effect in the 2D mode.

DEFAULT PRINTER
Send the current plot (2D or 3D) to the default Windows printer. Be sure to set the desired
printer before running MagWinder.

SAVE PLOT FILE

Use this command to create a graphics file of the current plot in either Windows Bitmap (BMP)
or Portable Network Graphics (PNG) formats. In the dialog, specify the format, the size in
pixels and the file prefix. The graphics file is created in the current directory.

COPY TO CLIPBOARD
Copy the current plot (2D or 3D) to the clipboard in Windows MetaFile format.
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The following commands are active in 3D plots when a mesh file has been loaded.

MESH REGION DISPLAY

This command raises a dialog with a grid showing the regions of the mesh. Check the regions
that should be displayed. The Wireframe checkbox determines whether mesh regions are dis-
played as solids or as wireframes. The Outline checkbox determines whether facets borders are
included when regions are plotted as solids.

MESH REGION CLIPPING

You can add clip planes for the display of region boundaries to make coils more visible. In the
dialog, set the minimum and maximum dimensions along the Cartesian axis for the inclusion
of region facets. The default values are the maximum dimensions of the mesh (i.e., all facets

included).

4.9 Additional MagWinder features

LOAD COIL FILE
Load a CDF file for viewing or editing. You can modify existing coils and parts or add new ones.

SAVE ELEMENT FILE
Create a WND file for input to Magnum.

LOAD MESH FILE

Load a mesh file (MDF) created by MetaMesh to display the surfaces of physical objects (iron,
permanent magnets,...). MagWinder shows both mesh regions and coils in 3D plots. This
command is a active only when a coil assembly is displayed.

CLOSE MESH FILE

Remove the display of region surfaces from 3D plots.

EDIT COIL FILE
Use the internal text editor to view or to modify the currently-loaded CDF file. If you make
changes, be sure to reload the file with the Load coil file command.

VIEW ELEMENT FILE
Use the internal editor in read-only mode to inspect any WND file.

EDIT FILE
Use the internal editor to view or to modify any file.

MAGNUM MANUAL
Display this manual in your default PDF viewer. The file magnum.pdf must be in the same
directory as magwinder.exe.
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4.10 Structure of the coil definition file

The MagWinder script is a text file that provides a succinct description and permanent record
of a coil assembly. You can build scripts using the interactive environment of MagWinder or
compose them directly with a text editor. Sometimes, the editing approach is more efficient.
For example, suppose the assembly consisted of 50 identical coils (each composed of several
parts) in a linear array. It is relatively easy to copy the text for the coil section, paste it 50
times and modify ZShift values to create the array.

This section covers general features of the CDF file. The script consists of a set of commands
processed in sequence. The file follows the standard rules for Field Precision scripts. Blank
lines are ignored. You can include any number of comment lines that begin with an asterisk (*).
MagW:inder ignores all information after the EndFile command, so you can add annotations
in any format. Commands are analyzed with a free-form parser. Sets of characters are grouped
into words separated by the following delimiters: Space [ ], Comma [,], Tab, Colon [:], Equal sign
[=], Left parenthesis [(] and Right Parenthesis [)]. Delimiters may be used in any combination,
so you have considerable latitude to choose the appearance of your script. For example, the
following commands have the same meaning:

Fab 2.0 0.5 10.0 0.0 350.0
Fab = (2.0, 0.5) (10.0, 0.0, 350)
Fab: 2.0, 0.5, 10.0, 0.0, 350

The CDF file consists of a Global section and up to 250 Coil sections. Each Coil section may
contain any number of Part sections (as long as the total number of parts does not exceeded
2500). Table 5 shows the general file layout.

The Global section must appear at the beginning of the CDF file. The following two com-
mands may appear in any order between the commands Global and End. They are shown in
symbolic form and in the form that the might appear in the script.

DUNIT DUnit

DUnit = 1.0E6

MagW:inder works internally in SI units (lengths in meters). It is often convenient to enter
dimensions in alternate units. The quantity DUnit is a factor to convert input dimensions to
meters. It equals the number of units per meter. For example, to enter dimensions in inches,
set DUnit = 39.37. If the command does not appear, the default is DUnit = 1.0.

DS DsGlobal

DS = 0.1

The quantity DsGlobal is the approximate length and diameter of current elements in units
set by DUnit. Smaller values of element length give more accuracy but result in longer run
times. It is good practice to set element lengths explicitly. In the absence of a specification,
MagW:inder will try to pick reasonable values for different part models. When a Ds command
appears in a Coil section, the new value replaces DsGlobal for all parts of the coil.
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GLOBAL

(Global commands)

END
COIL
(Coil 1
Part
(Part
End
Part
(Part
End
Part
(Part
End

END
COIL
(Coil 2
Part
(Part
End

END

ENDFILE

commands)

1 commands)

2 commands)

3 commands)

commands)

n commands)

Table 5: Structure of the CDF file
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4.11 Coil commands

A coil is a set of wires carrying the same current. Magnum will calculate the magnetic field
corresponding to any set of wires, connected or unconnected. It is your s responsibility to
ensure that the coil definitions are physically correct. Coil sections follow the Global section.
Commands for a coil section appear between the commands Coil and End. A Coil section may
contain any number of Part sections and the following commands.

CURRENT Current

CURRENT = -125.0

A Current command must appear in each Coil section. The parameter Current is the amplitude
of the coil current in amperes.

DS DsCoil

DS = 0.100

The Ds command sets the approximate length of current elements for the present coil. It is
useful, for example, if you have a large assembly that contains small coils. If the Ds command
does not appear, the default DsGlobal will be used.

NAME CoilName

NAME = Orbit_Correction_Coil 015

MagWinder numbers coils in the order they appear in the file. You can also assign a descriptive
name (from 1 to 80 characters). The name will be displayed if you load the CDF file into the
MagWinder interactive environment.

ROTATE ThetaX ThetaY ThetaZ [RotOrder]

ROTATE 0.0 90.0 45.0 ZXY

This command specifies global rotation angles for all parts of the coil about the Cartesian axes
of the assembly coordinate system. Rotations can be performed about the z, y or z axes. The
parameters ThetaX, ThetaY and ThetaZ are the respective angles in degrees. The optional
string parameter RotOrder controls the order in which rotations are performed. The default is
XYZ.

SHIFT XShift YShift ZShift

SHIFT -10.0 0.0 5.65

This command controls global translations of all parts of the coil. The parameters X Shift,
Y Shift and ZShift are the components of the displacement vector. Enter the displacements
in the units set by DUnit.

To clarify, rotations and shifts are performed in the following order:

1. An individual part is rotated relative to its default position in the workbench frame to
the proper orientation in the coil.
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2. The part is shifted to its position in the coil.
3. Global rotations are applied to coil parts relative to their position in the coil.

4. Global shifts are applied to the coil parts.

4.12 Part commands
A Coil section may contain any number of Part sections. A Part section has the form:

PART
(Part commands)
END

The following commands may appear within a Part section.

ROTATE ThetaX ThetaY ThetaZ [RotOrder]

ROTATE 0.0 90.0 45.0 ZXY

This command specifies local rotation angles to orient the part in the coil. Rotations are
performed about the x, y or z axes. The parameters ThetaX, ThetaY and ThetaZ are the
respective angles in degrees. The optional string parameter RotOrder controls the order in
which rotations are performed. The default is XYZ.

SHIFT XShift YShift ZShift

SHIFT -10.0 0.0 5.65

This command controls local translation of the part to its position in the coil. The parame-
ters X Shift, YShift and ZShift are the components of the displacement vector. Enter the
displacements in the units set by DUnait.

TYPE

Set the model for the part. The options (discussed in Section 4.6) are LINE, RECTANGLE, CIRCLE,
ELLIPSE, ARC, HELIX, TORUS, TORUSR, SOLENOID, BAR, ELBOWR, ROD, ELBOWC and POLYNOID. In
addition, the LIST type (described below) must be defined by direct entry in the script.

FAB
Set real-number and/or integer parameters for the model. The number of entries and the
interpretation of values depends on the model type. Table 6 summarizes the choices.

The LIST part type is useful if you cannot form a shape from the available models or if you
have your own mathematical specification for a path in three-dimensional space. In this case,
the Type command takes the form:

TYPE List
x0 yO z0
x1l y1 z1
xN yN zN

END
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Table 6: Fab command parameters

Type |P1 |[P2 |P3 [P4 |[P5 |P6 [P7 |
LINE Zs Ys s Te Ye Ze
RECTANGLE Tel Yel Lo UYe2

CIRCLE R

ELLIPSE R, R,

ARC R 0, 0.

HELIX R Z Z, Pitch

TORUS Rmaj Rmm epitch 03 ee [eznzt]
TORUSR R, R, | L 0, 0. N,
SOLENOID Roin | Rmaz | L [N.] | [N.] | [N
BAR L, L, L. [N | [V,]

ELBOWR Roin | Rinaz | L 0 [No] | [N:] | [Ne]
ROD R L

ELBOWC Rovin | Rmaz | 0

POLYNOID Roin | Rmax | L [Ns] | [N:] | [V.] | [INe]

The effect is to create a set of N contiguous elements from (xg, yo, 20) to (zn,yn,2zn). Each
element carries the coil current in the direction from the start point to the end. Enter the
coordinates in units set by DUnit. Each line contains three real numbers in any valid format
separated by any of the valid delimiters (i.e., space, comma, tab, ...). The list may contain any
number of data lines as long as the maximum number of elements (2,000,000) is not exceeded.
A script may contain a maximum of 12 lists.

4.13 Structure of the current element file

Table 7 shows a portion of the current-element FPREFIX.WND created by MagWinder for
input to Magnum. The header lists the number of coils (NCoil) and the number of elements
(NElem). The coil section lists the current in amperes for each coil. The element section
contains N FElem data lines. Each line contains the associated coil number, the coordinates
of the start and end points (in meters) and the element current. Note that the current of an
element may be less than the coil current if the element is constructed from a volumetric model
such as a SOLENOID. Current flows from the start point to the end point.
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Table 7: Initial section of a MlagWinder current-element file

Magnum Current Element File (Field Precision, Albuquerque NM)
NCoil: 2

NElem: 660
Coil I
No @9)

1 1.0000E+04
2 -1.0000E+04

Coil XStart YStart ZStart
No (m) (m) (m)
1 5.9980E-02 -2.5000E-02 2.5000E-01
1 5.9981E-02 -2.5000E-02 2.4000E-01
1 5.9982E-02 -2.5000E-02 2.3000E-01
1 5.9983E-02 -2.5000E-02 2.2000E-01
1 5.9983E-02 -2.5000E-02 2.1000E-01
XEnd YEnd ZEnd I
(m) (m) (m) (A)
5.9981E-02 -2.5000E-02 2.4000E-01 1.0000E+04
5.9982E-02 -2.5000E-02 2.3000E-01 1.0000E+04
5.9983E-02 -2.5000E-02 2.2000E-01 1.0000E+04
5.9983E-02 -2.5000E-02 2.1000E-01 1.0000E+04
5.9984E-02 -2.5000E-02 2.0000E-01 1.0000E+04
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5 Magnum script commands

5.1 Control commands for all calculation modes

This chapter reviews the set of commands that may be included in Magnum scripts. The first
group, discussed in this section, controls program operation in any type of calculation. Each
command is shown symbolically and in a form that it might assume in a program.

SOLTYPE [Standard, Free]

SOLTYPE = Standard

This required command sets the Magnum solution type. Options for the single parameter are
the strings Standard and Free. A Standard solution includes the effects of materials, either ideal
conductors, permanent magnets or ferromagnetic materials. Usually, the input mesh (MDF) has
conformal elements that follow the material boundaries. For solutions with coils, the currents
defined by the element file (WND) interact with the materials. In the Standard mode, Magnum
generates finite-element solutions for the reduced potential ¢ (and the dual potential 1) when
some materials have p, > 1.0). In the Free mode, there are no materials and the magnetic
field is created only by applied currents. In this case the function of the mesh is to define
node points at which to calculate H; from the given current elements. The condition u, = 1.0
applies over the full solution volume. The boundaries of the solution volume have no effect on
the field values - the solution constitutes a segment of a solution in infinite space. In the Free
mode, Magnum makes no finite-element calculation and sets the values ¢ = 0.0 and ¢ = 0.0
in the output file.

For clarification, the following paragraphs describe typical calculations in the three modes.

e Standard Mode. The MetaMesh script MPREFIX.MIN describes a conformal mesh
where regions represent magnetic materials such as poles and permanent magnets. The
mesh generator creates the file MPREFIX.MDF. If the simulation includes coils, the file
SPREFIX.CDF defines the coil geometries. From this input MagWinder generates the
file SPREFIX.WND. The three files required by Magnum for a solution with coils are
MPREFIX.MIN, SPREFIX.WND and RUNNAME.GIN. Magnum computes the node values of
H,s, Hys, H.5, ¢ and 9. The quantities are used in MagView to determine total fields
resulting from coils and materials.

e Free Mode. In most Free mode calculations the input mesh is non-conformal (box
elements) and contains a single region to represent vacuum. Nonetheless, you could
employ a conformal mesh with multiple regions if you wanted to use the capabilities of
MagView to find field energy in or flux through shaped objects. A current-element file
SPREFIX.WND is required in this mode. Magnum computes nodal values of H,,, H,,, H.,
and sets ¢ = 0.0 and 1) = 0.0 at all points (i.e., no material contributions).

The following program control commands may appear in all modes.
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MESH MPrefix

MESH = TriggerConfig

The prefix of the MetaMesh output file (MPrefix.MDF) to use for the definition of the solution
geometry. If the command does not appear in a script RUNNAME.GIN, Magnum searches for
the default file RUNNAME . MDF.

SOURCE SPrefix

SOURCE = CMagnet

This command specifies an element file that lists drive currents for the applied fields. The
parameter SPrefix is the prefix of a fill with a name of the form SPREFIX.WND. The program
issues an error message if the file is not available in the working directory. The currents are
used to generate applied fields in both the Standard and Free modes.

DUNIT Unit
DUNIT = MM
DUNIT = 100.0

Use this command to sets units for coordinates in MDF input file. The Unit argument may
be one of the following strings for common units: angstrom, nanometer, micrometer, mil, mm,
cm, inch, foot, yard, meter, kilometer or mile. For custom units, enter a real number equal
to the number of mesh units per meter. For example, to signal that you used dimensions of
centimeters in the MetaMesh script, set Unit = 100.0. Alternatively, if the mesh dimensions
are in inches, use Unit = 39.37. The quantity Unit is recorded in the output file and is used in
MagView for the input and output of positions. Default: Unit = 1.0.

FORMAT ([Text, Binary]

FORMAT = Text

By de