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ABSTRACT
Many applications for large solenoids and solenoidal arrays de-

pend on the high precision of the axial field profile. In cases where
requirements of AB/B for nonaxial fields are on the order of 10 ~^,
the actual winding techniques of the solenoid need to be considered.
Whereas an ideal solenoid consisting of current loops would generate
no radial fields along the axis, in reality, the actual current-carrying
conductors must follow spiral or helical paths. A straightforward
method for determining the radial error fields generated by coils
wound with actual techniques employed in magnet fabrication has
been developed. The method devised uses a computer code which
models a magnet by sending a single, current-carrying filament along
the same path taken by the conductor during coil winding. Helical and
spiral paths are simulated using small, straight-line current segments.
This technique, whose results are presented in this paper, was used to
predict radial field errors for the Elmo Bumpy Torus-Proof of Princi-
ple magnet. These results include effects due to various winding
methods, not only spiral/helical and layer-to-layer transitions, but
also the effects caused by worst-case tolerance conditions both from
the conductor and the winding form (bobbin). Contributions made by
extraneous circuitry (e.g., overhead buswork and incoming leads) are
also mentioned.
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INTRODUCTION
One of the requirements for the design of the Elmo Bumpy Torus-

Proof of Principle machine is that the cumulative error field (Br/Bo),
with all of the coils energized, will not exceed 1 x 10 ~ 4 when averaged
around the torus along the minor axis. Figure 1 illustrates the EBT-P
machine at the time this work was performed.

A magnetic field of 4.8 tesla on axis at the coil throat is provided
by 36 solenoids in a toroidal array. With the given criteria, this cor-
responds to a maximum error field of 4.8 gauss. Allowing for possible
magnet misalignment, extraneous system circuitry, etc., the maximum
error field that could be tolerated by the system due to the coils
themselves was determined to be on the order of two gauss.

The question, then, was whether or not the winding technique
could be responsible for generating error fields on this order and, if so,
what method of winding would generate the minimum error field. It
was decided that a computer simulation of various winding techniques
would yield the most straightforward and accurate conclusion.
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Figure 1. Elmo Bumpy Torus-Proof of Principle experiment.



THEORETICAL CALCULATIONS
Of course, the magnetic field on axis, generated by solenoids con-

sisting of current loops, can be calculated very simply by applying the
Biot Savart law,

dB = ^ I (dl. x R) (1)
4 T R 3

around the loops and summing for the total field.
The complication arises when the current-carrying conductor

follows noncircular paths. A computer program was developed to ac-
cumulate the field, at any point, created by a multitude of straight
filaments representing the actual coil-winding conductors. This com-
puter code uses a method of computation developed for the MAGIC
program at General Dynamics Convair Division.1

Computer models were then developed to simulate the winding of
solenoidal coils. Two possible winding techniques were devised and set
up for computation with the code. A model was also developed to
simulate the field contributions made by the overhead buswork system
and the incoming leads.

COMPUTER MODELS

The first coil-winding case to be considered deals with the field
deviation which would be generated by winding the coils in a helical
fashion. The second case looks at a coil that is wound by what is re-
ferred to as the "joggled" method, which will be discussed later. In
comparing the two winding methods, joggle and helix, only the error
fields due to the coils themselves will be discussed (i.e., excluding the
leads and overhead buswork).

In each case, the magnetic model is divided into five sections
(Figure 2) with the following characteristics:

• Half of the 32nd layer from the center to the left flange (helical or
joggled)

• Pancake spiral from the 32nd to the first layer (actually consisting
of approximately 34 spiral turns because of the two-conductor-
width insulation between the 31st and 32nd layers)

• Main conductor pack consisting of 31 layers with approximately 39
turns/layer (helical or joggled)



ENTRY
LEAD

INCOMING
PANCAKE SPIRAL

EXIT
LEAD

INSULATION LAYER 32

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\Y\\\\\\\\\\\\\V\\\\\\Ifi

Jc

LAYER 31

\
LAYER 1

\
CURRENT-CARRYING ELEMENT

Figure 2. Coil pacfa winding model.

• Pancake spiral which bypasses the insulation at the right flange

• Half of the 32nd layer from the right-hand flange to the center

The field was calculated at several points along the coil axis and
then averaged to get the approximate mean radial error field.

In the first model, the current element helically progresses from
the insulation on the left-hand side to the flange on the right-hand side
(as seen in Figure 2) for the main section of the coil pack. Each turn of
the helix is divided into 360 straight-line segments.

Each time a left- or right-hand boundary dimension is met, a layer
transition automatically occurs. During a layer transition, the current
element travels a path tangent to the helix at the point where it con-
tacted the boundary. This tangent takes the element to the next layer,
along the boundary, and then begins its helical traverse back to the
other side of the coil.



For the model simulating the "joggle-wound" coil, the field is
calculated due to small (360/loop) straight-line current segments
which incrementally follow the path of the joggled loop.

The angular position where the current element stops following
the circular loop to "joggle" to the next turn is determined by the
dimensions of the wedge (Figure 3), which are input variables to the
program. An additional input variable is used to determine the angular
precession of these joggles as the winding progresses from turn to turn
along the layer (Figure 4).

At each flange, the current element follows a circular path along
the flange, ramps up to the next layer, and continues the circular path
along the flange until it meets a diametrically placed wedge and joggles
to the next turn to complete the new layer.

The overhead buswork was also modeled to determine its con-
tribution to the error field. The buswork consists of a system of
current-carrying segments which repeat every 40 degrees for a total of
nine sections (refer to Figure 5). Only those leads which carry current
during normal operation were considered; that is, all power supply
leads and dump circuitry were ignored. This buswork was then
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Figure 3. Wedge/ramp for joggled winding method.
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Figure 4. Joggle precesses angularly as winding progresses from turn to
turn (0 = angle of precession).

simulated as a network of straight-line segments, and the error field
contributions were calculated in the bore of a coil (coil throat) and at
the midplane between two coils to get a worst-case approximation
(Figure 6).

RESULTS

Computer simulation of both of the chosen winding techniques
disclosed that the error field generated by a helically wound coil, ex-
cluding leads, overhead buswork and all other extraneous circuitry,
would be less than one gauss. The same method determined the error
field generated by the joggle-wound case to be greater than three
gauss.
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Figure 5. Overhead bus system consists of nine symmetric sectors (40
degrees per sector).

The variance of radial fields between the two methods of winding,
joggled versus helical, can also be seen intuitively. To perceive this,
first observe the field generated by helical turns of current. Each suc-
cessive layer places helical turns directly above the preceding layer with
the radial field components in the opposite direction. This tends to
cancel the generated radial fields.

Now consider the field generated by a joggled turn that is basical-
ly, an uncompleted circular loop. There is no radial field produced by
the circular portion of this loop since all of the segments are perpen-
dicular to the two axes defining the radial direction. All of the radial
field is generated by the relatively short section of arc which goes from
one circular turn to the next. There are no antipodal portions in this
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Figure 6. Error field contributions due to the overhead buswork were
calculated at points in the coil throat and the midpoint between two coils.

turn to cancel the radial field. In addition, depending on the angular
precession of these joggles as the turns progress along a layer, the
radial fields are inclined to accumulate rather than cancel. In the next
layer, the radial fields tend to cancel somewhat because the joggles are
going in the opposite direction; however, since these joggles are not
directly above those in the previous layer, neither axially nor cir-
cumferentially, this cancellation is minimal.

This same technique was used to determine the effects due to cer-
tain types of manufacturing tolerance errors on the conductor and
bobbin sizes. For example, worst-case tolerance effects were deter-
mined to simulate the largest winding area and smallest conductor
sizes possible. This case was modeled using the helical winding tech-
nique and resulted in a change in the total magnetic field magnitude of
approximately 1.4% and a change in the radial field on axis at the
center of the coil throat of approximately 0.2G.

Since this method of modeling magnetic fields results in a
discretization of the coil loops, the computational error was calculated
to determine the degree of accuracy. This was performed by simply
calculating the field due to a circular turn of current and comparing it
to the field produced by a turn consisting of 360 straight-line
segments. The field deviation was on the order of 10 ~ 5 ancj w a s deter-



mined to be small enough to give fairly accurate results.
The calculations made concerning the buswork system above the

torus indicate that the worst-case radial field contributions would be
approximately one gauss located in the coil throat at [he top of the
toroidal array. The beauty of this type of computation, where the
current-carrying conductors are discretized into finite elements, is that
it enables the modeling of any geometrical configuration. In the case
of EBT-P, this technique was also used to determine field values at
various locations due to the incoming vapor-cooled leads.
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THEORETICAL CALCULATIONS
Of course, the magnetic field on axis, generated by solenoids con-

sisting of current loops, can be calculated very simply by applying the
Biot Savart law,

dB = (dl. x R) (1)

around the loops and summing for the total field.
The complication arises when the current-carrying conductor

follows noncircular paths. A computer program was developed to ac-
cumulate the field, at any point, created by a multitude of straight
filaments representing the actual coil-winding conductors. This com-
puter code uses a method of computation developed for the MAGIC
program at General Dynamics Convair Division.1

Computer models were then developed to simulate the winding of
solenoidai coils. Two possible winding techniques were devised and set
up for computation with the code. A model was also developed to
simulate the field contributions made by the overhead buswork system
and the incoming leads.

COMPUTER MODELS
The first coil-winding case to be considered deals with the field

deviation which would be generated by winding the coils in a helical
fashion. The second case looks at a coil that is wound by what is re-
ferred to as the "joggled" method, which will be discussed later. In
comparing the two winding methods, joggle and helix, only the error
fields due to the coils themselves will be discussed (i.e., excluding the
leads and overhead buswork).

In each case, the magnetic model is divided into five sections
(Figure 2) with the following characteristics:

• Half of the 32nd layer from the center to the left flange (helical or
joggled)

• Pancake spiral from the 32nd to the first layer (actually consisting
of approximately 34 spiral turns because of the two-conductor-
width insulation between the 31st and 32nd layers)
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Figure I. Elmo Bumpy Torus-Proof of Principle experiment. Figure 2. Coil pack winding model.



• Main conductor pack consisting of 31 layers with approximately 39
turns/layer (helical or joggled)

• Pancake spiral which bypasses the insulation at the right flange

• Half of the 32nd layer from the right-hand flange to the center

The field was calculated at several points along the coil axis and
then averaged to get the approximate mean radial error field.

In the first model, the current element helically progresses from
the insulation on the left-hand side to the flange on the right-hand side
(as seen in Figure 2) for the main section of the coil pack. Each turn of
the helix is divided into 360 straight-line segments.

Each time a left- or right-hand boundary dimension is met. a layer
transition automatically occurs. During a layer transition, the current
element travels a path tangent to the helix at the point where it con-
tacted the boundary. This tangent takes the element to the next layer,
along the boundary, and then begins its helical traverse back to the
other side of the coil.

For the model simulating the "joggle-wound" coil, the field is
calculated due to small (360/loop) straight-line current segments
which incrementally follow the path of the joggled loop.

The angular position where the current element stops following
the circular loop to "joggle" to the next turn is determined by the
dimensions of the wedge (Figure 3), which are input variables to the
program. An additional input variable is used to determine the angular
precession of these joggles as the winding progresses from turn to turn
along the layer (Figure 4).
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Figure 3. Wedge/ramp for joggled winding method.
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At each flange, the current element follows a circular path along
the flange, ramps up to the next layer, and continues the circular path
along the flange until it meets a diametrically placed w?dge and joggles
to the next turn to complete the new layer.

The overhead buswork was also modeled to determine its con-
tribution to the error field. The buswork consists of a system of
current-carrying segments which repeat every 40 degrees for a total of
nine sections (refer to Figure 5). Only those leads which carry current
during normal operation were considered; that is, all power supply
leads and dump circuitry were ignored. This buswork was then
simulated as a network of straight-line segments, and the error field
contributions were calculated in the bore of a coil (coil throat) and at
the midplane between two coils to get a worst-case approximation
(Figure 6).
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Figure 5. Overhead bus system consists of nine symmetric sectors (40
degrees per sector).
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Figure 4. Joggle precesses angularly as winding progresses from tarn to
turn (8 = angle of precession).

Figure 6. Error field contributions due to the overhead buswork were
calculated at points in the coil throat and the midpoint between two coils.

RESULTS
Computer simulation of both of the chosen winding techniques

disclosed that the error field generated by a helically wound coil, ex-
cluding leads, overheau buswork and all other extraneous circuitry,
would be less than one gauss. The same method determined the error
field generated by the joggle-wound case to be greater than three
gauss.

The variance of radial fields between the two methods of winding,
joggled versus helical, can also be seen intuitively. To perceive this.



first observe the field generated by helical turns of current. Each suc-
cessive layer places helical turns directly above the preceding layer with
the radial field components in the opposite direction. This tends to
cancel the generated radial fields.

Now consider the field generated by a joggled turn that is basical-
ly, an uncompleted circular loop. There is no radial field produced by
the circular portion of this loop since all of the segments are perpen-
dicular to the two axes defining the radial direction. All of the radial
field is generated by the relatively short section of arc which goes from
one circular turn to the next. There are no antipodal portions in this
turn to cancel the radial field. In addition, depending on the angular
precession of these joggles as the turns progress along a layer, the
radial fields are inclined to accumulate rather than cancel. In the next
layer, the radial fields tend to cancel somewhat because the joggles are
going in the opposite direction; however, since these joggles are not
directly above those in the previous layer, neither axially nor cir-
cumferentially, this cancellation is minimal.

This same technique was used to determine the effects due to cer-
tain types of manufacturing tolerance errors on the conductor and
bobbin sizes. For example, worst-case tolerance effects were deter-
mined to simulate the largest winding area and smallest conductor
sizes possible. This case was modeled using the helical winding tech-
nique and resulted in a change in the total magnetic field magnitude of
approximately 1.4% and a change in the radial field on axis at the
center of the coil throat of approximately 0.2G.

Since this method of modeling magnetic fields results in a
discretization of the coil loops, the computational error was calculated
:o determine the degree of accuracy. This was performed by simply
calculating the field due to a circular turn of current and comparing it
to the field produced by a turn consisting of 360 straight-line
segments. The field deviation was on the order of ' 0 ~ 5 an(} w a s deter-
mined to be small enough to give fairly accurate results.

The calculations made concerning the buswork system above the
torus indicate that the worst-case radial field contributions would be
approximately one gauss located in the coil throat at the top of the
toroidal array. The beauty of this type of computation, where the
current-carrying conductors are discretized into finite elements, is that
it enables the modeling of any geometrical configuration. In the case
of EBT-P, this technique was also used to determine field values at
various locations due to the incoming vapor-cooled leads.
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