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Three-dimensional magnetic null points (3D nulls) are sites of dynamic activity and particle acceleration
in astrophysical environments. Future laboratory infrastructures to validate theoretical models of observed
plasma dynamics about 3D nulls will benefit from an experimental infrastructure that closely reproduces
these analytical potential magnetic fields. As such, a conducting-coil assembly is presented that closely
matches the theoretical form of a 3D null within an interior volume. Exact magnetic field solutions are
attained for a spherical aggregation of circular current-carrying coils with finite cross sections that create a
central magnetic null point of vanishing magnetic energy density. This configuration is shown to replicate
the fan-plane–spine-axis topology of 3D nulls to a high order within the central volume close to the
null. Finally, numerical analyses demonstrate that the investigated architecture is scalable over wide size
and energy ranges. Applications of the presented conducting-coil assembly include sophisticated next-
generation plasma experiments and particle accelerators.
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I. INTRODUCTION

Magnetic null points are sites of dynamic phenomena
and particle acceleration in astrophysical plasmas [1–4].
Laboratory studies of these dynamics are achieved largely
as a byproduct in tokamak experiments [5,6] but are also
the subject of dedicated experiments, mainly on mag-
netic reconnection [7–10]. As a general description of the
conducting-coil infrastructure leading to the production of
a magnetic null point, many experiments use a variation of
a Helmholtz-coil configuration, where two circular coils,
offset by a distance on the order of their radii, are aligned
axially with current flow equal in magnitude but opposite
in direction [11–15].

As laboratory plasma infrastructures move toward next-
generation architectures [16,17], there will be a need for
magnetic field topologies that explicitly follow the fan-
spine geometry of a three-dimensional magnetic null point
(Fig. 1); hereafter 3D nulls. These 3D nulls are character-
ized by a central magnetic null point where the magnetic
flux density vanishes, a two-dimensional (2D) fan plane
of field lines directed radially away from the null, and a
one-dimensional (1D) spine axis of collimated field lines,
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perpendicular to the fan plane and also directed away
from the null. Such 3D null-point geometries have been
used as the background potential magnetic field in robust
simulations of torsional modes of magnetic reconnection
[18–28]. The first step in transitioning from simulations of
torsional reconnection to an experimental architecture for
studying its plasma dynamics in a laboratory setting is to
construct a conducting-coil assembly that closely matches
the mathematical structure of the background 3D nulls.
Fortunately, there is a significant amount of theoretical
work on the mathematical formulation of 3D nulls [29–31]
for use as an analytical guide to their construction.

Conducting-coil production technologies exist that can
match the required magnetic field of the user [32,33].
While a widespread function of these coil assemblies is
to produce multipole structures, they are engineered for
specific applications, including particle accelerators [34].
Here, we analyze the architecture of a unique aggregation
of circular conducting coils that closely approximates the
mathematical 3D null formulation [30]. We present a test
case and match the resulting magnetic field topology to that
of a specific theoretical form. We calculate statistical devi-
ations between the experimental and theoretical fields as
well as presenting an empirical assessment of its scalabil-
ity. Possible augmentations to increase the accuracy of the
coil assembly are also discussed.
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FIG. 1. The magnetic field streamlines of a 3D radial null
point. At the central null point (|�B| = 0 T), a 1D “spine” axis
of collimated magnetic field lines intersects a 2D “fan plane” of
radially pointing magnetic field lines.

II. CONDUCTING-COIL ASSEMBLY AND
FORMULATION

A. 3D magnetic nulls

A generalized topological model of 3D magnetic null
points [29,30] has quantified a first-order approximation of
the magnetic field B, expressed as

B = M · r, (1)

where M is a 3 × 3 magnetization tensor [30] with entries
∂B/∂r and r is the position vector (x, y, z)T. The M tensor
defines all of the physical characteristics of the magnetic
field and can be expressed using the four free parameters p ,
q, j‖, and j⊥. The 3D magnetic-null-point field in Cartesian
coordinates [x, y, z] is of the form

B = B0

L

[
x+ 1

2
(q−j‖)y,

1
2
(q+j‖)x+py, j⊥y −(p +1)z

]
,

(2)

where B0 and L are the characteristic magnetic field
strength and length, respectively. With this choice of scal-
ing, the magnitude of B is approximately equal to B0 at
a linear distance L from the central null in the x-y plane.
The fan is in the x-y plane and the spine is aligned with
the z axis. The parameters p and q govern the potential
part of the field, whereas j‖ and j⊥ control the nonpotential
behavior of the field and deform field lines as parallel and
perpendicular components of the current, respectively. For
the simplest form of a radial 3D null as in Fig. 1, where all
fan-plane field lines disperse symmetrically out from the
null, we choose to set the four free parameters as p = 1 and
q = j‖ = j⊥ = 0. For p > 1 and q > 0, the fan-plane field
lines are asymmetric and j‖, j⊥ �= 0 act as currents parallel
and perpendicular to the spine axis, respectively, to create

a field-line twist in the fan plane. Thus, the final form of
the theoretical 3D null-point field that we aim to match is
of the form

B = B0

L
[x, y, −2z] . (3)

This is the precise form of the background potential 3D
null-point field in investigations of torsional magnetic
reconnection [21,26–28,35]. One can see from Eq. (3) that
the choice of sign for the parameter B0 will force the field
lines to either point in along the spine and out along the fan
(positive null) or in along the fan and out along the spine
(negative null). We aim to construct a conducting-coil
assembly that most closely forms both the fan-spine topol-
ogy and the magnetic flux densities throughout the volume
of interest. Additionally, we will show that the choice of
current direction will allow switching between the positive
and negative forms of the 3D null-point topology.

B. Geometry

A reversed-Helmholtz-coil configuration of two circular
conducting coils will form a general magnetic null point
along the central axis [16]. However, any semblance of
antiparallel collimated spine field lines along this central
axis, as in Fig. 1, will quickly diverge, since there are no
source currents to sustain them away from the null. To
overcome this shortcoming and form a structured fan-spine
topology, we exploit azimuthal symmetry by simulating
the magnetic field produced by a unique configuration of
numerous axially aligned circular conducting coils. As a
first-order investigation of the formation of a 3D null point
of the form in Fig. 1, we consider a spherical aggregation
of circular coils, evenly distributed along the central axis z
according to the geometry of the radial null point in Fig. 1
and Eq. (3), with each coil radius descending away from
the central null. This configuration is akin to lines of lat-
itude on a sphere. We consider a spherical configuration
over other generalized geometries, such as a solenoid or
cone, for two reasons. First, we will assume a constant cur-
rent magnitude in each coil, for simplicity. This dissuades
us from the use of a solenoidal configuration, since that
will form a constant magnetic field strength along the spine
axis, inconsistent with Eq. (3). Second, the magnetic field
must increase along the spine axis while allowing maxi-
mum access to the volume containing the 3D null. As such,
we consider a spherical assembly, while still recognizing
that many other geometrical configurations likely exist for
forming pure 3D nulls. Fortunately, the results of our anal-
yses in Sec. III will show that although the coil geometry
we explore here does induce a deviation from the theoreti-
cal away from the null, these errors are symmetric and kept
to a minimum throughout the volume due to the spheri-
cally symmetric formation of the 3D null. The formulation
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FIG. 2. The geometrical setup of the conducting-coil assem-
bly. Individual coil radii (x-y plane) and z positions are solved
on a circle of radius |�r|. The semicircle shown represents a coil
assembly of 20 coils in total, with each of the ten coils in the
upper hemisphere (blue circles) carrying current Iupper and each
of the ten coils in the lower hemisphere (red circles) carrying
current Ilower. Currents Iupper and Ilower are equal in magnitude but
opposite in direction, with respect to the k̂ direction.

in this paper provides a framework by which other authors
can build and diagnose other forms of 3D nulls.

To mathematically construct this spherical aggregation,
we solve for a quarter circle of 2N points in the x-z plane,
where N is the desired number of coils per hemisphere.
The odd-numbered positions of this quarter circle give the
horizontal x-coordinate (radius) and vertical z-coordinate
(center height) positions for each of N coils. The choice of
the odd-numbered positions ensures that no coil lies in the
x-y plane forming the fan plane or has a zero radius on the
z axis. These coordinates are then mirrored in the negative
z direction to form the complete set of radial and height
parameters for the spherical aggregation. Figure 2 shows
the geometry resulting from this algorithm.

To produce a central magnetic null point, each coil
in each corresponding hemisphere will be given equal
and opposite current. In the formulation presented here,
looking down along the +z axis, each coil in the upper
hemisphere has clockwise current I , whereas each coil
in the lower hemisphere has counterclockwise current I
(Fig. 2). This sets the constraint of a positive 3D null point
(B0 > 0), where the magnetic-field-line vectors point out
along the fan plane away from the null and in along the
spine axis, toward the null. Switching the current directions
will produce a negative 3D null (B0 < 0), without loss of
generality. A sphere of radius 0.5 m with 20 coils in total,
ten per hemisphere, is taken as a test case. The size of this
sphere is chosen due to its suitability to a feasible labora-
tory environment. The effect of an aggregation of a greater
or fewer number of coils, or larger and smaller sphere radii,
will be discussed in Sec. III.

C. Magnetic field calculations

From this geometry, each circular coil is taken to have a
finite cross section (a torus) and be made of copper (Fig. 3).
In our code formulation, this choice of material is arbitrary
and relies only on a user-supplied engineering current den-
sity and material mass density to construct each finite-sized
coil torus. The choice of copper is made for the present
investigation due to its common use in laboratory coil con-
figurations, but the coils can just as easily be made of
other conducting or superconducting [12,33,34] material.
Thus, the only constraints to forming the coil tori are the
magnitude of current I , the material mass density ρ, and
the engineering current density Je. Table I lists the cross-
section radii calculated for the I = 100 A test case, plus
each of the other three current values investigated in the
scalability analysis in Sec. III C (200, 300, and 400 A).
Cross-section radii are given to an accuracy of 10−2 mm,
corresponding to engineering specifications on the order of
thousandths of an inch. Further engineering considerations
of this finite cross section will be discussed in Sec. IV.

(a) (b) (c)

FIG. 3. The computer-aided design (CAD) of the circular coils from the geometry determined in Fig. 2. An aggregation of 20 coils
in total forms a spherical configuration. Each coil is represented as a copper torus with a finite cross-section radius.
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TABLE I. Copper coil parameters: ρ = 8.96 g cm−3 and Je =
500 A cm−2.

Current, I (A) Cross-section radius, rcs (mm)

100 2.52
200 3.57
300 4.37
400 5.05

Calculations of the inner 20 cm × 20 cm magnetic field
(400 cm2), centered on the null, are made at a resolution
of 1 cm per pixel for vector presentations (Fig. 6) and a
resolution of 0.25 cm per pixel for percent-difference and
angle-offset presentations (Figs. 7 top row, 8, and 10). Cal-
culations of the inner 10cm × 10cm percent differences
(100 cm2; Fig. 7, bottom row) are at a pixel resolution of
0.125 cm per pixel. Volumetric calculations of the mag-
netic field in Fig. 5 (2.5 cm per pixel) and the analysis of
Fig. 9 (1.25 cm per pixel) are carried out at resolutions
sufficient to accurately represent the presented analyses.

The magnetic field produced by each coil of current I is
calculated and superimposed at all pixels to obtain the full
field. The expressions below provide simple closed-form
analytical expressions for the magnetic field of a current
coil that are exact everywhere in space outside the con-
ductor [36], corresponding to the space outside the finite
tori with radii in Table I. The magnetic field components
for each coil at any point in Cartesian space depend on
the current I , the coil radius a, the spherical radial dis-
tance r2 = x2 + y2 + z2, and the cylindrical radial distance
ρ2 = x2 + y2, according to

Bx = Cxz
2α2βρ2

[
(a2 + r2)E(k2) − α2K(k2)

]
, (4)

By = Cyz
2α2βρ2

[
(a2 + r2)E(k2) − α2K(k2)

]
, (5)

and

Bz = C
2α2β

[
(a2 − r2)E(k2) + α2K(k2)

]
, (6)

where C = μ0I/π , α2 = a2 + r2 − 2αρ, β2 = a2 + r2 +
2αρ, and K(k2) and E(k2) are the elliptic integrals of
the first and second kind, respectively, with argument
k2 = 1 − α2/β2. All elliptic integrals are calculated using
the standard SciPy packages SCIPY.SPECIAL.ELLIPK and
SCIPY.SPECIAL.ELLIPE. The constant μ0 = 4π × 10−7 N/A2

is the permeability of free space.

D. Relaxation method

To minimize the differences in magnetic field strength
between the theoretical 3D null formulation and the

FIG. 4. A schematic of the custom magnetic null relaxation
method. The magnetic field strengths B1 and B2 are sampled in
the immediate z (r1) and x (r2) vicinity of the null, respectively.
The magnitude of the theoretical B0 value follows a relaxation
routine to minimize the percent difference between B1 and B2 of
order 10−4%.

conducting-coil assembly, we implement a custom semisu-
pervised relaxation method. This routine constrains the
theoretical value of B0 to most closely reproduce the
defined test case of a 0.5-m radius spherical assembly with
a total of 20 copper coils, each carrying current I = 100 A.
Since deviations from the theoretical form are expected to
manifest as a function of the radius from the central null
toward the coils, the relaxation routine characterizes these
magnetic-field-strength deviations in the immediate vicin-
ity of the null only, as seen in Fig. 4. This is accomplished
by calculating the percent difference between the theoret-
ical Bt and conducting-coil Bc magnetic field magnitudes,
via the relationship

% diff = |Bt − Bc|
Bt

× 100. (7)

The quantities r1 and r2 are taken at a single-pixel posi-
tion in the ±z and ±x directions, respectively. Beginning
with an initial guess, the quantity B0 is constrained iter-
atively to match the percent differences to within 10−4%.
This optimal 10−4% value is chosen from the empirical
inspection of the resulting percent-difference maps (see
Sec. III) and corresponds to a confidence interval of 5σ .
Relaxation of the B0 value follows the selection criterion

B�
0 = B0 + K(Bt − Bc)B0, (8)

where the sign of (Bt − Bc) forces B�
0 toward convergence

with the experimental field. The multiplication factor K
begins at the upper limit of 100, rapidly converging B0 to
within a few percent. The supervised portion of this relax-
ation method comes in during the reduction of K to a value
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as small as 0.01 to achieve convergence. Typical solutions
are found with K = 0.05.

III. RESULTS

Results are presented for the test case of the theoretical
magnetic field of Eq. (3) using parameters p = 1, q = j‖ =
j⊥ = 0, characteristic length L = 0.10 m (10 cm), and the
experimental 0.5-m radius spherical assembly of 20 copper
coils (ρ = 8.96-g cm−3, Je = 500 A cm−2) and current I =
100 A. The relaxation method determines B0 = 1.604 96 ×
10−4 T to 5σ accuracy. All 3D magnetic-field-streamline
visualizations are created using the open-source MAYAVI
package [37].

A. Topologies of the magnetic field

Figure 5(a) shows a 3D magnetic-field-streamline image
of the theoretical 3D null-point field using the above
parameters. The field lines are constrained to a 1-m3 cube
with the null at the origin. Identical views of the mag-
netic field streamlines for the conducting-coil assembly are
shown in Fig. 5(b). It can be seen that the overall fan-spine
structure is replicated by the coil architecture, with the only
immediate difference being the maximum magnetic field
strength (see the color bars).

Significant deviations from the theoretical field will
increase at radial distances approaching the coil boundaries
from the central null. Therefore, we analyze the magnitude
and direction of the vector magnetic field within an inner
volume close to the null point. Figure 6 shows cross sec-
tions of the vector magnetic field through the null, both
along the spine axis (top) and in the fan plane (bottom), for
the theoretical field (left column) and the conducting-coil
assembly (right column). The magnetic field is considered
within the inner square of side 20 cm, centered on the null
point, corresponding to an inner area of 400 cm2. In both
cases, the central null point is clearly evident, with field
vectors pointing in along the fan plane and out along the
spine axis, as expected by our choice of the sign of the I
direction and sign of B0. Again, in both cases, the magnetic
field strengths are visually identical, with both the top and
bottom views having the same color-bar scaling, respec-
tively. The magnitude of B at a distance r = L in the x-y
plane is seen to be approximately B0 ≈ 1.6 × 10−4 T, as
expected. If either the magnitude of the theoretical param-
eter B0 or the magnitude of the coil current I are changed,
the correspondence between the two fields will begin to
deviate. This fact will be further clarified in Sec. III B.

B. Statistical results

Figure 7 displays the percent differences between the
theoretical and coil fields, both along the spine axis (left
column) and in the fan plane (right column). The top row

(a)

(b)

FIG. 5. (a) The streamlines of a theoretical 3D radial mag-
netic null point of Eq. (1) with p = 1, q = j‖ = j⊥ = 0, and
B0 = 1.604 96 × 10−3 T. The streamlines are constrained to a
radius of 0.5 m. (b) The streamlines of the spherical conducting-
coil assembly of Fig. 3 with 20 coils in total, radius |�r| = 0.5 m,
and I = 100 A. The color-bar units are tesla.

is the same inner 400-cm2 area as in Fig. 6, with the bot-
tom row enlarged to focus on the inner square with side
10 cm and area 100 cm2. Interestingly, along the spine axis,
within the inner 400 cm2 the percent difference approaches
�0.60%, while the inner 100-cm2 volume does not exceed
approximately 0.16%. In the fan plane, the percent errors
are a bit higher, with a maximum of approximately 1.20%
inside the inner 400 cm2 and below approximately 0.25%
within the inner 100 cm2. Therefore, inside the inner null
point region, which is a few centimeters across, any exper-
imental dynamics can be diagnosed as taking place within
a high-order theoretical 3D null point.

The shape of the coil assembly field deviations from
the theoretical are seen to magnify as one moves out
from the null either along the fan plane (radial x-y) or
along the spine axis (z axis). The source of this error
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FIG. 6. Cross sections of the inner 400-cm2-area vector magnetic flux density. The left column shows the x-z (top) and x-y (bottom)
cross sections through the central null of the theoretical null point field. The right column shows identical cross sections for the
conducting-coil assembly magnetic field. The arrows denote the vector-magnetic-field directions. A low-resolution grid is used to
highlight the vector directions. In both cases, the ±z-direction field lines point in along the spine (x = 0 up and down), while the
vectors point out along the fan plane away from the null (z = 0; positive null point). The color-bar units are tesla. It can be seen that
the value of |B0| ≈ 1.6 × 10−4 T is achieved at a radius of r = L = 0.10 m in the x-y plane.

seems to be the slope dB/dr by which the magnetic field
of the coils increases as one moves toward the coils in
these directions. Additionally, increasing the number of
coils per hemisphere N , all with identical current magni-
tude I , will increase the magnitude of the magnetic field
along the spine axis, as a function of the radius, com-
pared with the theoretical. This effect is demonstrated in
the streamlines of Fig. 5(b), where the spine magnetic

field magnitude is the source of increasing deviations. For-
tunately, the strengthening z-axis field magnitude acts to
collimate the spine-axis field-line topology as a function
of the radius (see Sec. IV), which is a shortcoming of
the generalized two-coil reversed-Helmholz-coil configu-
ration. These results justify the choice of the spherically
symmetric geometry for production of the 3D null. The
maximum percent errors are concentrated along the radial

064019-6



CONDUCTING-COIL ASSEMBLY FOR PRODUCING... PHYS. REV. APPLIED 13, 064019 (2020)

FIG. 7. The percent-difference cross sections in the x-z (left) and x-y (right) plane between the theoretical and conducting-coil
assembly magnetic field magnitudes, centered on the null. The top row is the inner 400-cm2 area (20-cm sides). The bottom row shows
the corresponding inner 100-cm2 area (10-cm sides) percent differences.

fan plane (x direction) and the spine axis (z direction),
with symmetric approximately 45◦ “cones” of vanishing
errors (blue in Fig. 7). We attempt nonspherical geome-
tries with constant coil current I , including a solenoid and
cone; however, higher percent errors become amplified
along either the fan plane or the spine axis. A constant-
current solenoid approaches a uniform axial field away
from the null, inconsistent with the spine axis in Eq. (3),
while a constant-current cone of arbitrary slope is found
to amplify errors along the fan plane compared to the
spine. The choice of spherical geometry in this study
evenly distributes the percent error throughout the vol-
ume.

To determine the origin of the increasing errors as one
moves away from the null along either the fan plane or
the spine axis, we also quantify the percent differences
between the theoretical and coil-assembly components
Bx, By , and Bz. Figure 8 denotes the percent-difference

cross sections for each of the Cartesian components. It
is evident that the Bx and By components contribute the
smallest error, with the By component along the spine axis
being identically 0%. The Bz component dominates the
error, which corresponds to increasing deviations from the
theoretical as a function of z (see Sec. IV).

Volumetric deviations from the theoretical field as a
function of the radius are quantified by integrating the per-
cent error over concentric spheres of increasing radii. In
radial increments of 0.5 cm, Fig. 9 shows both the volu-
metric average percent error and the volumetric maximum
percent error, out to a radius of 25 cm from the central null
point. It is interesting to note that the maximum percent
error does not exceed 1% until a radius of approximately
13 cm, while the average percent difference stays below
1% until approximately 20 cm in radius.

We further quantify the degree of deviation from the the-
oretical by calculating the angle offsets θ between Eq. (3)
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FIG. 8. The percent-difference cross sections in the x-z (left) and x-y (right) plane of the vector-component magnitudes (from top to
bottom, Bx, By , and Bz) between the theoretical and conducting-coil assembly magnetic fields, centered on the null. Each size is the
inner 400-cm2 area (20-cm sides). The error is dominated by the Bz components.

and Eqs. (4), (5), and (6). Exploiting the relationship

θ = arccos
(

Bt · Bc

Bt Bc

)
, (9)

Figure 10 denotes the offset angle (in degrees) between the
theoretical and coil vector-magnetic fields. A constraint
is enforced where positive (negative) offsets correspond
to the coil-magnetic-field vector component being tilted
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FIG. 9. The average (blue circles) and maximum (red dia-
monds) percent differences within concentric diagnostic spheres
as a function of the radius from the null. The percent error stays
below 1% out to a radius of approximately 20 cm.

toward (away from) the z axis compared to the theoret-
ical. Figure 10 confirms the qualitative expectation that
strengthening the magnetic flux density as a function of
z, due to constant coil current I , corresponds to the coil-
assembly magnetic field vectors tilting toward the spine
axis (positive angle values). Within the inner 400 cm2 area
(20-cm sides), the angle offset is �0.4◦ and within the cen-
tral 100 cm2 area (10-cm sides), this offset is �0.1◦. These
results demonstrate that this test-case geometry of a spheri-
cal assembly of coils can closely approximate a theoretical
3D null out to a significant radius.

C. Scalability

We recognize that the presented test case is only a proof
of concept with relatively low current I and characteristic
B0 magnitude. As such, we have undertaken an analysis of
how this conducting coil assembly scales to higher ener-
gies. In this scalability problem of a fixed-radius spherical
assembly (0.5 m), there are three independent variables:
the coil current I , the magnitude of the characteristic
magnetic field strength B0, and the number of coils per
hemisphere N . Our scalability analysis answers the ques-
tion of how the theoretical |B0| would change with both
differing current I and, independently, a differing number
of coils per hemisphere N? Here, we consider the charac-
teristic length L = 0.10 m as constant, to investigate the
scalability of I , N , and B0 only.

Since the magnetic field of a current-carrying coil is
linearly dependent on the current (i.e., B ∝ I ) by the Biot-
Savart law, an increase (or decrease) in current corresponds
to a linear increase (or decrease) in the required |B0|.
However, due to the nature of specifying |B0| to many

FIG. 10. Cross sections in the x-z plane of the angle-
offset magnitudes between the theoretical and conducting-coil-
assembly magnetic field vectors: top, the inner 400-cm2 area;
bottom, the inner 100-cm2 area. The positive values correspond
to coil field vectors pointing more toward the z axis than the the-
oretical. The spine axis and fan plane are precisely aligned (zero
offset), with angle offsets increasing away from these axes. The
color-bar units are degrees.

significant figures to match the I and N infrastructure, we
empirically determine |B0| for a range of N coils per hemi-
sphere for four separate currents, I = [100, 200, 300, 400]
A (Table I). The relaxation method of Sec. II D is uti-
lized to give 10−4% percent-difference minimization as in
Fig. 7. The results of these empirical analyses are plot-
ted in Fig. 11 and are inclusive of linear regression fits
using SCIPY.STATS.LINREGRESS. Error bars exist below the
resolution of the tick marks. These empirical relation-
ships, each to high-order accuracy (R100 ≈ R200 ≈ R300 ≈
R400 ≈ 0.999 987), demonstrate that per current value,
there is both a linear increase in |B0| with respect to N
depending on the slope mI and a 1:1 linear increase in
the slopes mI with respect to the current magnitudes (i.e.,
double I and double |B0|).
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FIG. 11. The empirical linear scaling relationship between the number of coils per hemisphere N and the required theoretical char-
acteristic magnetic field magnitude |B0|. The error bars are below the resolution of the tick marks. This relationship can be used to
construct radial magnetic null points of any desired size and magnitude.

Our empirically determined relationship,

|B0| ≈ 1.6 × 10−5 [T] · N ·
(

I
100 [A]

)
, (10)

can therefore be used to construct magnetic nulls of any
desired magnitude. The slope of 1.6 × 10−5 T is limited to
the 0.5-m radius of the chosen spherical assembly. Assem-
blies over a range of sphere radii will require analyses
beyond the scope of this paper, but are expected to follow
linear scaling relationships between I and N as well, but
with slopes that differ from those of Eq. (10). This topic,
covering a wider range of scalability, is anticipated for a
forthcoming study.

IV. DISCUSSION AND CONCLUSION

We present the engineering infrastructure for a
conducting-coil assembly with the ability to produce 3D
magnetic null points [2,24,38] in both topology and mag-
nitude, to fairly high order. The analytically determined
spherical aggregation of circular copper coils can produce
the vector magnetic field of a theoretical 3D null point
[29,30] to �1% accuracy within a volume of 8 × 103 cm3

and �0.2% accuracy within the central 1 × 103 cm3. These
volumes are sufficiently large that future experimentation,
e.g., plasma studies of torsional magnetic reconnection,
will have the ability to compare induced and observed
dynamics about experimental 3D nulls with the results of

computational models [18,21,26] that use the background
potential magnetic field of the form given in Eq. (3).

A benefit of the algorithm presented here is that the
conducting-coil assembly and the resulting magnetic null
point field are calculated using accurate depictions of
both the finite copper-coil torus size and exact magnetic
field solutions outside the conductor. The results pre-
sented here demonstrate a pathway for experimenters to
use in constructing spherical assemblies of coils using arbi-
trary conducting materials, be they nonsuperconducting or
superconducting. Knowledge of a required characteristic
magnetic field strength B0 at a characteristic distance L can
be applied to generate magnetic configurations of varying
energies. The number of coils per hemisphere N can be
optimized to carry current I such that the spatial dimen-
sions are minimized and that adjacent coil dimensions do
not overlap. While solutions for a lesser number of coils
are presented in Fig. 11, a larger number of coils per hemi-
sphere N presents the benefit of enforcing a spine axis of
collimated magnetic field lines. A lower N introduces error
in that the spine-axis magnetic-field-line directions diverge
from the z axis, since there are no coils at the poles to
collimate the spine field lines (Fig. 1).

The benefits of using Eqs. (4), (5), and (6) thus consti-
tute a marked improvement over using the computationally
expensive Biot-Savart law. However, an engineering draw-
back of this design is the independent dc powering of
each coil. Either 2N power supplies or parallel powering
through one power supply will be necessary. Alternatively,
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series powering is possible but carries with it the drawback
that any individual coil failure causes the entire assem-
bly to fail. Other errors can arise from coil misalignment
but these may be mitigated by using sufficiently strong
structural material or even additive manufacturing tech-
niques as a rigid frame for the coil assembly. Additionally,
further multicoil techniques may be employed for can-
celing fringing magnetic fields along the fan or spine to
achieve higher-purity 3D nulls. Such techniques are com-
mon in magnetic shielding studies using high-temperature
superconductors [39] and may be scaled down for such an
application.

We recognize that this spherical assembly of circu-
lar conducting coils is only one first-order approximation
of a “pure” 3D null-point magnetic field. However, as
shown in Fig. 7 the percent differences are relatively evenly
distributed throughout the volume, with approximately
45◦ cones of vanishing error. We argue that nonspheri-
cal geometries with constant current will introduce higher
errors along the fan or spine, but this analysis is beyond
the scope of this paper. Other established, and perhaps
proprietary, algorithms for producing multilayer helical
conducting coils [32–34] may be able to make signifi-
cant improvements upon the design and purity of the field
presented here. This includes considerations of nonspheri-
cal geometries and of nonconstant currents. Such studies
are beyond the scope of this paper but are worthwhile
future works. This paper introduces a conducting-coil
concept that is able to experimentally match the math-
ematical 3D null formulations that have been observed
to be ubiquitous in a wide range of astrophysical plasma
environments [1,2,4,38,40,41]. Since 3D nulls in magnetic
reconnection environments are kinetic scale [1], through
the utilization of such conducting-coil assemblies within
a relatively low-density collisionless plasma environment
where the mean free path is on the order of the scale of
the device, e.g., centimeter scale, full plasma motions can
be observed and diagnosed [16]. These observations can
further our understanding of the dynamical observations
of magnetic reconnection in the turbulent magnetosheath
from Cluster [4] and the Magnetospheric Multiscale Mis-
sion [42].

The deviations of the conducting-coil assembly mag-
netic field from the theoretical field that are quantified in
Figs. 7, 8, 9, and 10 demonstrate that impurities increase
radially outward from the null in the fan plane and along
the spine axis. Attempts to modulate the magnitude of the
coil current I (Fig. 2) are undertaken to reduce such errors.
Scaling of the current as a function of z is successful in
decreasing errors along the spine axis but correspondingly
increases error in the fan plane and vice versa. There-
fore, we settle on the constant current magnitude presented
in this paper. Again, further attempts using more sophis-
ticated multilayered algorithms may be able to mitigate
these deviations along certain directions. Specifically, the

fact that the error is dominated by the Bz component is a
topic for further study and improvement.

Finally, a scalability analysis is able to provide the
framework for producing 3D null points at higher mag-
netic energy densities than the proof-of-concept test case
presented here. The empirical relationships determined in
Sec. III C will allow researchers to create 3D null point
fields of varying coil number and strength. Numerical pro-
cedures for optimizing the total number of coils and the
coil current required for high-purity fields are presented in
Fig. 11. Such coil assemblies may be important for future
laboratory investigations of plasma processes at magnetic
nulls and even for use in particle accelerators.
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