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The design and fabrication method of magnetic field coils with high uniformity is essential for atomic magnetometers.
In this paper, a novel design strategy for cylindrical uniform coils is first proposed, which combines the target-field method
(TFM) with an optimized slime mold algorithm (SMA) to determine optimal structure parameters. Then, the realization
method for the designed cylindrical coil by using the flexible printed circuit (FPC) technology is presented. Compared with
traditional fabrication methods, this method has advantages in excellent flexibility and bending property, making the coils
easier to be arranged in limited space. Moreover, the manufacturing process of the FPC technology via a specific cylindrical
uniform magnetic field coil is discussed in detail, and the successfully realized coil is well tested in a verification system.
By comparing the uniformity performance of the experimental coil with the simulation one, the effectiveness of the FPC
technology in producing cylindrical coils has been well validated.

Keywords: uniform magnetic field coil, optimized target field method, slime mold algorithm, FPC technology
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1. Introduction
Spin-exchange relaxation-free (SERF) atomic magne-

tometers are becoming promising sensing units with high sen-
sitivity and accuracy for widespread applications.[1–3] The vi-
tal precondition for realizing the SERF state of the atomic spin
is a near-zero magnetic field environment.[4] Barker coil,[5]

Garrett coil,[6] and Helmholtz coil[7] are commonly used to
generate the required uniform magnetic field for residual field
suppression, but the structure of these coils is relatively fixed
and cannot meet the structural requirements of different appli-
cations. Comparatively, a novel coil design strategy based on
the target-field method (TFM) introduced by Turner in 1980
brought significant advantages in terms of the flexibility and
controllability.[8] Through this method, the shape of the coil
can be approximated by discretizing the relevant stream func-
tion. Unfortunately, a coarse discretization can lead to severe
magnetic field deviation. So intelligent algorithms are often
used to handle this problem, such as the simulated anneal-
ing (SA) algorithm and particle swarm optimization (PSO)
algorithm.[9,10] However, these algorithms always suffer from
the problem of local optimum search traps.

Moreover, the fabrication method is critical to the perfor-
mance of a uniform magnetic field coil. The manual wind-
ing method and printed circuit board (PCB) technology are
often used to fabricate coils. Whereas, the traditional man-
ual winding method is slow in efficiency and low in preci-
sion. And the fixed shape and thickness of the printed cir-

cuit board make it difficult to adapt to variations in coil cur-
vatures and dimensions.[11] To overcome these manufacturing
limitations, the FPC technology with excellent flexibility and
bending property is proposed for cylindrical coils, which al-
lows for higher density and more complex circuit layouts in
compact spaces.[12] Nowadays, although the FPC technology
is mature, the detailed manufacturing processes are still lack-
ing in the coil manufacturing field for uniform magnetic field.

In this article, based on the theory of the TFM and the
slime mold algorithm (SMA), we first present the design and
optimization strategy for the cylindrical coil in detail. It is the
first time for the TFM and SMA to be combined to determine
optimal structure parameters of coil. Then, we explore a pro-
cess solution based on the FPC technology for a cylindrical
coil with high magnetic field uniformity. The performance of
the cylindrical coil is analyzed and compared with the theo-
retical results focusing on the magnetic field uniformity in the
target region. The significant advantages of the FPC technol-
ogy in the manufacture of cylindrical uniform magnetic field
coil are demonstrated by the good agreements between the ex-
perimental and simulation results.

2. Theory and design
2.1. The theory of target field method

It can be assumed that the uniform magnetic field coil is
fixed on the surface of a cylinder with a radius of R and a total
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height of 2H along the z-axis, as shown in Fig. 1. A cube with
a side length of L inside the coil is defined as the target region.
Note that the centers of the cylinder and cube coincide.

X

↩H

H

Y

R
Z

r↩r′
L

r′

z′

R

θ

z

Fig. 1. A schematic diagram of the cylindrical coil. The radius is R and the
height is 2H. The target region is a cube with a side length of L at the center
of the coil. The coordinate of the target field point is denoted as 𝑟(X ,Y,Z)
and the coordinate of the source point is denoted as 𝑟′(R,θ ,z).

Usually, the current density on a cylindrical surface for
a uniform magnetic field can be expressed as a linear combi-
nation of trigonometric functions in the cylindrical coordinate
system. In order to generate a uniform magnetic field along
the radial direction of a cylindrical coil, Jθ and Jz can be ex-
pressed as[13]

Jθ =
N

∑
n=1

M

∑
m=1

Pmn

m
cos
[

nπ

2H
(z+H)

]
sin(mθ),

Jz =−
2H
nπR

N

∑
n=1

M

∑
m=1

Pmn sin
[

nπ

2H
(z+H)

]
cos(mθ). (1)

Here, Jθ and Jz are the components of current density 𝐽 along
the θ and z directions, respectively. m and n represent the order
of Fourier series terms, whose maximum values are up to M
and N. Pmn is the expansion coefficient of the current density
that needs to be solved.

According to the Biot–Savart’s law, the magnetic field
generated by the current density can be represented as

𝐵(𝑟) =
µ0

4π

∫∫
𝐽(𝑟′)× (𝑟−𝑟′)

‖ 𝑟−𝑟′ ‖
dS. (2)

The permeability of vacuum is denoted by µ0. Position
vectors of an arbitrary field point and a source point on the coil
surface are denoted as 𝑟(X ,Y,Z) and 𝑟′(R,θ ,z) respectively,
while (𝑟–𝑟′) represents the distance between them. And af-
ter transforming the coordinate system of the current density,
𝐽(𝑟′) can be expressed as

𝐽(𝑟′) =−Jθ (θ ,z)sinθ𝑒x + Jθ (θ ,z)cosθ𝑒y + Jz(θ ,z)𝑒z, (3)

where 𝑒x, 𝑒y, and 𝑒z are unit vectors along the x-axis, y-axis,
and z-axis respectively. The three components of the magnetic
field then can be obtained by substituting Eq. (3) into Eq. (2).
And the radial result along the y-axis can be expressed as

By(X ,Y,Z) =
N

∑
n=1

M

∑
m=1

QmnPmn. (4)

Here, the coefficient of Qmn is defined as

Qmn =
µ0R
4π

∫ 2π

0

∫ H

−H

[
1
m

cos
[

nπ

2H
(z+H)

]
sin(mθ)

×(Z− z)sinθ

− 2H
nπR

N

∑
n=1

M

∑
m=1

sin
[

nπ

2H
(z+H)

]
cos(mθ)

×(X−Rcosθ)

]
× [(X−Rcosθ)2

+(Y −Rsinθ)2 +(Z− z)2]−3/2 dzdθ . (5)

To generate the desired uniform magnetic field as a con-
stant Btarget, we need to find a specific solution for this current
density. Therefore, in the target region there would be

By(X ,Y,Z) = Btarget. (6)

However, solving for the undetermined coefficients Pmn re-
sults in an overdetermined equation when substituting Eq. (4)
into Eq. (6). Therefore, an objective function based on the
Tikhonov regularization method by introducing a penalty item
is usually constructed as follows:

E =
NUM

∑
k=1

[By(Xk,Yk,Zk)−Btarget]
2 +λG. (7)

Here, NUM represents the total number of target points. λ

is the penalty factor to be determined. And Pmn then can
be solved by setting the derivative of Eq. (7) equalling zero.
When Pmn is determined, the expression of the stream func-
tion can be uniquely derived. And the stream function can be
solved according to the following equation:

ψ(θ ,z) =
N

∑
n=1

M

∑
m=1

2H
mnπ

Pmn sin
[

nπ

2H
(z+H)

]
sin(mθ). (8)

Finally, all the current-carry wires are determined by the
contour lines of the stream function

ψ(θ ,z) = ψmin +

(
n− 1

2

)
I0, n = 1,2, . . . ,Nc. (9)

Note that the total number of turns of the coil is set to Nc, and
the required current I0 on each turn can be calculated based on
the maximum and minimum values of the stream function

I0 =
ψmax−ψmin

Nc
. (10)

2.2. The application of SMA

The penalty factor λ constrains and regulates the wind-
ings of the coil design. On the one hand, the larger the value
of λ , the smoother the current density distribution of the coil
on the surface. On the other hand, an excessively high λ will
reduce the magnetic field accuracy in the target region. The
value of λ needs to be carefully determined to maintain a bal-
ance between the coil smoothness and the magnetic field uni-
formity, so the SMA is introduced to optimize the values of
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λ . It is noteworthy that we combine the SMA with the arith-
metic optimization algorithm (AOA) to avoid premature con-
vergence while maintaining a faster convergence rate.[14,15]

Based on the original SMA, the combined algorithm inte-

grates the multiplication and division operator mechanism of
AOA for positional updates. Then, the individual position up-
date in the (t+1)-th iteration can be described by the following
equations:

X (t+1) =


r× (UB−LB)+LB, r < z,
X (t)

b + vb(W ×X (t)
A −X (t)

B ), r < p,
X (t)

b /(MOP+ ε)× ((UB−LB)×µ +LB), p≤ r < 0.5,
X (t)

b ×MOP× ((UB−LB)×µ +LB), r ≥ p and r ≥ 0.5,

(11)

where r is a random value in the interval of [0, 1]. UB and LB
represent the upper and lower boundaries of the slime mold
location, respectively. X (t)

b is defined as the individual op-
timal position in the t-th iteration. vb is a random value in
the interval of [−arctanh(1− t/tmax), arctanh(1− t/tmax)]. t
and tmax represent the current and maximum iteration, respec-
tively. X (t)

A and X (t)
B are two random individual locations. µ

is the control parameter for adjusting the search process, and
ε is a minimum value. MOP denotes mathematical optimizer
probability, and the calculation formula is as follows:

MOP(t+1) = 1− t1/α

t1/α
max

. (12)

The W is designed as the weight of the slime mold, which is
used to model the oscillation frequency. The expressions for
W and the discriminant factor p can be respectively written as

W (i) =


1+ r× log

(
b f −S(i)
b f −w f

+1
)
, i < p/2,

1− r× log
(

b f −S(i)
b f −w f

+1
)
, i≥ p/2,

(13)

p = tanh |S(i)−d f | , i = 1,2,3, . . . ,Nu. (14)

Typically, the uniformity error parameter εu is utilized to
assess the performance of the engineered coil. Also, a fitness
function F , determined by the maximum absolute value of the
uniformity error, acts as a criterion for assessing the effective-
ness of the positions from each slime mold

F = max(|εu|), (15)

εu =
By(Xk,Yk,Zk)−By(0,0,0)

B(0,0,0)
. (16)

Here, By (0,0,0) denotes the y-component of the magnetic field
at the center of the target region, and the position that achieves
the optimum fitness value is indicative of the optimal design
parameters.

The flowchart of the optimized SMA-based TFM is
shown in Fig. 2. Here, the parameter needs to be optimized
is λ . It should be emphasized that optimized SMA improves
the ability of SMA to search for optimization in the later stage.
The maximum iteration is used as a stopping condition. Once
the number of iterations reaches this preset limit, the optimized
parameters that correspond to the most favorable position are
applied to the objective and stream functions, enabling the re-
alization of an optimal uniform magnetic field coil.

Start

Coil parameters initialization: R↪L↪H 

Select points inside the target region

Compute the matrices: Qmn↪ G↼Pmn↽ 

Determine the SMA parameters: 

population P, maximum iteration tmax,  

boundaries LB and UB 

Randomly initialize the positions of 
slime mold

Calculate the fitness of all slime mold 

base on discretized stream function

Update individual locations

Maximum 
iterations?

Yes

NoRewrite the stream function, obtain 

the coil winding patterns

Optimized 

SMA

End

Find the best fitness and record 
its position

Output the optimal solution

Fig. 2. Detailed flowchart of the optimized SMA used to optimize the TFM for coil design.

120702-3



Chin. Phys. B 33, 120702 (2024)

3. Simulation and manufacturing
3.1. Simulation results

Restricted by the size of the atomic magnetometer pack-
age, the dimension of the coil is limited on a cylindrical sur-
face with a height of up to 2H = 60 mm and a radius of
R = 12.5 mm. The target region is a cube with a side length
of L = 8 mm at the center of the coil. The target points in the
target region are selected with a separate distance of 0.8 mm
between [−4 mm, 4 mm] in the x, y, and z directions. There-
fore, the total point number NUM is 1331.

The M and N are Fourier expansion orders, and their
parameters have an important effect on the coil. During the
simulation experiments, it was found that the improvement in
magnetic field accuracy is not significant when M and N are
greater than 5. Therefore, we choose the parameter setting
of M = N = 5 for the Fourier series.[16] The optimal value of
λ = 1.6×10−17 is determined by the optimized SMA.

-30

-20

-10

0

10

20

30

Z
 (

m
m

)

12.5

-12.5
-12.5

12.5

0
0

Y (mm)
X

 (m
m)

Fig. 3. Winding patterns of the designed coil. The currents in the solid
and the dashed coils run clockwise and counter-clockwise, respectively.

Then, the winding patterns of the cylindrical coil can be
obtained based on the MATLAB platform, as shown in Fig. 3.
To verify the uniformity of the magnetic field generated by the
coil, a simulation model is built on the COMSOL platform.
As shown in Fig. 4(a), the magnetic uniformity performance
is exhibited in the cube with a side length of 8 mm. In the
cube target region, the maximum magnetic uniformity error of
the coil is less than 0.01. The volume of errors less than 0.005
occupies 79.501% of the entire cube region. In Fig. 4(b), the
magnetic field uniformity is demonstrated on the xoy, xoz, and
yoz planes within the target region. For both graphs in Fig. 4,
the magnetic uniformity errors show a good agreement with
both errors limited to 0.01. Practically, uniformity of the mag-
netic field of the designed coil is satisfactory. Furthermore, to
evaluate the performance of the designed coil, the magnetic
field along the y-axis of traditional coils is simulated by the
COMSOL platform (as shown in Table 1). The volume pro-
portion of |εu| less than 10−3 is 22.19% for designed coil, and

this proportion is significantly larger than the other coils. Also,
the maximum |εu| in the target region is 9.78×10−3 (designed
coil) and less than other coils. Obviously, the designed coil
based on SMA and TFM is superior in providing high unifor-
mity performance.
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Fig. 4. (a) The distribution of the magnetic uniformity errors in the
whole target region. (b) The magnetic uniformity errors on the xoy, xoz,
and yoz planes.

Table 1. Maximum and proportion of the uniformity error for different coils.

|εu| Designed coil Barker coil Garrett coil Helmholtz coil

≤ 10−5 0.25% – – –
10−5 ∼ 10−4 2.25% 1.08% 0.25% 0.15%
10−4 ∼ 10−3 19.69% 15.43% 2.60% 6.34%
≥ 10−3 77.81% 83.49% 97.15% 93.51%

Max 9.78×10−3 5.72×10−2 2.0×10−1 1.79×10−1

3.2. Manufacturing process of coil

Although coils can be manufactured with single-sided
FPC technology, the double-sided technology is beneficial to
the design of complicated circuits.[12] Therefore, we choose
the double-sided FPC technology after considering the com-
plexity of the designed coil. The flexible substrate plays an
important role in the manufacturing process of coils, which
includes two layers of copper foil and a layer of polyimide
(PI) film. The copper foil layer with conductive properties is
used to form circuits. Polyimide is a widely used substrate in
the FPC industry and has many excellent characteristics, such
as high thermal stability and high mechanical strength.[17]
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Hence, the PI layer is used to prevent short-circuit phenom-
ena as well as to support the substrate. In this manufacturing
process, the copper foil layer with a thickness of 35 µm and
the PI film layer of 65 µm are used.

After obtaining the flexible substrate, coil can be manu-
factured according to the steps shown in Figs. 5(a)–5(i):

Step i: The substrate is coated with an etching solution to
remove the oxide layer.

Step ii–iii: The via holes are created in the desired loca-
tions by mechanical drilling, and plating through holes (PTH)
is used to form a closed metal conductor on the inside of the

holes. These holes are employed to achieve the connection
between different layers.

Step iv: The coil winding patterns (as shown in Fig. 6)
need to be transferred to the copper foil layers. The dry film is
attached to the substrate by heating and pressurizing, and the
film containing the coil winding patterns is placed over and
aligned with the dry film.

Step v: UV-ray is employed to irradiate the dry film and
reacts with the dry film that is covered by winding patterns.
Meanwhile, the winding patterns are transferred to the dry film
layer.

Plated through holes (PTH)

(c)

Exposure

(e)

Etching  

(g)

Protective film lamination  

(i)

Via-hole drilling

(b)

Dry film lamination

(d)

Development

(f)

Stripping 

(h)

Micro-etching

(a)

Cu (35 μm)

Cu (35 μm)
PI (65 μm)

Fig. 5. (a)–(i) The detailed processes for coil manufacturing.

Front connection wire (red)

Back connection wire (blue)

Welding window
below the coil 

Fig. 6. Design drawings for the coil. The coil is symmetrical on the left
and right sides, and the line width set to 1.2 mm. The welding window
process is used below the coil.

Step vi–viii: The winding patterns are laminated and
formed using the development–etching–strip (DES) processes.
The substrate is put into the developing solution to remove the
dry film that has not been reacted to by exposure, and the dry
film after exposure has been cured without reacting with the
solution. The substrate is put into the etching solution to re-
move the exposed copper foils. After removing the copper

foils, only the winding patterns covered by the dry film are left
on the substrate. And then the dry film is cleaned off, leaving
the desired winding patterns.

Step ix: To protect the circuit, the protective film is lami-
nated to the copper foil layers.

4. Testing and discussion
A testing system is built and its schematic diagram is il-

lustrated in Fig. 7. A signal generator (DG1062Z, RIGOL) ap-
plies a voltage signal to a current source (LDC201CU, Thor-
labs), which is used to drive the coil. And a flux-gate mag-
netometer (Mag-13MS100, Bartington Instruments) is used to
evaluate the real magnetic distribution of the coil. It needs to
be emphasized that the interference of the flux-gate magne-
tometer to the measured magnetic field is negligible due to its
non-magnetic properties. The coil used in the testing system
has a length of 2H = 60 cm and a radius of R= 12.5 cm. Com-
pared to the designed coil, the size of the test coil is enlarged
10 times to reduce test difficulty, since the uniformity perfor-
mance is not affected by the equal scaling operation. The coil
is glued on a cylindrical frame which is made of acrylic ma-
terials, and placed along the west–south direction in order to
reduce interference from the geomagnetic field.
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The flux-gate magnetometer is inserted into the test coil to
measure the magnetic field at various points along the y direc-
tion within a range of [−40 mm, 40 mm]. The magnetic field
of the test coil is recorded in three axes, as shown in Fig. 8.
There are nine test points on the plane, and each of the two
adjacent points is separated by a distance of 10 mm. The blue
line represents the simulated magnetic uniformity error of the

coil. And the measured uniformity error represented by red

dots fits the simulated lines well. Furthermore, the simulated

errors are not more than 0.004 in these three axes, and the mea-

sured error values are within the range of 0.005. The deviation

between the measurement and simulation results is within the

desired range.

(a) Voltage
signal

Signal 
generator Current source

Cylindrical 
coil 

Flux gate 
magnetometerNI DAQLaptop

Current
signal

Insert
Magnetic 
field signal

60 cm

25 cm

(c) (d)

Flux gate 
magnetometer Power supply

(for fluxgate)

Current sourceSignal generator
Laptop

Cylindrical coil 

(b)
NI DAQ 
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In addition, the magnetic uniformity errors on the three
coordinate planes are compared in Fig. 9. In the target re-
gion, the simulated uniformity error is less than 0.001, and
the corresponding error of the test result is 0.015. The mea-
sured magnetic uniformity error value is slightly higher than
the simulated value. It can be assumed that additional connec-
tion wires, which are designed for uniting all the independent
sub-coils in the cylindrical coil, mainly contribute to this devi-
ation. Other errors, such as the alignment error, the reading er-
ror and even the drifting error of the current source also play an
important role in the disagreement between the simulated and
measured results. In the future, additional connection wire,
test equipment and test platform will be studied and improved
to further reduce the error. Nevertheless, the obtained mag-
netic field of the manufactured coil still keeps a satisfactory
uniformity, which proves the validity of the FPC technology
for coil realization.

5. Conclusion

In this paper, the theoretical design method and optimiza-
tion strategy of this coil is discussed, including the target-field
theory and the optimized SMA. Based on the actual coil wind-
ing patterns from theoretical analysis, a coil with excellent per-
formance is fabricated using FPC technology. The magnetic
uniformity of the coil is well evaluated based on the finite-
element simulation method and experimental measurement.
The achieved uniformity performance proves the effectiveness
of this technology in realizing a complex coil. Moreover, the
superiority of the FPC technology also lies in the small wire
width of several micro-meters, which is promising for fabri-
cating compensating coils in commercial atomic sensors.
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