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ABSTRACT An improved target field method is proposed for the cylindrical coil design to meet the
constraint of limited coil volume. It realizes the design of uniform magnetic field coil by predetermining
the coil configuration and optimizing the coordinate positions of the target field points. Compared with
conventional methods, this current density distribution is divided into two symmetric subregions to solve the
problem of reserving a gap in the coil center for setting the light-passing holes. Therefore, this method is
more applicable in the miniature atomic devices with optical paths. Moreover, the overall coil performance
can be significantly improved using the optimized configuration of coil design parameters. The numerical
evaluation shows that the coil designed by this method has remarkable advantages over the nested saddle
coil, whose uniformity performance can be improved by about one order of magnitude. The measurements
show that the relative magnetic field uniformities of the proposed coils reach 4 x 10™* and 3 x 10~ along
the z-axis in the range of £0.24 R. The measurement results match well with the theoretical simulation.

INDEX TERMS Uniform magnetic field coils, target-field method, current density, miniature atomic

SE€nsors.

I. INTRODUCTION

A tri-axial magnetic coil system is a core component widely
applied in extensively fields, such as atomic sensors [1] and
magnetic positioning systems [2]-[4]. In magnetic position-
ing systems, a tri-axial transmitting coil system is excited
to complete an effective tracking process [5]-[8]. While,
atomic sensors use different interactions between light and
atoms to detect different physical quantities with ultra-high
measurement potential. The most studied atomic sensors
are atomic magnetometers [9]-[11] and nuclear spin gyros
[12]-[14]. Among atomic sensors, the uniformity of mag-
netic field coils is the most concerned one. The required
tri-axial magnetic field system can easily be constructed by
multiplexing the same cylindrical structure, two orthogonal
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transverse magnetic field coils and a solenoid coil. One of
the most widely used transverse magnetic field coil is the
saddle coil with an aspect ratio of 1.75. The direction of the
magnetic field generated by the saddle coil is along the radius
of one thin cylindrical shell [15]-[18]. Wu et al. proposed
a nested structure of a pair of saddle coils that reduced the
aspect ratio to 1 at the same uniformity level [19]. In recent
years, atomic sensors tend to be miniaturized, resulting in
strict requirements for the size and the uniformity of the coil
system [20]-[22].

To overcome the limitation of the coil structure, we took
the lead in improving the target-field method (TFM) to design
the cylindrical uniform coil with magnetic field along its
axis [23]. The TFM was first proposed by Turner in the
1980s [24], [25], and has become the mainstream method
for the design of shim and gradient coils [26]-[30]. Turner’s
method is a continuous current density method that depends
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on the uniqueness of the Fourier-space analytical expression
to obtain the solution result [31]. Using the stream function,
an approximate shape of the coil is obtained by discretizing
the current density [32]. However, the size of the coil can’t
be specified in advance. Later, Forbes ef al. modified the
TFM and pre-confined the coil structure using periodic func-
tions to constrain the current density distribution in order to
ensure that the current density vanishes outside a certain finite
area [33]-[35]. However, the introduction of constraints led
to an ill-conditioned problem in the integral equation for the
current density which should be solved by the minimization
technique [36]. Moreover, Xu et al. proposed a design of the
radio-frequency phased-array coil with a better magnetic field
homogeneity, where the current density on the coil surface
was divided into several independent subregions [37]. The
application of TFM in the design of shim and gradient coils
has proved its advantages of strong adaptability and flexi-
ble control of coil structures. However, a thorough analysis
of TFM in the design of compact uniform coils with high
homogeneity has been rarely performed in the literature. This
motivated the authors to utilize the TFM to design uniform
magnetic field coils.

In this paper, a design method based on TFEM is proposed
for the design of cylindrical uniform magnetic field coils. In
the proposed method, the magnetic field generated by the
coil is distributed along a specific diameter of the cylinder.
For the purpose of arranging the pumping and detecting
optical paths conveniently, the condition of reserved light-
passing holes in the coil center is considered. In order to
validate this method, several coil winding patterns are con-
structed. The experimental results are in good agreement
with the simulation results. In the specified target sphere
region, the absolute magnetic field relative error of both
designed coils is better than 0.001. Compared with traditional
design methods, the outstanding advantage of our method
is that the coil volume can be first determined according
to practical requirements, and then winding patterns can
be optimized to meet homogeneity requirements. There-
fore, this method is applicable for miniature atomic sensors,
where the performance is subjected to the homogeneity of
coils.

Il. THEORY

The uniform magnetic field coil is fixed on a cylindrical
surface of radius R and total height 2H along the z-axis
(Fig.1). Its ends coincide with the two planes given by
z = =H. Suppose that a continuous current density J
(A/m) is distributed on the surface of the coil that gen-
erates the desired magnetic field inside a target spherical
volume (TSV) with a radius of cr. Before determining the
expression of the current density, the coil surface is evenly
divided into two equal sections along the height coordinate
due to the highly homogeneous magnetic field in the TSV
and the possibility of having light-passing holes. Moreover,
the current density in each section is symmetrical along the
axis z = 0.
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FIGURE 1. A cylindrical coil of radius R and height 2H with a target
region (TSV) located at the center. A random field point r(X, Y, Z) and a
random source point (R, 9, z) are shown.

A. CURRENT DENSITY AND MAGNETIC FIELD
RELATIONSHIP

To design such a uniform magnetic field coil, the current
density must first satisfy the steady flow condition, as (2.5)
in [34]. In this paper, it is expressed as:

_ 1 0Jy(0, 2) aJ,(0,2)
v J= 90 + 0z

A series of basic trigonometric functions can be selected as
the expression of current density in the cylindrical coordinate
system [27], [38]. Using the periodicity of the trigonometric
functions, the coil current can be set on a cylindrical plane
with limited height of [—H, H]. At this point, the current
density on the coil surface appears as a continuous quantity.
In order to generate a uniform magnetic field along the radial
direction of a cylindrical coil, J can be expressed as [34]:

=0. (1

nr(z+ H)
J1(0, 0) sin(———>),
160,2) = 2,,; = cos(mb) sin(—5=——)
I =3 Z o inno)cos "7,
n=1 m= 1
(—H <z < —Zy),
(2)
N M
In®.9=-3 3" m%““ cos(mo) sin(%),
n= m=1
M
mn - H
Jg2(0,2) = Z Z ZZ? s1n(m9)cos(%),
n=1m=1
(Zy <z<H),
3

where J,1, J» and Jy1, Jgo denote the components of J in
the z and 6 directions, respectively. Ppn, and Qm, are the
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coefficients of the required current density expression. m and
n represent the order of Fourier series terms, whose maximum
values are up to M and N. Zj is the half of the space width
reserved in the center region of the coil for light-passing
holes. It is noted that within the area given by |z| > H and
|z| < Zy, J = 0 holds, which indicates that the current is in a
limited area.

Based on the Biot-Savart’s law, the magnetic field pro-
duced by the current density can be expressed as:

B()_Zn/ Jw)x =) @

llr — /||

where dA’ is an integral element of the surface area of J(r'),
1o represents the permeability of vacuum, r(X, Y, Z) and
r'(R, 6, 7) are the position vectors of one field point and one
source point on the coil surface, while (r — r’) is the distance
between them.

Converting the current density in the polar coordinate to
the Cartesian coordinate, J(r’) can be represented as:

J(') = —[Js1(8, 2) + Jo2(6, 2)) sin ey + [Jp1(6, 2)
where unit vectors ey, ey and e, point to the x-axis, y-axis and
z-axis, respectively.

Meanwhile, the magnetic field can be expressed in the
Cartesian coordinate as:

B(r) = Bx(X, Y, Z)ex + By(X’ Y, Z)ey + B,(X, Y, Z)e,.
(6)
The three components of the magnetic field Bx(X, Y, Z),
By(X,Y,Z) and B,(X,Y,Z) can be obtained by substitut-

ing (5) and (6) into (4). Therefore, the result of the magnetic
field along the y-axis is:

Ho R f / [7,(6. 2R cos 6 — X)
27

—Jp(0,2)sinO(Z — 2)] x [(Rcosf — X)?
+Rsinb — Y)? + (z — 2)2173%dzd6, ()

By(X,Y,Z) =

where Jy(0,2) =
J21(0, 2) +J22(6, 2).

Since the expression of Jy1, Jy1, J-1 and J,; are defined
in (2) and (3), and subjecting to certain transformations,
the final expression of By(X, Y, Z) is:

Jo1(0,2) + Jp2(0.2), Jo(0,2) =

N M
= Z Z(Panmn + OmnVimn), (8)

n=1 m=1

By(X,Y,Z)

where intermediate functions Uy, and Vi, are defined as:

MOR/Z’T/ nr(z+ H)
Umn — 5 H
" _

H -7
xsinf(Z —z) + — cos(m@)

nw(z+ )
1n(ﬁ)(Rcosé‘ X)]

sm(m9) cos(

)
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x[R> 4+ 72 — 277 — 2R(X cos 6 + Y sin6)
+X2+ Y2+ 22]*3/2dzd9 9)

R 2r 2y nm(z—H)
Vi = l;(;t / Zo .y sm(m@)cos(ﬁ)

sin 9(Z -2+ = cos(m@)
nw(z — )
—0 _
X[R? + 22 — 27z — 2R(X cos 6 + Y sin6)

+X2 4+ Y2 + 72173 dza0. (10)

x sin( Y(Rcosb — X)]

The objective is to find a specific solution of this current
density to produce the desired uniform magnetic field as a
constant Byyrge. Therefore, in the TSV there would be:

By(Xz Y,Z)= Btarget- (11)

The substitution of (8) into (11) causes a highly ill-
conditioned problem, leading to the dilemma where a unique
solution may not be obtained for a given target field Barget.
This is attributed to Fredholm integral equations of the first
kind. To overcome this ill-conditioned problem, a regulariza-
tion strategy (Tikhonov regularization) and a penalty function
are implemented to determine the unknown coefficients in the
expression of the current density.

B. SOLUTION METHOD

Firstly, total number Num of position coordinates of several
field points are selected in the target region. Thus, the error
function, E, representing the sum of the square of the differ-
ence between the calculated magnetic field and the desired
magnetic field can be written as:

2
Yi, Zj) — Buarget| (12)

where By (X, Yj, Z;) is the magnetic field component along
the y—axis of the jth target field point.

Substituting (8) into (12), the error function can be found
as:

Num N M

E = Z[Z Z(Panmn(va Y, Z))

j=1 n=1m=1

+ Qumn Vi (X, ¥, 7)) — Burged . (13)

In order to avoid the ill-conditioned problem when solv-
ing the undetermined coefficients, Tikhonov regularization is
implemented [34].

Then a penalty function F (which relates to the unde-
termined coefficients) combined with a penalty factor A is
introduced to apply a constraint on the error function. Thus,
the residual error E’ is modified to be:

E/(Pmna an) = E(Pmn’ an) + )\F(Pmna an)- (14)
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Obviously, the minimal value of E’ can be obtained by
requiring the derivatives to be zero:

oE’ oE oF
= + )\- = 05
0Py 0Py 0Py
, (15)
oE oE oF
= + A =0.
an/n/ an/n’ an/n’

where m’ and n’ are the index of the independent variable Py,
and Qqn,m' =1,2,--- M,n =1,2,--- ,N.

The solution of (15) is a series of linear equations that can
be represented into matrix form as:

(A +2ITD)x = W Biyreer, (16)

where I' is known as the regularization matrix derived
from the penalty function. x = (P11, P12, -, PMN, Q11,
O12, -+ ,QMN)T is a column vector of all undetermined
coefficients. W = (wuiq, wuiz, - - , WUMN, WV11, WV12,
,wymN) 18 related to the intermediate functions of
length 2MN, where wiy, = Zf,:“f" Um(X;j, Y;, Z;), and
Womn = 2" Vion(X;. Yj. Z). Matrix A = WTW.
Based on the Tikhonov regularization, an explicit solution
of undetermined coefficients, denoted by X, can be given by:

%= ATA + AT TD) ' ATWT Biyrer. (17)

C. STREAM FUNCTION AND OPTIMIZATION OF COIL
WINDING PATTERNS

In TFM, the stream function is one of the most commonly
used means for generating the winding patterns of the coil
system [32]. The winding patterns for the designed coils
are obtained from the contours of the stream function. Con-
sidering the current continuity equation presented in (1),
the stream function can be obtained related to the components
of the current density as:

Y 10y
Jo=—andJ, = ———. 18
0 9z and Jz R 90 (18)

Therefore, according to the division of the presented cur-
rent density expression, the corresponding stream function
can also be written into two parts as:

N M
Y1(0.2) =Y Y Pupnsin(md) Sm((z—+2101))’
n=1 m=1

—H
V200, 2) = ZZan sin(md) sin(" ( )>

n=1 m=1

(Z()SZSH)-

Another key factor is to select an appropriate type of the
penalty function F. In this case, the curvature of the stream
function serves as the penalty function in order to optimize
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FIGURE 2. Total 147 selected target field points (black points) that are
evenly distributed on the surface of three spheres (inner, middle, and
outer spheres).

the coil winding patterns. The penalty function is:

F1=// VP

—Z() 2 1 82 82
f / oy 'ﬁl - )’Rd6dz,
R2 392

F2=// V vaPan
/ /27‘[ 1 82w2
% R2 802

Substituting (19) into (20) provides the final expression of
the penalty function as:

(20)

92
wz 2 RdOd:.

N M 2 2.2 2
R(H — Z
= TREZZ) s |
2 R (H — Zp)?
n=1m=1 5
N M 2 2.2
TR(H — Zy) m n°m 5
Fp=—— moy_rr ,
: IR I o Zo—Hp| Ym
n=1 m=1
(2D
Thus, the regularization matrix in (16) can be expressed as:
BT 0 0 7]
0 ' 0
|l o 0 - Tun
'=ir, 0o . 0 | 22)
0 F/12 e 0
L0 0 e Ty
— 2
where Ty = /TR 4 T and

[ wR(H— 2
F;nnz = (2 ZO)(%

IIl. DESIGN AND OPTIMIZATION

To demonstrate the effectiveness of this method, several
design examples of winding patterns were constructed. All
parameters were selected in accordance with the practical
constraints. In this section, two types of coils are listed. One
coil provides Zp = 0 with no light-passing holes, while

(Zo H)Z)
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the second coil provides Zy = 2.5 mm to retain light-passing
holes.

The dimension of each coil is limited on a cylindrical
surface with a radius of R = 20 mm and a height of up
to 2H = 50 mm, respectively. The radius of the TSV was
cr = 5 mm (a quarter of the radius length), and the desired
magnetic field was non-zero constant. The uniformity of the
magnetic field in TSV is closely related to the Fourier series
terms. It was observed that satisfactory accuracy could be
achieved withM = N = 4.

The selection of the coordinate positions of the target
field points is vital to maximize the optimization space.
After several theoretical verifications, a total number of
Num = 147 target field points were evenly distributed on the
surfaces of three spheres, as shown in Fig.2. In the absence of
light-passing holes, the radiuses of the inner, middle, and the
outer sphere were 2 mm, 4.7 mm, and 6.6 mm, respectively.
Meanwhile, the radiuses of the inner, middle, and the outer
sphere were 2.3 mm, 4.6 mm, and 5.8 mm, respectively, with
the consideration of light-passing holes.

The penalty factor A provides constraints for the regularity
and the smoothness of the designed coil windings. The larger
A is, the smoother and more symmetrical the current density
distribution on the coil surface will be. However, an extremely
large value of A will reduce the magnetic field accuracy in the
target area. Therefore, an appropriate selection of the penalty
factor is required to maintain a balance between coil array
simplicity and magnetic field homogeneity. Hence, A was
selected to be 10! and 10~!2 for the considerations of with
and without light-passing holes, respectively.

The above-mentioned parameters were used to calculate
the values of the stream functions and the corresponding con-
tours for the designed coils. The resultant stream functions
and the contours are shown in Fig.3. The stream functions
represented by Fig.3 (a) and (c) coincide with the case of
Zyp = 0 and Zy = 2.5 mm, respectively. After the continuous
stream functions were discretized, the discrete line patterns
in Fig.3 (b) and (d) were obtained as the current routing of
the designed coil. It is obvious that a blank position of 5 mm
is left in the middle of Fig.3 (d). The two winding patterns
derived from their contours are shown in Fig.4.

IV. CONTRAST

The coils designed using the proposed method have the
advantage of large uniform region while a limited volume.
The performances of the designed coils are evaluated and
compared with the commonly used saddle coil structure. It
should be noted that the uniformity performance of the nested
saddle coil is better than the single saddle coil [19]. Therefore,
nested saddle coil is considered here for a comparative simu-
lation. The geometries of the saddle and the nested saddle coil
are shown in Fig.5. Moreover, the two designed coils were
processed by the double sided Flexible Printed Circuit (FPC)
technology in order to experimentally validate the accuracy
of the simulation results.
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FIGURE 3. Continuous stream functions: (a) Zy = 0, and (c) Zy = 2.5 mm.
Discretized contour distributions of the stream functions: (b) Z, = 0, and
(d) Zg =2.5 mm.
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FIGURE 4. Winding patterns of the designed coils: (a) Z, = 0, without
light-passing holes; (b) Z, = 2.5 mm, with light-passing holes. The
currents in the solid and the dashed coils run clockwise and
counter-clockwise from outside the coil looking in, respectively.

FIGURE 5. The geometries of saddle and nested saddle coils.

A. NUMERICAL ANALYSIS

Here, Biot-Savart’s law is applied to compute the resultant
magnetic field produced inside the coil. The three types of
coils used in this numerical analysis are: two coils designed
by this method of Zy = 0 (aspect ratio of 1.25) and
Zy = 2.5mm (aspect ratio of 1), referred as designed coil 1
and designed coil 2, respectively, and the nested saddle coil
(aspect ratio of 1). For a fair comparison, all the simulated
coils share the same radius of R = 20 mm. Once the coil
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TABLE 1. Proportion of the magnetic field relative uniformity in the
target region.

Relative Designed Designed Nested

uniformity coil 1 coil 2 saddle coil
<107° 20.57 % 4.38 % 2.94%
1075 ~ 10~% 63.97 % 27.68 % 10.84 %
1074 ~ 1073 15.46 % 67.94 % 39.00 %
1073 ~ 1072 — — 44.67 %
> 102 — — 2.55 %

winding pattern is determined, the magnetic field uniformity
of this coil can be reflected regardless of the shape of the
target region. Therefore, the target region is selected as a cube
with a side length of 10 mm (R/2) located in the center of each
coil.

The proportion of the magnetic field relative uniformity
in the target region is shown in Table 1, and the simula-
tion results of the magnetic field relative error on the three
coordinate planes are shown in Fig.6. In the target region,
the absolute maximum magnetic field relative errors of the
both designed coils are less than 0.001 compared to the
error value of 0.012 for the nested saddle coil. The small
relative error indicates that the proposed method has a good
uniformity performance. Especially, the absolute maximum
magnetic field relative error for designed coil 1 is only
4.29 x 10~*. For designed coil 1 and 2, the volumes of the
absolute magnetic field relative errors less than 1 x 10~#
occupy 84.54 % and 32.06 % of the entire target region
space, respectively. However, this metric is only 13.79 %
for the nested saddle coil. It is obvious that the uniformity
performance of the nested saddle coil is barely satisfactory
compared with the uniform coils designed by this method.

B. FABRICATION OF COILS AND MAGNETIC INDUCTION
MEASUREMENT

In order to determine the magnetic properties of the fabricated
coils and to compare with the numerical analysis results, the
magnetic inductions were measured. The designed coil 1,
designed coil 2 and nested saddle coil were fabricated by dou-
ble sided FPC technology with a thickness of only 0.1 mm.
Then the coils were glued on the surface of a cylindrical
frame with a radius of 63 mm and were each tested separately
with a flux-gate magnetometer as shown in Fig.7. Thus,
the actual radius of each test coil is 63.1 mm (taking thickness
of the test coil into account) compared to the design size.
The overall structure of the coil winding enlarges equally
with this proportion. The flux-gate magnetometer MAG-03
produced by Bartington Instruments was used for testing.
MAG-03 has a measuring range of [—100 uT, 100 uT] and a
low noise below 6 pTrms/Hz!/? at 1 Hz. In order to avoid the
interference of the environmental magnetic field fluctuations
and to achieve a precision measurement, the AC modulation
and demodulation method [19] was adopted. Two kinds of
experiments were conducted. The first experiment was to
measure the magnetic field produced by the coil with an
unchanged amplitude of the modulated current at various
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FIGURE 6. Magnetic field relative error distribution of three coils on three coordinate plans, showing the magnetic field distribution in the center
of the coordinate plane with a side length of +5 mm. (a) Designed coil 1; (b) designed coil 2; (c) nested saddle coil. The uniformity performances
of coils designed by this method are obviously improved by about one order of magnitude than the nested saddle coil.

points along the z-axis from -86 mm to 89 mm, at 5 mm
intervals. The second experiment was to calibrate the coil
constant under different modulation currents along the y-axis.

A current generator named LDC 205C was used to pro-
duce AC modulation current as input to the coils. The AC
current was sufficient to produce a stable magnetic field
environment. The output signal of MAG-03 was demodu-
lated by a lock-in amplifier named MFLI (Zurich Instru-
ments). During the measurements of magnetic field along the
axis position, AC currents with amplitudes of 125.93 mA,
162.25 mA and 216.15 mA all with frequency of 23 Hz, were
applied to designed coil 1, designed coil 2 and nested saddle
coil, respectively. The measurement results with uncertain-
ties of each test coil are listed in Table 2. Considering that
there is a gain attenuation in the output value of MAG-03
used in the range of AC frequency band, all the mea-
sured results were multiplied by the attenuation coefficient.
Figure 8 shows a comparison between the simulation results

74806

FIGURE 7. Actual magnetic field tests with a fluxgate magnetometer.

and the measurements. It can be seen from Fig.8 that
the actual measurements are consistent with the simulation
results. The magnitude of the magnetic field is approximately
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TABLE 2. Magnetic field measurement results.

1.5

Points on Measurements of Error relative Measurements of Error relative Measurements of Error relative
the z-axis designed coil 1 to the central designed coil 2 to the central nested saddle coil to the central
(mm) (nT) magnetic field (nT) magnetic field (nT) magnetic field
—86 1399.4304+0.314 53.6 % 675.718 + 0.338 71.4 % 1784.61140.419 33.9 %
—81 1598.284+£0.251 47.0 % 902.962 + 0.263 61.7 % 1880.79140.245 30.3 %
—76 1803.297+0.322 40.2 % 1108.3774+0.190 53.0 % 1985.3324+0.429 26.4 %
—71 2019.375+0.220 33.0 % 1308.89740.251 44.5 % 2092.579+0.238 22.5 %
—66 2268.463+0.205 24.8 % 1512.799+£0.266 359 % 2198.7124+0.222 18.5 %
—61 2501.128 +£0.231 17.1 % 1701.6931+0.257 27.9 % 2299.299+0.242 14.8 %
—56 2652.230+0.229 12.1 % 1863.83940.187 21.0 % 2389.213+0.185 11.5 %
—51 2807.971+£0.171 6.9 % 2021.682+0.234 14.3 % 2491.336+£0.211 7.7 %
—46 2904.545+0.189 3.7 % 2181.822+0.190 7.5 % 2550.363+0.310 55%
—41 2965.411+0.306 1.7 % 2244.046+0.124 4.9 % 2616.696 +0.382 3.0 %
—36 2995.582+0.226 0.7 % 2303.871+£0.150 24 % 2653.041+£0.280 1.7 %
—31 3001.816+0.203 0.5 % 2327.111+0.140 1.4 % 2677.749+£0.188 0.8 %
—26 3007.850+0.290 0.26 % 2348.913+0.099 0.47 % 2691.416+0.355 0.28 %
—21 3015.091+£0.209 0.022 % 2353.409+0.271 0.28 % 2698.68 £+ 0.172 0.01 %
—16 3016.296+0.295 -0.018 % 2355.770+0.170 0.18 % 2699.501+0.265 -0.02 %
—11 3016.167+0.308 -0.014 % 2359.988+0.141 0 2698.861+0.352 0.004 %
—6 3016.274+£0.537 -0.017 % 2359.849+0.148 0.006 % 2698.269+0.381 0.03 %
-1 3015.750+0.194 0 2359.468+0.160 0.02 % 2698.975+0.401 0
4 3015.859+0.280 -0.004 % 2359.710+0.162 0.01 % 2699.046+0.408 -0.003 %
9 3016.109+0.404 -0.02 % 2360.491+0.137 -0.02 % 2698.077+0.311 -0.004 %
14 3016.901+0.521 -0.04 % 2360.227+0.195 -0.01 % 2698.195+0.426 0.03 %
19 3016.579+£0.208 -0.03 % 2359.154+0.349 0.03 % 2699.705+0.426 -0.03 %
24 3015.3934+0.277 0.01 % 2354.826+0.379 0.3 % 2704.560+0.217 -0.2 %
29 3009.739+0.203 0.2 % 2339.158+0.635 0.9 % 2693.397+0.254 0.2 %
34 2993.356+£0.391 0.7 % 2318.146+£0.555 1.8 % 2664.856 +0.356 1.3 %
39 2965.066+0.230 1.7 % 2293.660+0.195 2.8% 2630.630+0.293 2.5%
44 2898.802+0.392 39 % 2254.4044+0.227 4.5 % 2582.79940.387 4.3 %
49 2804.429+0.265 7.0 % 2169.646+0.138 8.1 % 2516.097+0.324 6.8 %
54 2665.06940.207 11.6 % 2076.302+0.145 12.0 % 2420.609+0.198 10.3 %
59 2513.3224+0.501 16.7 % 1906.750£0.151 19.2 % 2337.9224+0.415 13.4 %
64 2373.959+0.390 213 % 1746.60240.278 26.0 % 2241.465+0.267 17.0 %
69 2156.128+0.230 28.5 % 1513.60740.262 359 % 2137.106 £ 245 20.8 %
74 1958.580£0.371 35.1 % 1254.58240.295 46.8 % 2029.353+0.310 24.8 %
79 1773.93940.264 41.2 % 1080.4364+0.345 54.2 % 1923.4764+0.149 28.7 %
84 1518.85940.205 49.6 % 903.705 % 0.406 61.7 % 1823.498 +0.222 32.4 %
89 1299.064+0.273 56.9 % 673.524 £+ 0.375 71.5 % 1735.2574+0.235 35.7 %
3500 1 1 1 1
—Theoretical curve of designed coil 1 Theoretical curve of designed coil 2 Theoretical curve of nested saddle coil
$ Measurements of designed coil 1 ¥ Measurements of designed coil 2 @ Measurements of nested saddle coil
3000 - o—6—6—6—6—"o T !
oS = % 5 8 8 8 8 BB 8 8 g
& 2500~ B EREEEEEEE R, -
£ 7SIy ineerse oo RaRE
2 \
5
= 2000 I \ A’i- -
£ A ¢ o\ & |
< 02 / 0.1 0 \ 0.1
> , . . .
M 1500 i @ P .
Y
-0.2 -0.1 0 \‘ 0.1
1000 - T T ¥ T T !
¥ £ N\
%
-0.2 -0.1 0.1 0.2
500 | | | |
-1.5 -1 -0.5 0 0.5 1
z/R

FIGURE 8. Measurements of magnetic field produced by the test coils along z-axis, with a distribution range of [-1.363 R, 1.41 R] (R = 63.1
mm). The red “0” and purple “x” markers show the measurements of the designed coil 1 and coil 2, respectively. The blue and the yellow
solid lines indicate the theoretical value of the designed coil 1 and coil 2, respectively.
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FIGURE 9. Fitting of coil constants. The yellow ‘o’ and pink ‘diamond’ markers are the actual
test data. The red and the blue solid lines are the fitting results of the designed coil 1 and coil 2.

TABLE 3. Magnetic field measurements at different coil currents along
the y —axis.

Coil current Magnetic field Magnetic field

amplitude measurement of measurement of
(mA) designed coil 1 (nT) designed coil 2 (nT)

50 1699.173 £ 0.311 971.456 + 0.318
100 3378.983 £ 0.297 1943.851 £+ 0.320
150 5060.013 + 0.301 2916.806 £ 0.322
200 6742.082 £ 0.324 3889.501 £ 0.312
250 8420.660 £ 0.285 4861.413 4+ 0.263
300 _ 5834.203 £ 0.277

the same in the TSV whose length is 0.5 times the radius of
the coil.

In the calibration of coil constants, the experimen-
tal data with different coil current amplitudes are shown
in Table 3 and Fig.9. The measured data were linearly fitted
to obtain the coil constants 33.612 £+ 0.020 nT/mA and
19.451 £+ 0.004 nT/mA of the corresponding coils. The
theoretical obtained coil constants of these two designed
coils are 33.742 nT/mA and 19.482 nT/mA, respectively.
There is remarkable consistency between theory and actual
experiments.

V. CONCLUSION

In this paper, a new approach based on the TFM is proposed
for the design of uniform magnetic field coil. The current
density on the cylindrical coil surface is divided into two
parts according to the symmetrical cross section of the coil
and is expanded into Fourier series. A reserved gap for light-
passing holes can be set by controlling the initial position of
the upper and the lower parts of the current density in the
coil center. The minimum curvature constraint is introduced
as the penalty function of the current density and solved
by Tikhonov regularization. The actual winding patterns are
ultimately obtained by using the stream function method.
The advantages of the proposed method are the high mag-
netic field uniformity and small space occupation of the coil.

74808

Its characteristic lies in the flexibility of the control coil
design process, whereas the distribution of the selected target
field coordinates is not limited to the strategies adopted in
this paper. TSV of other shapes can be further studied to
improve the accuracy of the design. The performance of the
proposed method is evaluated and compared with traditional
nested saddle coil using both simulations and experimental
measurements. This method can improve the uniformity per-
formance by about one order of magnitude compared with the
nested saddle coil. The comparative analysis validated that
the proposed method is appropriate for not only miniature
atomic sensors but also any situation where uniform magnetic
field is required.
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