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The shielding property of cylinder with circular, square, and equilateral triangle holes was investigated by finite
element analysis (FEA). The hole area (Spole) plays an important role in magnetic circuit on the surface of cylinder. When
Shole 18 less than the critical area (Sy), cylinder with three shapes of holes obtained the same remanent magnetization inside,
indicating that the shielding property is unaffected by the shape of the hole. Hence, high-permeability material is the major
path of the magnetic field. On the condition of Sy > Sy, the sequence of the shielding property is equilateral triangle >
square > circular, resulting from magnetoresistance of leakage flux in air dielectric. Besides, the anisotropy of shielding
property caused by hole structural differences of the cylinder is evaluated. We find that a good shielding effectiveness is
gained in the radial direction, compared with the axis direction. This research focuses on providing a theoretical support
for the design of magnetic shield and improvement on the magnetic shielding ability.
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1. Introduction

High sensitivity magnetometry techniques have gained
more attention in many fields of basic research and applica-
tions, such as physics, biology, neuroscience, materials sci-
ence, and geology.!l'”) The common magnetic sensors in-
clude fluxgate magnetometer, proton precession magnetome-
ter, superconducting quantum interference devices (SQUIDs),
and optically atomic magnetometers (OPAMs) working in the
spin-exchange relaxation free (SERF) regime. !

SQUIDs and SERF magnetometer are two of the most
sensitive magnetic sensors used in weak magnetic field de-
tection. SQUIDs are demonstrated an ultrahigh sensitivity
of 1 fT/Hz!/2,141 but operate in a low temperature environ-
ment causing high maintenance charge and manufacturing
costs. Compared with SQUIDs, the sensitivity of SERF mag-
netometer has reached 0.16 fT/Hz!/2 in the low-frequency
range.’] Due to the advantages of low power consumption,
non-cryogenic operation and high spatial resolution, SERF
magnetometer has become one of the most potential weak
magnetic field detection devices.®! However, all the weak
magnetic measurements based on SERF magnetometer are
performed in magnetically shielded rooms for providing a
nearly zero magnetic field circumstance.!”! The sensitivity of
SERF magnetometer theoretically is 0.01 fT/Hz'/2, and the
ambient magnetic field noise is the key factor limiting the
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augment of sensitivity in laboratory (0.16 fT/Hz~'/2).18] Thus,
high-performance magnetic shielding system plays an impor-
tant role in suppressing the ambient magnetic field noise and
increasing ultrahigh sensitive magnetic measurement.

Compared with air, high magnetic permeability (1) mate-
rials with small magnetic resistance, provide magnetic circuit
for the Earth’s magnetic field, resulting in high-performance
magnetic shield inside. Cylinder is one of the most widely
used structures, with advantages of simple manufacture and
high shielding performance.!®!°! Hole located on the surface
of shielding cylinder is necessary to keep light and wire of
equipment passing through, resulting in more leakage fluxes
and less shielding ability. Therefore, shielding property de-
pended on hole structure is an important problem, which was
studied by many scholars. Ma et al.l'!l explored the effect on
shield ratio when holes and gaps exist, simultaneously. They
quantitatively analyzed magnetic shielding ratio for a range of
hole diameters and gap thicknesses in the transverse and lon-
gitudinal direction, using the finite element method. Besides,
the relationship between shielding factor of a spherical shell
and the diameter of hole was reported by Xuan et al.l!?!

In this paper, the relationship between shielding property
and the shape of hole structure was investigated by finite ele-
ment analysis (FEA). There are circular, square, and equilat-
eral triangle shapes. In addition, the anisotropy of shielding
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property was evaluated by analyzing the residual field on the
X, Y, and Z directions, individually.

2. Shielding principle and simulation method

Shielding factors (S) and shielding effectiveness (SE)
are used to assess the magnetic shielding performance of
cylinder.[!3 The definitions are given as follows:

B
§S=— 1
B M

B
SE =20log <B"> , 2)
i

where B; and B, are the magnetic fields in the same position
with and without magnetic shield, respectively.

Material and structure are two key factors for improv-
ing shielding performance of cylinder.!'¥l On the one hand,
the Earth’s magnetic field is one of the typical static magnetic
fields. Magnetic shielding cylinder is made of ferromagnetic
material with high permeability. The permeability of a ferro-
magnetic material is several thousand times greater than that
of air, and, the reluctance of a cavity is much greater than that
of a ferromagnetic material. Therefore, the vast majority of the
external magnetic induction lines will pass along the walls of
the ferromagnetic material, and entering the cavity with very
little fluxes.

On the other hand, multi-layer shielding cylinder is used
to screen out the residual magnetic flux leaking into the cav-
ity again and again to achieve better shielding effectiveness.
Structure parameters include innermost layer radius (R) and
length (L), single layer thickness (T'), radial gap (AR) and axial
gap (AL) between layers, and number of layer (n). The axial

shielding factor is proportional to n, u, T, AR and inversely
proportional to R, L, and AL.!'3! The model of axial shielding
factor was optimized by nonlinear programming quadratic line
(NLPQL) algorithm, and a combination of optimum parame-
ters was obtained. ¢!

Because of the economic efficiency and the experimen-
tal error, FEA method was selected to simulate the Earth’s
magnetic field and establish the three-dimensional model of
shielding cylinder. The diagrams of the external and internal
structures of the shielding cylinder are shown in Figs. 1(a)-
1(b), which is made up of the curving tube body and the planar
cover. In this research, structure parameters of shield on the
basis of Ref. [16] are shown in Table 1, and R, L, AR, AL, T,
and n are equal to 11.0 cm, 33.0 cm, 1.6 cm, 2.0 cm, 0.2 cm,
and 5.0, respectively. Permalloy material is selected and its
relative permeability is approximately equal to 2x10*. The
three-dimensional model of shielding cylinder with square,
circular, and equilateral triangle holes are established and il-
lustrated in Figs. 1(c)-1(e), separately. Because, the small
vacuum vapor of the SERF magnetometer is located at cen-
ter position of the shield, two holes are designed and placed at
the center of cover and body, separately.

Table 1. Parameters of the magnetic shielding cylinder.

Parameter Value
R (cm) 11
L (cm) 33

AR (cm) 1.6
AL (cm) 2
T (cm) 0.2
n 5
(b)

(d) (e)

Fig. 1. (a) External and (b) internal structures of the cylinder. The three-dimensional model of the shielding cylinder with square (c), circular (d), and

equilateral triangle (e) holes.
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Due to the structural anisotropy of shielding cylinder,
there are significant differences about shielding properties be-
tween axis (Z direction) and radial direction (X direction and
Y direction). The SE of radial direction is much more than
that of axial direction.!!”] Regarded as a uniformly distributed
field, the geomagnetic field intensity vector is approximately
equal to 50.0 uT. Hx, Hy, and Hz represent the orthogonal de-
composition of the magnetic field vector on the X, Y, and Z
axes. Based on the superposition theorem, Hy, Hy, and Hz are
set as 26.7 uT in this paper to assess the shielding property in
different directions, individually.

3. Results and discussion

The magnetic field in center position of cylinder is named
“the central magnetic field (M)”, which is used to evaluate the
shielding property of cylinder with various shape holes. The
size of hole area (projected area) is an important factor in mag-
netic field transmission on the surface of cylinder.!'®! The rela-
tionship of hole area (Sy1e), M, and hole shapes in X, ¥, and Z
directions is simulated and illustrated as shown in Fig. 2. Mc,
Mg, and Mgt are the M contributed by cylinders with circular,
square, and equilateral triangle holes, respectively.

The values of Spoje range from 0 to 150 cm?, and are lim-
ited by R equaling to 156.32 cm?. With the increase of Shoe,
the values of Mc, Mg, and Mgt increase with various rates.
Smax 18 defined as the maximum of Spoe on condition of low
speed. When Spole is less than Spax, Mc, Ms, and Mgt rise
slowly as shown in the inset of Figs. 2(a)-2(c). The growth
rate increases rapidly when Spoe is greater than Spax. There-
fore, Smax 18 the optimum hole area, which is marked in the
inset of Fig. 2. The Spmax in X, Y, and Z directions are equal

to 2.56, 23.00, 7.29 cm?, and Mc, Ms, and Mgt are equiv-
alent to 1.953x 1072 nT, 1.505x10~2 nT, and 0.809 nT, re-
spectively. Thus, S and SE in X, Y, and Z directions are
equal to 1.367x 10° and 122.715, 1.774x10°, and 124.986,
and 3.302x 10° and 110.370 at Shole = Smax. separately.

The effect of various hole shapes on shielding property is
limited by Spoe- The critical area (Sy) in X, Y, and Z directions
are equal to 8.41, 23.00, 14.44 cm? respectively, as shown in
Figs. 2(a)-2(c). When Sy is less than Sy, the cylinder with
three shapes of holes obtains the same remanent magnetiza-
tion inside, indicating that the shielding property is unaffected
by the shape of the hole. On the condition of Spoe > Su, Mc,
Mg, and Mgt increase in an order of Mc > Mg > Mg, indicat-
ing that the types of the hole shape have obvious effect on the
shielding property.

In addition, the anisotropy of the shielding property is
evaluated by analyzing the residual fields on the X, Y, and
Z directions, individually. As is shown in Figs. 1(c)-1(e), Hz
is perpendicular to the hole in cover of cylinder but horizon-
tal to the hole in body. The relationship between Hy and hole
in tube body and cover is contrary compared with Hz. Hy
is horizontal to the two holes designed in this paper. (8cover,
ebody)X, (ecover, ebody)Y» and (ecover, ebody)Z represent the 6
between the magnetic field in the X, ¥, and Z directions and
holes in cylinder cover and body, and are equal to (0°, 90°)x,
(0°, 0°)y, and (90°, 0°)z. The values of M in X (My), Y (My),
and Z (M) direction is in an order of My > My > My under the
same Shle Value and hole shape condition, as demonstrated in
Fig. 2. Therefore, cylinder with various hole structures shows
good shielding for Y-direction magnetic field because Hy is
horizontal to the two position holes.

(a) - (b) ()
[ LI affected by hole area, — Y [ I affected by hole area, @
G 3001 not shape 9 % 15} Eﬁ 900} not shape
240b11 As Mo = I affected by hole area, ~ Mc¢
° IET< <Mc o) not shape . IT Mgr< L
o) = L
o 180f & 10T 11 Afyr< Mo< Me & 600} /
2 120 2 5 2
gy | - L e -
@ 5 S 300f :
o0 L
g 00 & O] —a—=" E
= ol = == — | = opme— "
0 30 60 120 150 0 30 90 120 150
Shole (sz) Shole (Cm
0.03 IY;
—~ —~ ¢] [
B g @ ﬂ?‘ 2 20t I 1T /;]
= = g Sinax223.00 cm? —
g 2 5 0.02 el = 15
L £ ) 2 &
5 g ﬁ M A Mlpan 8 = 9 107 g . ~7.29 cm? M
1 < - =2 max~ [ -4« { I
£ e 0.01 il _&&u C‘tﬁ’ k5] ) C
g 1 H = 0.5f
g:o ’ =] (1R o0
b 0 AN 11 @
< N E ol
= = I i . . .
0 5 10 15 20 25 30 0 6 12 18

Sholc (sz)

Shole (sz)

Fig. 2. The relationship between hole area, hole shapes, and M in X (a), Y (b), and Z (c) directions.
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Fig. 3. The magnetic field distribution at Z, X, and Y axes of cylinder with circular, square, and equilateral triangle hole shapes on the condition of

Shole ~ 3.14 cm? [(a)—(i)] and Spole ~78.54 cm? [(j)—(1)].

The right-angle structure in axial direction does not guide
flux well, resulting in more magnetic flux leakings into the
shielded region, worsening the shielding effectiveness.!!"!
Compared with the planar cover, there is a better shielding ef-
fectiveness of curving tube body, resulting in bigger Mz than
My . The axial shielding factor of cylinder is always smaller
than the radial shielding factor.!?°! The shielding property of
cylinder was optimized by finite element analysis. The radial
shielding factor was 20.6 times of the axial shielding factor.?!]
Therefore, there is better shielding effectiveness in the radial

direction, compared with axis direction, under the same hole

shape and size condition.

Figure 3 shows the magnetic field distribution for cylinder
with different hole shapes on the condition of Spoje & 3.14 cm?
(< Sy) and Shole A~ 78.54 cm? (> SH). SRrefrence 18 defined as
the area where the magnetic field value is less than or equal
to 1.326 nT, marked by the black dotted line. Under the same
magnetic field circumstance, the value of Sgefrence 1S bigger,
the shielding capability is better. The Sc, Ss, and Sgr rep-
resent Srefrence 1 cylinder with circular, square, and regular
triangle holes. On the condition of Sy ~ 3.14 cm?, the hole

shapes have little impact on the magnetic field distribution on
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the surface of cylinder, resulting in S¢ = Ss = SgT, as demon-
strated in Figs. 3(a)-3(i). By contrast, under the circumstance
of Shole =~ 78.54 cm?, there is the same relationship among Sc,
Ss, and Sgt in cylinder cover and body, that is S¢ < Ss < Sgr,
as exhibited in Figs. 3()-3(1).
shielding ability of cylinder with various holes is equilateral

Thus, the sequence of the

triangle > square > circular.

The sketch of M dependence on Syl is shown in Fig. 4.
The purple, orange, and green curves represent Mc, Ms, and
MET as a function of Sye, respectively. Magnetostatic shield-
ing obtained by shunting the magnetic flux and diverting
it away from a shielded region. Compared with air, high-
permeability material shows low magnetoresistance. It is real-
ized by the introduction of ferromagnetic materials with high
magnetic permeability, which creates a preferential path for
the magnetic field lines. Higher leakage flux is the reason of
that Mc, Ms, and Mgt augments with Shope increasing. [*?! The
relationship between M and Sy is in accordance with the re-
sult reported by Li et al.!*3! In addition, on the condition of
Shole < S, various hole shapes have no effect on the shielding
ability. Thus, high-permeability material is the major mag-
netic path. Under the condition of Spoe > Sy, the sequence
of M is equilateral triangle < square < circular, indicating
that the order of the shielding ability is circular < square <
equilateral triangle. With the increase of Sye, there are more
leakage fluxes shown in air, and shielded pass through air and
high-permeability material.

1000

750

500

2501

Magnetic field (nT)

11

0 30 60 90 120 150
Shole (CmQ)

Fig. 4. The sketch of Mc, Ms, and Mgt dependence on Spoje.

Magnetoresistance (Z,,), the resistance of a magnetic

path, is determined by the formula?*!

Zn=F/P, 3)

where F' and @ are the magnetomotive force and magnetic
flux. Under the condition of a uniform magnetic circuit, & is
written as

d=puxHxS, “)

where i, H, and S are the permeability of material, magnetic
intensity, and cross-sectional area, respectively. Zy, is written
as

F L

227:7
T uxHxS  uS’

&)
where L is the length of magnetic circuit.

Zc, Zs, and ZgT represent magnetoresistances of cylinder
with circular, square, and equilateral triangle hole, separately.
Lc, Ls, and Lgt represent the shortest lengths of the magnetic
circuit of circular, square, and regular triangle holes, respec-
tively. The mechanism of the model is proposed and exhib-
ited as illustrated in Fig. 4. The order of Lc, Ls, and Lgt is
Lgr < Ls < Lc, as shown in Fig. 4. On the same condition
of cross-sectional area (S) and magnetic permeability (1), the
relationship between Zc, Zs, and Zgr is Z¢ < Zs < Zgr, re-
sulting in Mc > Ms > Mgt. Thus, the order of the shielding
property is circular < square < regular triangle. There is the
most excellent shielding property of cylinder with equilateral
triangle hole structure.

4. Conclusion and perspectives

In summary, based on FEA method, the effect of hole
shapes on shielding effectiveness of cylinder was investigated
in this research. The selected shapes are square, circular, and
equilateral triangle. Because of the structural anisotropy of
cylinder, M dependence on Syl in Z, Y, and X directions was
explored, and there is better shielding effectiveness in the ra-
dial direction, compared with the axis direction.

In addition, with the increase of Syle, there are more leak-
age fluxes, resulting in augments Mc, Ms, and Mgt. However,
when Spole exceeds Sy, the sequence of the shielding ability
is equilateral triangle > square > circular, due to the mag-
netoresistance of the leakage flux in air dielectric. The rela-
tionship between Zc, Zgs, and Zgt is Z¢c < Zs < Zgr, resulting
in Mc > Mg > Mgr. Therefore, there is the most excellent
shielding property of cylinder with equilateral triangle hole
structure.

Finally, the growth rate of Mc, Ms, and Mgr is different at
various Spole. When Spoe 18 less than Sqax, Mc, Ms, and Mgt
rise slowly. On the condition of Spoje > Smax, the growth rate
increases rapidly. Therefore, Spax s identified as the optimum
hole area.
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