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Abstract – Superconducting Quantum Interference
Devices Time-Domain Electromagnetic Method
(SQUID TEM) is currently the most accurate elec-
tromagnetic detection technology used in geophysics.
However, SQUID is highly susceptible to electro-
magnetic interference in outdoor spaces, so it needs
to work continuously and stably in a Dewar bucket
wrapped with a metal shielding material. Therefore,
the influence of the metal shielding thin layer on the
observation signal cannot be ignored. We propose a
vector finite element method based on unstructured
grids to spatially model the sleeve formed by the metal
shielding thin layer wrapped around the SQUID and
analyze the influence of the metal shielding sleeve on
the SQUID TEM observation signal. Firstly, we derive
the governing equations from Maxwell’s equations.
Secondly, the Galerkin method is used for finite element
discretization of the control equations, and unstructured
mesh discretization is applied to the metal shielding
sleeve and other computational areas. By solving
the interpolation basis functions of tetrahedral vector
elements, the local equations of each element are
obtained and combined into a global large sparse matrix.
Finally, the direct solution method is used to calculate
the electromagnetic response at the observation points
inside the metal shielding sleeve. The effectiveness
and universality of the proposed method are verified
through numerical simulations. Furthermore, through
field experiments in the Da Hinggan Ling area, the
necessity of metal shielding sleeves in field experiments
and the reliability of the calculation results proposed
have been demonstrated.

Index Terms – SQUID TEM, thin shielding layer
modeling, unstructured tetrahedral mesh, vector finite
element method.

I. INTRODUCTION
Superconducting Quantum Interference Devices

Time-Domain Electromagnetic Method (SQUID TEM)
is currently the most accurate electromagnetic detec-
tion method used for geophysical field surveys, with
unique advantages in weak magnetic signal observation
and polymetallic mineral exploration [1–6]. Due to the
complex physical properties and parameter information
of polymetallic ores in nature, most of them exhibit
low resistivity or polarization characteristics in time-
domain electromagnetic detection [7–10]. The physical
properties of these ores are reflected in the sign rever-
sal in the magnetic field signals observed by SQUID
TEM systems [11, 12]. In actual field exploration, the
SQUID sensor placed in a Dewar vessel containing
liquid nitrogen must be wrapped with a certain thickness
of metal material as a shielding sleeve outside the Dewar
vessel to achieve spatial electromagnetic interference
shielding, so as to achieve long-term stable operation
of the system [13–15]. The effective signals observed
by SQUID sensors, especially the polarized signals
containing deep mineral layer information, are usually
on the order of pT (10−12T) or even fT (10−15T), and
the weak electromagnetic signals that characterize deep
information are usually in the late low-frequency range.
Therefore, it is very necessary to study the influence of
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metal shielding sleeves on the observation signal in the
SQUID TEM detection.

In order to achieve mesh modeling of curved
surfaces and numerical simulation of spatial electro-
magnetic response in geophysical methods, scholars
have conducted extensive research on mesh partition-
ing methods and numerical simulation methods. He
et al. proposed a method that combines curved hex-
ahedral mesh and regular hexahedral mesh to solve
the problem of the influence of the surface topography
and gradient approximation on inversion results [16].
Cao et al. used unstructured tetrahedral mesh to sim-
ulate complex underground structures and rugged ter-
rain and successfully achieved forward modeling and
inversion calculation of the Z-axis tipper electromag-
netic (ZTEM) using the finite element method [17].
Zhu et al. achieved numerical simulation of the electro-
magnetic response of complex underground structures
in electromagnetic (EM) detection by introducing a
spectral element method based on unstructured tetra-
hedral grids [18]. Key used unstructured triangular or
quadrilateral grids to simulate geometric shapes that
conform to actual measurements, and then accurately
calculated electromagnetic responses through adaptive
finite element method [19]. Li et al. simulated the geo-
metric shapes of complex models based on unstructured
tetrahedral grids and solved the marine controlledsource
electromagnetic (CSEM) response using adaptive finite
element method [20]. Zhou et al. used an unstructured
tetrahedral mesh to accurately discretize the true com-
plex shape of unexploded bombs and combined it with
the finite element method to accurately simulate the
time-domain electromagnetic response of unexploded
bombs in TEM measurements [21]. Rong et al. proposed
an arbitrary anisotropic inversion method based on
unstructured tetrahedral mesh discretization, which can
adapt well to complex structures such as Earth’s terrain
and coastline, and ultimately produce inversion results
that conform to actual geological data [22]. In summary,
whether obtaining accurate numerical simulation results
through forward modeling or achieving outcomes more
consistent with actual geological data via inverse mod-
elling, it is necessary to take into account the geometric
modeling of the actual survey situation. Furthermore,
realistic geometric modeling and appropriate numerical
simulation methods are key to accurately obtaining elec-
tromagnetic responses. Therefore, it is very important to
accurately calculate the electromagnetic response at the
observation point of the SQUID TEM system under the
condition of a thin shielding sleeve.

At present, scholars have a certain theoretical
research basis for the numerical calculation of spatial
electromagnetic field distribution with thin layers. Liu
et al. used the finite difference method and nonuniform

mesh partitioning technique to study the influence of
metal thin layers on the detection of effective anomalous
signals in TEM detection. The results showed that metal
thin layers would reduce the detection sensitivity of
TEM and weak the electromagnetic response of low
resistivity anomalous targets [23]. Zhou et al. proposed
an enriched finite element method to numerically sim-
ulate the electromagnetic response of magneto electro
elastic composite materials excited by external electric
or magnetic fields and improved the solution accuracy
through grid refinement [24]. Etse et al. proposed a
method that combined homogenization of multi-layer
shielding layers with the second-order AMSL method
to accurately model thin layers of metal composite
materials and applied it to magnetic shielding [25].
Gao et al. used the finite element method to model
and calculate multi-layer metal thin shell structures for
magnetic shielding, quantitatively analyze their elec-
tromagnetic characteristics, and provided a theoretical
basis for precision measurement research of low-noise
magnetic shielding [26]. Korkotadze et al. calculated the
near-field shielding effect of two-layer and three-layer
thin plates based on vector wave equations and boundary
conditions, which can predict the shielding effect of
multi-layer plates under known material properties and
help determine the optimal thickness of the shielding
layer [27]. In addition, some scholars used commercial
software based on finite element method for numer-
ical simulation and calculation and made significant
progress in various fields such as simulating electro-
magnetic interference of shielded cables [28], simulating
the effects of return stroke parameters and soil water
content on EMF characteristics [29], and simulating
the influence of augmented rail geometry on rail gun
design parameters [30]. The availability of finite element
commercial software is only for the problems that are
suitable for the software to solve, and there may be
issues with low computing efficiency [31]. It can be seen
that the finite element method and its extensions are one
of the flexible and efficient important techniques among
many methods in different fields of studying electromag-
netic field related problems [24, 26, 32–34]. However,
most scholars’ research is limited to the physical model-
ing of shielding thin-layer materials and the analysis of
shielding performance, and the computational research
area is mostly within the calculation area near the thin
layer, which has not yet involved the problem of low
computational efficiency or even non-convergence that
may occur due to a large calculation area. Due to the fact
that SQUID TEM long wire sources are usually several
kilometers long, and the distribution of underground ore
bodies detected is often tens of meters or even thousands
of meters, it is necessary to study how to calculate
the influence of small-sized metal shielding sleeves on
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weak signals observed inside the cylinder in large-scale
space.

We propose a vector finite element method based
on unstructured grids for modeling thin metal shielding
sleeves and analyze their impact on SQUID TEM obser-
vation signals. In the first place, the thin metal shielding
sleeve is finely modeled using the unstructured tetrahe-
dral mesh, and the entire calculation area is discretized
reasonably. The control equations are derived from the
Maxwell equations, and the Galerkin method is used
for finite element discretization of the control equations.
Then, the metal shielding sleeve and other calculation
areas are discretized using the unstructured mesh. Sec-
ondly, by solving the interpolation basis functions of
tetrahedral vector elements, the local equations of each
element are obtained, and the local equations are com-
bined into a global large sparse matrix. Finally, the direct
solution method is used to calculate the electromagnetic
response at the observation point with a metal shielding
sleeve. To demonstrate the effectiveness of our proposed
method, we have designed three typical models and have
calculated the effects of metal shielding sleeves on the
SQUID TEM observation signals under different mod-
els. In addition, we have also verified the correctness of
the proposed method’s calculation conclusions through
field experiments in the Da Hinggan Ling area.

II. THEORY
A. Vector finite element method

The first and second equations of Maxwell’s system
of equations:

∇×E =−iωµH, (1)

∇×H = σE+J . (2)

The dual curl equation of the electric field can be
derived:

∇×∇×E+ iωµσ(ω)E = iωµJ . (3)

In order to avoid the problem of non-singularity
caused by the source term during the solving process,
the total field is written in the form of the superposition
of the background field and the quadratic field, that is

E =Eb +Es. (4)

Therefore, the control equation can be written as:

∇×∇×Es + iωµ0σ(ω)Es =−iωµ0σa(ω)Ep. (5)

For the convenience of subsequent solving

κ
2 = iωµ0σ , (6)

κ
2
s =−iωµ0σa. (7)

Substituting equations (6) and (7) into equation (5)
and organizing them, we can obtain:

∇×∇×Es +κ
2Es = κ

2
s Ep. (8)

The Galerkin method [35] is used to discretize
equation (8), and the residual expression of the control
equation is:

R= ∇×∇×E0
s +κ

2E0
s −κ

2
s Ep, (9)

where E0
s is the approximate solution of the quadratic

field to be solved.
Let the weight function be W , and let the residual

R of all units in the calculation area and the inner
product of the weight function W be zero to seek the
optimal solution, that is:∫∫∫

Ω

R ·W dv = 0. (10)

By substituting the residual equation into equation
(10), we can obtain:∫∫∫

Ω

W ·∇×∇×E0
s dΩ

+
∫∫∫

Ω

W · (κ2E0
s −κ

2
s Ep)dΩ = 0. (11)

By using Green’s formula to expand the first term
of equation (11), we can obtain:∫∫∫

Ω

W ·∇×∇×E0
s dΩ

=
∫∫∫

Ω

(∇×W ) · (∇×E0
s )dΩ

−
∫∫

Γ

W ×
(
∇×E0

s
)
·ndΓ. (12)

That is:∫∫∫
Ω

W ·∇×∇×E0
s dΩ

=
∫∫∫

Ω

(∇×W ) ·
(
∇×E0

s
)

dΩ

−
∫∫

Γ

W ×
(
∇×E0

s ×n
)

dΓ, (13)∫∫∫
Ω

W ·∇×∇×E0
s dΩ

=
∫∫∫

Ω

(∇×W ) ·
(
∇×E0

s
)

dΩ

+
∫∫

Γ

W ×
(
n×∇×E0

s
)

dΓ, (14)

where n is the unit normal vector on the surface Γ. The
electric field within each unit can be written as:

E0 =
6

∑
i=1

EiNi, (15)
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where Ni is the vector basis function and i is the number
of each edge of the tetrahedral element.

Based on the Galerkin method, the weight function
is taken as the vector basis function and further inte-
grated within the vector finite element calculation area:∫∫∫

Ω

[(∇×E0
s ) · (∇×N)+κ

2E0
s ·N ]dΩ

= κ
2
∫∫∫

Ω

Ep ·NdΩ. (16)

Discretize each tetrahedral element to obtain the
equation in the discrete form of each tetrahedron:

[Amn][En] = [Tn], (17)

where m and n represent the labels of rows and columns,
A is the left-hand term matrix of the equation, and T is
the right-hand term matrix of the equation.

Combine all equations in equation (17) into a global
equation and represent it as a sparse matrix:

[A][E] = [T ]. (18)

By using the direct solution method to solve equa-
tion (18), the electric field matrix can be obtained,
and then the magnetic field matrix can be solved from
equation (1). Finally, the time-domain magnetic field
response can be obtained through frequency-time trans-
formation [36].

B. Unstructured tetrahedral mesh and vector
interpolation basis function solution

Fig. 1. Schematic diagram of the unstructured tetrahe-
dral unit.

In any tetrahedral element, as shown in Fig. 1, the
expression of the basis function to be solved can be
set as:

Φ
e(x,y,z) = ae +bex+ cey+dez, (19)

where e is tetrahedral unit numbers and ae,be,ce, and de

are undetermined coefficients.

By substituting equation (19) into each vertex, we
can obtain:

Φ
e
1(x,y,z) = ae +bex1 + cey1 +dez1, (20)

Φ
e
2(x,y,z) = ae +bex2 + cey2 +dez2, (21)

Φ
e
3(x,y,z) = ae +bex3 + cey3 +dez3, (22)

Φ
e
4(x,y,z) = ae +bex4 + cey4 +dez4, (23)

where (x1,y1,z1),(x2,y2,z2),(x3,y3,z3), and (x4,y4,z4)
correspond to the coordinates of vertices 1,2,3, and 4,
respectively.

By solving equations (20)–(23) simultaneously, we
can obtain:

ae =
1
6

∣∣∣∣∣∣∣∣
1 1 1 1
x1 x2 x3 x4
y1 y2 y3 y4
z1 z2 z3 z4

∣∣∣∣∣∣∣∣
=

1
6V e (a

e
1Φ

e
1 +ae

2Φ
e
2 +ae

3Φ
e
3 +ae

4Φ
e
4), (24)

be =
1

6V e

∣∣∣∣∣∣∣∣
1 1 1 1

Φe
1 Φe

2 Φe
3 Φe

4
y1 y2 y3 y4
z1 z2 z3 z4

∣∣∣∣∣∣∣∣
=

1
6V e (b

e
1Φ

e
1 +be

2Φ
e
2 +be

3Φ
e
3 +be

4Φ
e
4), (25)

ce =
1

6V e

∣∣∣∣∣∣∣∣
1 1 1 1
x1 x2 x3 x4
Φe

1 Φe
2 Φe

3 Φe
4

z1 z2 z3 z4

∣∣∣∣∣∣∣∣
=

1
6V e (c

e
1Φ

e
1 + ce

2Φ
e
2 + ce

3Φ
e
3 + ce

4Φ
e
4), (26)

de =
1

6V e

∣∣∣∣∣∣∣∣
1 1 1 1
x1 x2 x3 x4
y1 y2 y3 y4
Φe

1 Φe
2 Φe

3 Φe
4

∣∣∣∣∣∣∣∣
=

1
6V e (d

e
1Φ

e
1 +de

2Φ
e
2 +de

3Φ
e
3 +de

4Φ
e
4) , (27)

where V e represents the volume of tetrahedral units:

V e =
1
6

∣∣∣∣∣∣∣∣
1 1 1 1
x1 x2 x3 x4
y1 y2 y3 y4
z1 z2 z3 z4

∣∣∣∣∣∣∣∣ . (28)

According to the coordinates of the four vertices of
the tetrahedral element, each undetermined coefficient
in the basis function equation (19) to be solved can be
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calculated separately, that is:

ae
1 =

∣∣∣∣∣∣
x2 y2 z2
x3 y3 z3
x4 y4 z4

∣∣∣∣∣∣ , ae
2 =−

∣∣∣∣∣∣
x1 y1 z1
x3 y3 z3
x4 y4 z4

∣∣∣∣∣∣ ,
ae

3 =

∣∣∣∣∣∣
x1 y1 z1
x2 y2 z2
x4 y4 z4

∣∣∣∣∣∣ , ae
4 =−

∣∣∣∣∣∣
x1 y1 z1
x2 y2 z2
x3 y3 z3

∣∣∣∣∣∣ ,
be

1 =−

∣∣∣∣∣∣
1 y2 z2
1 y3 z3
1 y4 z4

∣∣∣∣∣∣ , be
2 =

∣∣∣∣∣∣
1 y1 z1
1 y3 z3
1 y4 z4

∣∣∣∣∣∣ ,
be

3 =−

∣∣∣∣∣∣
1 y1 z1
1 y2 z2
1 y4 z4

∣∣∣∣∣∣ , be
4 =

∣∣∣∣∣∣
1 y1 z1
1 y2 z2
1 y3 z3

∣∣∣∣∣∣ ,
ce

1 =−

∣∣∣∣∣∣
x2 1 z2
x3 1 z3
x4 1 z4

∣∣∣∣∣∣ , ce
2 =

∣∣∣∣∣∣
x1 1 z1
x3 1 z3
x4 1 z4

∣∣∣∣∣∣ ,
ce

3 =−

∣∣∣∣∣∣
x1 1 z1
x2 1 z2
x4 1 z4

∣∣∣∣∣∣ , ce
4 =

∣∣∣∣∣∣
x1 1 z1
x2 1 z2
x3 1 z3

∣∣∣∣∣∣ ,
de

1 =−

∣∣∣∣∣∣
x2 y2 1
x3 y3 1
x4 y4 1

∣∣∣∣∣∣ , de
2 =

∣∣∣∣∣∣
x1 y1 1
x3 y3 1
x4 y4 1

∣∣∣∣∣∣ ,
de

3 =−

∣∣∣∣∣∣
x1 y1 1
x2 y2 1
x4 y4 1

∣∣∣∣∣∣ , de
4 =

∣∣∣∣∣∣
x1 y1 1
x2 y2 1
x3 y3 1

∣∣∣∣∣∣ .
Substituting the above coefficients into the expres-

sion of the basis function to be solved, the basis function
can be written as:

Φ
e(x,y,z) =

4

∑
i=1

Le
i (x,y,z)Φ

e
i , (29)

where Le
i (x,y,z) is the interpolation basis function,

whose expression is:

Le
i (x,y,z) =

1
6V e (a

e
i +be

i x+ ce
i y+de

i z). (30)

Therefore, the tetrahedral vector basis function can
be expressed as:

N e
i = (Le

i1∇Le
i2 −Le

i2∇Le
i1)l

e
i . (31)

It satisfies the condition of zero divergence, and the
curl expression is:

∇×N e
i = 2(∇Le

i1 ×∇Le
i2) · l

e
i . (32)

That is:

∇×Ne
i =

2le
i

(6V e)2

(c
e
i1de

i2 −de
i1ce

i2)x

+(de
i1be

i2 −be
i1de

i2)y

+(be
i1ce

i2 − ce
i1be

i2)z

 , (33)

where x,y, and z are the unit vectors of direction x, y,
and z, respectively.

III. NUMERICAL RESULTS
In order to investigate the effect of the metal shield-

ing layer wrapped around the Dewar vessel with SQUID
on the measurement of secondary field signals in the
SQUID TEM observation experiments, we have first
modeled and meshed the SQUID TEM experimental
system based on the actual situation. Then, we have
studied the influence of the shielding layer on the
observed signals when the measurement background
is a uniform ground. In this section, we compare the
proposed method with the calculation results of the
traditional finite element method to verify the accuracy
and correctness of our proposed method.

Subsequently, we introduce the low resistivity
anomalous body into the uniform ground model and
study the impact of the shielding layer on the observation
signal by calculating the electromagnetic response curve
with and without the shielding layer. In this section, we
study and discuss the influence of the thickness of the
metal shielding layer on the magnetic field signal.

Finally, to demonstrate the universality of our pro-
posed method, we introduce the polarized anomalous
body into the uniform ground model and analyze the
influence of the shielding layer on the electromagnetic
response of the SQUID TEM system for detecting polar-
ized anomalies. In addition, we discuss and compare
the effect of the shielding layer on the electromagnetic
response of SQUID TEM system detecting polarization
anomalies under different polarization parameters.

We have constructed a calculation area of 10 km×
5 km× 2 km, as shown in Fig. 2, with an air layer and
a uniform ground, respectively. The length of the long
wire source is 1 km, and the current is 20 A. The long
wire source is placed in the large geological formation
along the x-axis direction, with a horizontal distance
of 300 m from the center point of the source to the
center point of the metal shielding cylinder. Considering
that the commonly used shielding material for SQUID
TEM systems in actual field measurements is aluminum
foil [6, 12, 37, 38], we have constructed a cylindrical
shielding sleeve with an outer diameter of 30 cm and an

Fig. 2. SQUID TEM observation system and modeling
of thin shielding layer.
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inner diameter of 24 cm. The outer shielding material is
aluminum and the conductivity is 3× 107 S/m. In field
experiments, the aluminum foil usually wrapped around
the cylinder is more than ten layers, so the thickness of
the aluminum metal shielding layer is designed to be
60 µm.

A. Influence of a thin shielding layer on the SQUID
TEM signal under a uniform half space model

On the basis of the above modeling, the conductivity
of a uniform ground is set to 0.01 S/m, and the horizon-
tal distance between the center of the shielding bucket
and the long wire source is 300 m. The electromagnetic
response of the observation point at a distance of 10 cm
from the ground surface inside the shielding bucket and
the electromagnetic response at the same observation
point without the shielding bucket are calculated sepa-
rately. The calculation results are shown in Fig. 3.

Fig. 3. Influence of a thin shielding layer on the SQUID
TEM signal under a uniform half-space model.

The calculation results in Fig. 3 indicate that when a
shielding bucket is present, the magnetic field response
inside the shielding bucket is always smaller than that
without the shielding bucket, indicating that the shield-
ing bucket has a certain weakening effect on the mag-
netic field signal observed in the SQUID TEM system.
It can be clearly seen that the presence of the shielding
bucket has a stronger weakening effect on early signals.

In order to verify the correctness and effectiveness
of the proposed method, taking the uniform geodetic
model as an example, we have set the same model
parameters and compared the calculation results of the
traditional finite element method with those of the
method proposed in Fig. 3. The comparison results are
shown in Fig. 4.

From the calculation results in Fig. 4, it can be seen
that the proposed method is consistent with the tradi-
tional finite element method. Therefore, the correctness

Fig. 4. Comparison of calculation results between the
unstructured grid vector finite element method and the
finite element method.

and effectiveness of the numerical simulation method
proposed have been verified.

B. Influence of a thin shielding layer on the SQUID
TEM signal under a low resistivity anomalous body
model

On the basis of the above modeling, a uniform earth
conductivity of 0.01 S/m is set, and a low resistivity
anomalous body of 500 m × 500 m × 200 m is set
at 500 m below the surface with a conductivity of
0.05 S/m. The center of the shielding cylinder with a
thin layer of metal aluminum is set to coincide with the
center of the anomalous body in the vertical direction.
The electromagnetic response at the observation point
10 cm away from the surface inside the shielding cylin-
der and the electromagnetic response at the same obser-
vation point without a shielding cylinder are calculated
separately. The calculation results are shown in Fig. 5.

Fig. 5. Influence of a thin shielding layer on the SQUID
TEM signal under a low resistivity anomaly model.
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The calculation results in Fig. 5 indicate that, in
addition to the attenuation effect on the SQUID TEM
observation signal when the shielding bucket is present,
compared with the magnetic field response curve cal-
culated for the uniform half-space model in Fig. 3, the
magnetic field amplitude of the corresponding curve in
Fig. 5 is significantly smaller due to the presence of
the low resistivity anomalous body. Therefore, the intro-
duction of shielding bucket modeling will not affect the
basic characteristics of TEM observation signals under
low resistivity anomaly models, that is, the magnetic
field signal inside the shielding bucket can still be used
to display the relative magnitude of the resistivity of the
anomalous body.

Compared with the magnetic field response with-
out the shielding bucket (black curve in Fig. 5), the
TEM magnetic field response curve observed inside
the shielding bucket will first decay to the resolution
threshold of the SQUID sensor, especially for late time
channels. Due to the deeper geological exploration depth
corresponding to the late time channel in TEM detection,
the signal attenuation caused by the presence of the
shielding bucket would ideally result in a shallower
maximum effective depth for future data interpretation
and inversion.

In order to further study and analyze the influence
of the thickness of the metal shielding thin layer on the
magnetic field signal observed by SQUID TEM, based
on the low resistivity anomalous body model mentioned
above, we assume that the thickness of a single layer
of aluminum foil is 1 µm, and calculate the electro-
magnetic response of the observation point position
10 cm away from the ground surface in the cylinder
under shielding layers 1,5,10,20, and 50, respectively.
That is, the corresponding shielding layer thickness
D = 1 µm,5 µm,10 µm,20 µm and 50 µm, and the
calculation results are shown in Fig. 6.

Fig. 6. Influence of a thin shielding layer thickness on
the SQUID TEM signal under a low resistivity anomaly
model.

From the calculation results in Fig. 6, it can be
seen that compared with the magnetic field curve of
the unshielded thin layer, when the shielding layer is
1 µm, both curves almost overlap in both the early
and late stages, and the shielding layer has little effect
on the magnetic field response. As the thickness of the
shielding layer increases, the early magnetic field values
significantly decrease, indicating that the thicker the
shielding layer, the better the shielding effect. However,
if the shielding layer is too thick, the attenuation curve
will become flatter (blue curve in Fig. 6), and it will
no longer be able to effectively distinguish whether low
resistivity anomalies exist. Therefore, the thickness of
the shielding thin layer is not necessarily the thicker the
better. There is a suitable thickness that could shield
the SQUID from external electromagnetic interference
while still allowing the abnormal body information car-
ried by the attenuation curve to be clearly distinguished.

C. The influence of a thin shielding layer on the
SQUID TEM signal under a polarized anomalous
body model

On the basis of the above modeling, the conductivity
of a uniform ground is set to 0.01 S/m. Based on typical
parameters of common polymetallic ores, a 500 m ×
500 m × 200 m polarization anomaly body is set 500
m below the surface. The Cole-Cole model parameters
of the anomaly body are zero frequency conductivity
of 0.1 S/m, polarization rate of 0.5, time constant of
2×10−3 s, and dispersion coefficient of 0.5. We set the
center of the shielding cylinder with a thin layer of metal
aluminum to coincide with the center of the anoma-
lous body in the vertical direction. Then, We calculate
the electromagnetic response at the observation point
10 cm away from the ground surface inside the shielding
cylinder and the electromagnetic response at the same
observation point without the shielding cylinder. The
calculation results are shown in Fig. 7.

Fig. 7. Influence of a thin shielding layer on the SQUID
TEM signal under a polarized anomaly model.
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The calculation results in Fig. 7 indicate that, in
addition to the attenuation effect on the SQUID TEM
observation signal when the shielding bucket is present,
there are two intersection points in the magnetic field
response curves of Fig. 7 with and without the shielding
bucket compared to Fig. 3. From the perspective of the
electromagnetic field, this indicates that both positive
and negative response parts are attenuated by the shield-
ing bucket, rather than the polarization signal being
larger when the shielding bucket is present than when
it is absent. Therefore, in actual detection, the presence
of a shielding bucket has a significant impact on the
polarization information of rock and ore carried by the
polarization signal, so the influence of a metal thin layer
shielding bucket cannot be ignored.

In order to further analyze the influence of the pres-
ence of metal shielding thin layers on the electromag-
netic response of polarized anomalous bodies, we have
calculated the magnetic field curves of the anomalous
body with different polarizations at the shielding layer
thickness of D = 60 µm, and we also have studied the
differences between them. We have set polarizations of
η = 0.2,η = 0.6, and η = 0.8, respectively, and have
studied the influence of metal shielding thin layers on
the electromagnetic response of anomalous bodies with
different degrees of polarization. The calculation results
are shown in Figs. 8 and 9, where Fig. 9 is a locally
enlarged view of the polarization response characteristic
segment of the curve in Fig. 8.

Fig. 8. Magnetic field response curves of anomalous
bodies with different polarizations under the same
shielding thin layer condition.

From Fig. 8, it can be seen that the higher the
polarizability of the anomalous body, the greater the
attenuation effect of the shielding thin layer on the early
signals observed by SQUID TEM. Furthermore, Fig. 9
is a partial enlargement of the polarization response
characteristic segments of the curve in Fig. 8. From
Fig. 9 (a), we can see that the weak polarization signal

Fig. 9. Magnetic field curves of polarization response
amplification segments of anomalous bodies with dif-
ferent polarizations under the same shielding thin layer
conditions: (a) η = 0.2, (b) η = 0.6, (c) η = 0.8.

will no longer exhibit negative response in the late stage,
and the introduction of the shielding layer will not cause
false amplitude response in the curve that originally had
no negative response. The phenomenon consistent with
Fig. 7 is observed in Figs. 9 (b) and (c). Comparing
Figs. 9 (b) and (c), it can be seen that the introduction
of a shielding thin layer only reduces the absolute value
of the maximum negative value representing the polar-
ization response characteristic and does not completely
eliminate the polarization response that should have
existed. Therefore, the method proposed in this paper
can be used to accurately model the shielding thin layer
and analyze its impact on the SQUID TEM observation
signal, providing reliable theoretical guidance for prac-
tical detection.

In the above three typical geoelectric models, the
introduction of the shielding layer has a certain degree
of impact on the magnetic field signal observed by
SQUID TEM, which is reflected in the characteristics of
the electromagnetic response curve. Table 1 summarizes
the magnetic field characteristics with and without the
shielding bucket.
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The summary in Table 1 indicates that the presence
of the shielding bucket has different effects on the
SQUID TEM observation signal depending on the geo-
logical model. The more parameters in the geoelectric
model, the more complex it becomes, and the more
diverse the impact of the shielding bucket on the SQUID
TEM observation signal. This highlights the necessity
of precise calculation and analysis of the influence of
the thin shielding layer on SQUID TEM observation
signal. Furthermore, the method proposed also lays a
theoretical foundation for future research on how to
accurately interpret and invert data based on the impact
of the shielding bucket.

Table 1: Summary of the magnetic field characteristics
with and without the shielding layer

Model Characterization Result

Uniform
Half Space

1⃝ The magnetic field inside
the shielding bucket is always
smaller than that without the
shielding bucket. Fig. 3

2⃝ The shielding bucket has a
certain weakening effect on the
magnetic field signal.

Low
Resistivity
Anomalous
Body
Model

1⃝ The magnetic field signal
inside the shielding bucket
could still display the relative
magnitude of the resistivity of
the anomalous body. Fig. 5
2⃝ The signal attenuation

caused by the shielding bucket
would result in a shallower
maximum effective depth for
later data interpretation

Polarized
Anomalous
Body
Model

1⃝ The higher the polarizability
of the anomalous body, the
greater the attenuation effect of
the shielding thin layer on the
early signal.

Fig. 7
Fig. 8
Fig. 92⃝ The shielding thin layer

only reduces the absolute value
of the maximum negative value
representing the polarization
response characteristic.

IV. FIELD SURVEY EXPERIMENT AND
RESULTS

To further verify the effectiveness of the proposed
method and the reliability of the calculation conclusions,
a long wire source SQUID TEM field experiment has
been conducted in the Da Hinggan Ling area of Hei-
longjiang Province, China. The detection area is located

on the east side of the main peak basin in the northern
section of the Da Hinggan Ling, with an average ele-
vation of 1300 m and a relative elevation difference of
300–450 m. The main metallic minerals present are lead
zinc polymetallic deposits with polarization effects. The
surrounding rocks mainly include marble and skarn, and
the shallow surface mainly consists of gravel and clay.

The instruments used in the experiment are shown
in Fig. 10. The metal material wrapped around the
acrylic cylinder is aluminum foil. The transmitter gen-
erates bipolar trapezoidal waves with a period of 80 ms
to excite the underground target ore body and generate
electromagnetic response. The SQUID TEM system has
a resolution of 100 fT and a sampling rate of 30 kHz for
the receiver.

Fig. 10. SQUID TEM experimental instruments.

The actual location and layout of the measuring
points in the survey area are shown in Fig. 11. The
emission source is 1.7 km long and emits a current of
18 A. A total of 12 measurement points are measured
from the near source to the far source, with a distance
of 50 m between each point. Due to the serious influ-
ence of high-power power supply vehicles and spatial
electromagnetic interference, the SQUID sensor without
the shielding bucket could only work intermittently
at the two furthest points from the emission source,
but there is still a problem of frequent loss of lock
and unstable measurement [39]. Therefore, very little
effective data can be collected, which also indicates
the necessity and importance of metal shielding layer.
Moreover, we have taken the measurement results of
the observation point furthest from the emission source
as the example to verify the reliability of the method
proposed in this paper and its conclusions. The mea-
surement results of the furthest point and the typical
measurement curves caused by SQUID unlocking due
to electromagnetic interference are shown in Fig. 12.

As shown in Fig. 12 (a), the influence of the shield-
ing bucket on the experimental measurement results is
almost identical to the trend obtained from the numerical
simulation method proposed. Due to the fact that the
actual earth is not uniform and the actual parameters
of the geological environment are very complex, the
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Fig. 11. Layout of SQUID TEM field experiment site in
the Da Hinggan Ling area.

Fig. 12. Measured SQUID TEM magnetic field signals:
(a) comparison of electromagnetic response with and
without the shielding cylinder at the furthest point and
(b) typical unlocked magnetic field curves.

amplitude and attenuation rate of the magnetic field
response curves obtained from experimental measure-
ments are not exactly the same as those obtained from
numerical simulations. However, the trend of the shield-
ing bucket’s influence on the SQUID TEM measurement
results reflected by the two is almost alike.

Furthermore, due to the significant impact of exter-
nal electromagnetic interference on the SQUID sensor

when measuring without the shielding bucket, the inter-
ference on the later measurement curve is extremely
severe, as shown in the enlarged part of Fig. 12 (a).
Although we have conducted multiple measurements
in the field, the SQUID sensor itself is still severely
affected by surrounding electromagnetic interference in
the unshielded environment, which leads to irregular
jumps in the late-stage signal, resulting in a small seg-
ment of the signal intersecting with the signal measured
in a shielded environment that should not have occurred.
Therefore, the rock mineral resistivity information car-
ried by the later signal is unreliable, which once again
confirms the importance of measurement inside the
shielding bucket.

Figure 12 (b) shows the magnetic field curves
that can be measured without the shielding cylinder,
however, most of the time in the experiment, the system
cannot be locked for normal measurements. This also
indicates that it is necessary to study the influence of
metal shielding thin layers on SQUID TEM observation
signals through the method proposed in this manuscript,
which lays a theoretical foundation for further research
on how to eliminate the influence of shielding thin
layers on magnetic field response and improve detection
resolution in the future.

V. CONCLUSION
We propose a vector finite element method based

on unstructured grids. The Galerkin method is used to
solve the vector basis functions, and the unstructured
grids are discretized for the shielding thin layer and other
calculation areas. Finally, the electromagnetic response
calculation of the area with shielding thin layer is
achieved. By calculating the effect of shielding thin
layers on the SQUID TEM observation signals under
different models, the influence of the presence of metal
thin layer shielding sleeves on the SQUID TEM signals
under three common model conditions has been summa-
rized. Furthermore, the field detection experiments have
been designed and conducted to verify the effectiveness
and reliability of the proposed method in this paper.
The method proposed can accurately calculate and ana-
lyze the impact of thin shielding layers on the SQUID
TEM observation signals, providing theoretical basis
and research foundation for the subsequent research on
how to eliminate the influence of shielding thin layers
and accurately invert observation data.
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