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Abstract—A set of five-layer cylindrical magnetic shields is
designed and constructed to attenuate external geomagnetic
field to less than 10 nT (ideally zero). We aim to achieve
a shield design having high shielding factor, low magnetic
noise, and small volume. However, magnetic noise is incom-
patible with shielding factor and volume. Thus, there is a
compromise. This paper presents an optimization method
to acquire a sufficiently effective, low-noise, and lightweight
multi-layer shield. The optimization objective and constraints
are provided in the form of analytic expressions. The math-
ematical model is constructed in MATLAB. The optimization
is executed in iSIGHT software integrated MATLAB. By opti-
mizing the nonlinear programming quadratic line (NLPQL)
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algorithm, theoretically the axial shielding factor Sf(‘,t can be increased by a factor of about 390.3, on the premise that the
magnetic noise and volume have increased negligibly. Apart from better shielding performance, a combination of optimum
parameters is obtained. This optimization method has good universality. As long as certain shielding requirements are
determined, the corresponding optimum parameters can be acquired accurately. This method is of great significance for

future improvements to shield design.

Index Terms— Magnetic sensors, design optimization, magnetic shielding, finite element analysis, iterative algorithms.

|. INTRODUCTION

TOMIC magnetometers operating in spin exchange

relaxation free (SERF) demonstrate ultra-high sensitiv-
ity on the sub-femtotesla level [1], [2]. Apart from hav-
ing such high sensitivity, SERF atomic magnetometers are
advantageous as they require no cryogenic cooling, have
high resolution, and are easy to miniaturize when com-
pared with superconducting quantum interference devices
(SQUIDs) [3]. Thus, they may replace SQUIDs in many fields,
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ranging from fundamental physics experiments to biomag-
netism, such as magnetocardiography (MCG), magnetoen-
cephalography (MEG), and magnetic source imaging [4]-[7].
However, to realize the SERF-mode, high atomic number
density of alkali metal atoms and extremely weak rema-
nence environment should be achieved simultaneously [8].
The smaller the remanence, the lower the required heating
temperature [9]. Therefore, an efficient magnetic shielding
system is crucial and urgently required to provide a near-zero
magnetic environment.

Magnetic shielding systems are widely applied in various
fields, ranging from electronic elements to sophisticated instru-
ments [10], [11], and from fundamental physics research
to atomic devices [12]-[15]. The magnetic shielding sys-
tem mainly includes active magnetic compensation coils and
a passive magnetic shield [16]. Passive shielding involves
either portable or resident magnetically-shielded rooms
[17]-[21]. The performance of resident shielding rooms is
excellent; however, they are huge and expensive. Therefore,
portable magnetic shielding is often preferred. The shield-
ing performance of the passive shield is mainly evaluated
by shielding factors. The higher the shielding factor, the
better. Furthermore, magnetic noise caused by the innermost
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Fig. 1. Photograph of the five-layer shield and section diagram.
(a) Photograph. (b) Cross-sectional drawings.

shielding layer limits further improvements to the sensitivity.
Thus, a low-noise MnZn ferrite was utilized by Princeton
university as the innermost layer to reduce the magnetic noise
generated by the shield itself [22]. Moreover, the influence
of magnetic noise can be decreased effectively by optimizing
the physical dimensions, such as the aspect ratio of the inner-
most layer [23]. With the development of the SERF atomic
magnetometer, miniaturization becomes critical, especially for
the MEG research. Future development is trending towards
chip-level atomic magnetometers. Therefore, the volume of
the magnetic shield should be as small as possible while
maintaining performance.

It is necessary to optimize the shield, but unfortunately,
relevant studies are scarce. In 2005, Paperno et al. [24]
demonstrated that for a double-shell shield, the optimum shell
separation should be 5% ~ 10% of the inner shell diameter,
which can increase the shielding to 90% of its maximum. Burt
and Ekstrom [25] and Paperno et al. [26] optimized the shell
separation of the magnetic shield for a high axial shielding
factor. However, there is no optimization through synthetical
consideration, by considering the characteristics of an atomic
magnetometer. In this paper, a five-layer shield is designed and
optimized to obtain a lightweight high-performance magnetic
shield. The optimization is executed by the combination of
iSIGHT and MATLAB software. The comparison between the
initial and optimal designs is also elaborated. The optimization
method is very significant for future design improvements.

Il. SHIELDING REQUIREMENTS AND PRINCIPLES
A. Shielding Requirements of SERF Magnetometer

Pictures of an atomic magnetometer are shown in Fig.1(a),
and its fundamental composition and operation principle is
depicted in Fig.1(b). The atomic magnetometer is typically
comprised of an atomic cell, oven, no-magnetic electric heat-
ing plates, small vacuum chamber, magnetic shielding system,
pump and probe optical system, NI DAQ system, etc. The
spherical glass cell, with a diameter of 25 mm, is filled with a
drop of alkali metal atoms K, several atmospheres of 4He for
reducing wall collision relaxation and 60 torr of Ny gas for
quenching. The cell is mounted inside the oven and heated to
approximately 200°C by the heating plates. The oven is placed

in the vacuum chamber, whose vacuum degree is maintained
at approximately 1 ~ 2 mTorr by vacuuming. A five-layer
magnetic shield is used to attenuate the external field to less
than 10 nT or near zero. Two groups of orthogonal saddle
coils along the X and Y axes and a group of Helmholtz
coils along the Z axis inside the shield are used to further
offset the remanence by applying control fluent. A circularly
polarized light is used to polarize atoms, and orthogonal
linearly polarized light senses the magnetic field by detecting
the optical rotation angle of the linear polarization plane.

The fundamental sensitivity formula for atomic magnetome-
ters is defined as follows.

1

o ATV ™
where y. is the electron gyromagnetic ratio, n is the atomic
number density related to the heating temperature, 75 is the
transverse spin relaxation time, V is the intersection of the
pump and probe beam, and t is the measurement time. From
the above formula, it can be deduced that when the cell
size and heating temperature are both established, only T3
determines the sensitivity. Therefore, the total spin relaxation
rate R, should be as small as possible. Traditionally, the spin
exchange relaxation rate R{¢ contributes greatly to R;,;; how-
ever, it disappears when the spin exchange rate is much larger
than the Larmor precession frequency (SERF-mode). At this
time, the sensitivity will increase significantly. Moreover,
the sensitivity can be characterized by the narrow magnetic
resonance linewidth Aw, which is proportional to the ampli-
tude of the residual field inside the cell and is expressed as

2 2 2
LCI+1) [qlp —QI+1) ]
2RSECI3,

8sUB
hI+1)

Aw = B¥( ) )
where B is the residual magnetic field, g and up are the
Lade and Boer factors, respectively, I is the nuclear spin, gy,
is the slow-down factor operating on low polarization, 7 is the
reduced Planck constant, and Rsg is the spin exchange rate.
According to (2), the smaller the residual magnetic field is,
the narrower the linewidth is and the higher the sensitivity is.
In addition to the magnitude of remanence, the existence of the
magnetic field gradient VB causes resonance linewidth broad-
ening owing to spin gradient relaxation, which will decrease
spin precession coherence time and decrease the sensitivity.
The mathematical expression for gradient relaxation Ry, is as
follows:

Rgr =yVB (3)

The cell has a certain volume rather than a point. Therefore,
the magnetic field should have a sufficiently large uniform
region. The sensitivity of the SERF magnetometer is so high
that it is impossible to measure the minimum magnetic field
directly. Thus, the sensitivity is not a traditional definition, but
rather obtained by the linewidth AB divided by the signal-
to-noise ratio S/N, 6B = AB/(S/N) [9]. To acquire such
superhigh sensitivity, the detection signal noise from the NI
DAQ system and other systems should be extremely low.
Presently, the magnetic noise generated by the innermost
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shield is the key factor limiting enhancements to the sensitivity.
Therefore, the magnetic noise arising from the shield should
be sufficiently low.

In summary, the requirements for the multi-layer magnetic
shield are as follows. First, to ensure that the atomic magne-
tometer operates in the SERF regime, the remanence should be
less than 10 nT, ideally approaching zero. Second, the rema-
nence gradient should be minimal. Generally, the atomic cell
is not a point but has a certain volume (about diameter
of 25 mm or less); thus, the homogeneous region inside the
shield should be large in the vicinity of the atomic cell under
certain uniformity. Third, the magnetic noise generated by the
shield should be minimal. Finally, for future miniaturization
requirements, the shield volume should be minimal.

B. Shielding Principle

The shielding mechanism depends primarily on the material
used. According to the properties of permeability and conduc-
tivity, it can be principally divided into two different shielding
mechanisms: electromagnetic shielding and magnetic shield-
ing. Further, the magnetic shielding principle includes a flux
shunting mechanism and eddy current induced offsetting. The
former is typically used in the case of protected areas or
apparatus exposed to static and low-frequency magnetic fields,
while the latter is used for high frequency AC magnetic
fields. The SERF magnetometer herein is mainly exposed to
geomagnetic fields; therefore, the shielding principle is the flux
shunting.

The shielding factor is associated with the screening mater-
ial, layer number, and dimension parameters such as innermost
layer diameter and length, radial spacing, axial spacing, and
thickness [16]. It is defined as the ratio of the external field
B, without the shield to the internal field B; at the same point.

S = B,/B; “)

[1l. STRUCTURE AND ANALYSIS OF MULTI-LAYER
MAGNETIC SHIELD

A. Structure of the Magnetic Shield

A five-layer coaxial cylindrical shield with high permeabil-
ity of permalloy 1J85, rather than a superconducting magnetic
material or Metglas [27], is designed and constructed. Fig.2 (a)
and Fig.2 (b) present the photograph and section view of the
five-layer shield, respectively. The shield is assembled from
five single layers and isolated by PEEK plastic interlayers
between layers. Each shielding layer is composed of a bucket
and an end cover. The assembly has inner diameters ranging
from 240 to 330.6 mm and lengths from 586.4 to 677 mm,
with different thicknesses in each layer ranging from 1 to
2 mm. The specific parameters of the shield are listed in
Table I. There are five openings on the shielding assem-
blies. Two 25 mm holes in the Z-axis direction are drilled
through to provide an optical path for the pumping beam,
electric cable paths for the degaussing wire and compensating
coils, and access paths for the fluxgate probe. Two holes
with diameters of 25 mm in the transverse X-axis direction
are used for the probe beam paths whereas one hole with

Fig. 2. Photograph of the five-layer shield and section diagram.
(a) Photograph. (b) Cross-sectional drawings.

TABLE |
DESIGN VARIABLES AND INITIAL VALUES OF THE SHIELD

Parameter Design variable Initial design
Innermost layer inner diameter D 240 mm
Innermost layer inner length L 586.4 mm
Axial gap between layers G 10 mm
Radial gap between layers G, 10 mm
First layer thickness t1 1 mm
Second layer thickness to 1.3 mm
Third layer thickness t3 1.3 mm
Fourth layer thickness ta 1.5 mm
Fifth layer thickness ts 2 mm

a diameter of 25 mm in transverse Y-axis direction is used for
the connecting vacuum line.

B. Analysis of the Magnetic Shield

The transverse shielding factor formula of a multi-layer
concentric finite long shield without openings can be written
as follows [28].

n—1 =~
sho=TIsTsT0 - (29 )

i1 Rit1
In Eq.(5), n is the layer number of the magnetic shield. SZ.T
and ST are the transverse shielding factor of the i-th and n-th
shells, respectively. R; and R;; are the average length of the
i-th and i 4 1-th shells. The transverse shielding factor of the
i-th layer SiT is expressed as

u;t;
st == 6
Ay (6)
where u; and ¢; are relative permeability and thickness of the

i-th layer. The overall axial shielding factor S5, is defined as

follows [29]

n—1
5 2R; +2Ri+1—t;
St‘zt:HS?S,‘? i i+17ti+1
pale Lit1/2Riv1 4Li+(Ri+Rit1=tit1)
2R: 2
x(1—(7l) Ji (7
2Riy1—tiv1) "4N;
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L]

Fig. 3. Parameter variables of cross section of the five-layer cylindrical
shield.

In Eq.(7), Sl.A and S,f‘ are the transverse shielding factor of the
i-th and n-th shells, respectively. f; = 1 + L;/(200R;) is a
correction factor due to end cover. The axial shielding factor
of the i-th layer SiA is as follows

SA = (1 +4N:ST/ f; (8)

where L; and R; are the outer length and radius of the i-th
layer, respectively. And L; = L+t and R; = R; + ti/2. L;
is the average length of the i-th layer. N; is the demagnetizing
factor for a rod [29], [30], as shown below.

Nie 0.048 n 0.329 0.053 ©)
" (0.5Li/R)®> " 05Li/Ri (0.5L;i/R;)>
The shielding formula without openings is adopted for
approximate calculation. This solution is valid when the diam-
eter of the opening is significantly smaller than the shielding
size.

C. Relationship Between Performance and Parameters

The geometric parameters of the designed shield are shown
in Fig. 3. D and L are assumed to be the internal diameter and
length of the innermost shield, respectively. G, and G, are the
radial and axial clearance between layers, respectively. Thus,
the average length L; and radius R; of the i-th layer can be
written as follows (i =1,2...5). ; and ¢; are the thicknesses
of the i-th and j-th layers, respectively (j = 1,2, ...4).

j<i
Ri=D/2+G—1)xGr+1:/2+ > 1 (10)
j=1
j<i
Li=L+2x(i—D*Ga+t;+2% > t; (11
j=1

By substituting (10) and (11) into (5)—(9), the transverse
shielding factor ST, and axial shielding factor S}, formulas
of the multi-layer shield are functions of the parameters D, L,
Gy, G, 11, 1, 13, 14, and 1s.

[V. OPTIMIZATION OF THE MAGNETIC SHIELD
A. Object Function

Ignoring the opening effect, according to formulas (5) and
(7) and the initial design variable values, the computed trans-
verse shielding factor SITO, and axial shielding factor Sf?,t of the

five-layer shield are approximately 4.86%10° and 8.25%10%.

It is observed that the axial shielding factor is far lower than
the transverse shielding factor. The axial shielding factor usu-
ally limits the sensitivity of atomic magnetometer. Therefore,
it should be optimized, and here the axial shielding factor is
selected as the main optimization objective.

B. Selection of Design Variables

According to the structure of the multi-layer shield shown
in Fig. 3, parameters D, L, G,, G,, t1, t2, 13, t4, and f5 are
selected as optimization variables and their initial values are
shown in Table I. The general form of differing thicknesses is
considered.

The inner diameter of the innermost layer is inversely
proportional to the Johnson magnetic noise. Thus, to reduce
the noise, the inner diameter should be as large as possible.
However, it is unrealistic to make it excessively large as a high
volume would increase costs and would not be conducive to
miniaturization in future. Owing to the installation structure,
the size of the innermost shield is limited by the outer diameter
of the magnetic compensation coil skeleton. How small it can
be depends on the size of the inner coil. The homogeneity
range of the coils is proportional to the coil size; thus, the coils
cannot be too small. The innermost diameter should be set
to a reasonable interval. In addition, aspect ratio affects the
magnitude of magnetic noise. Considering the magnetic noise,
the inner thickness #; should be as thin as possible. Once the
inner diameter is determined, the inner length and thickness
must be selected appropriately to achieve low enough magnetic
noise. The spacing between the layers can be set based on
experience to ensure high shielding factors. The ranges of the
design variables are listed as (unit: mm)

220 < D <260
330 < L <560

2 <Gg <20

2 <Gy <20
005<1 <1

|1 <1r,13,14,15 <3

(12)

C. Constraints

Johnson magnetic noise caused by the innermost shield
limits further improvements to the sensitivity of the SERF
magnetometer. Therefore, when designing the shield, the noise
should be minimized. The Johnson magnetic noise formula is
an approximate formula for infinite long cylinders, as shown

below.
ovkTot | 2
5Bcurr = ﬂi —G
R 3z

where uo = 4z % 1077 N/A? is the vacuum permeability,
k = 1.38 * 10723 J/K is the Boltzmann constant, T is the
Kelvin temperature of the magnetic shield, ¢ is the shielding
thickness, R = D/2 is the radius of the magnetic shield,
o = 1.6%10° Q 'sxm~! is the conductivity of permalloy, G is
the parameter related to the ratio of the length to the diameter
of the shield L/D, and G = 0.657, 0.460, and 0.438 for

13)
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TABLE Il
PARAMETERS OBTAINED BY OPTIMIZATION TECHNIQUE OF NLPQL

TABLE Il
PARAMETERS OBTAINED BY OPTIMIZATION TECHNIQUE OF NLPQL

Variables D L Ga Gl la t3 L s Design objectives SE, ST, v dBeurr
Values (mm) 220 3307 20 126 085 28 25 22 19 Initiate value 85410  4.86%10°  0.0053 32
Optimization value ~ 3.22*10"  6.65%107  0.0053  8.21
Increase by a factor 390.3 13.68 1 1.001
L/D =1, 1.5, and 2, respectively [23]. The contribution of L/D
= 1.5 and L/D = 2 to magnetic noise can be approximately — T T T
equal, because the noise is only proportional to the square 103 *
root of G, which is almost equal. Based on (13), the calcu- _§
lated magnetic noise of the designed shield is approximately :_cé 105 ‘ ,
8.2 fT/Hz!/?. The optimal shield noise should not exceed > -t q" s P,
this value. Based on the dimensional parameters, the entire 5 105 J 3
volume V of the five-layer shield can be expressed in analytical %’ I
form: @ 10% T
ol
> é 10°
V= YV (i=12...5 (14) M
P 0 50 100 150 200 250 300 350 400

Vi = ﬂ*((Ri+%)2 * (Ei+ti)_(Ri_%)2 x(Li —t;)) (15)

where V; is the volume of the i-th layer. According to
the formula, the designed shield volume is 0.0053 m3. The
magnetic noise and shield volume are used as constraints. The
constraints are summarized as follows:

OBeurr < 8.2
V < 0.0053
Li/R; >3

(16)

D. Optimization Method and Results

The axial shielding factor S/, is the optimization objective.
The mathematical representation of the objective is illustrated
as follows:

max | $4, (D, 1,Ga,Gr 112,131, 15) | (17)
Many optimization methods can be considered for multi-layer
shield optimization. Here, the NLPQL algorithm is used to
identify the precise optimum solution at a certain region of
design variables. The analytical formulas of the shielding
factors are provided in the front section. The optimization
technique is implemented in iSIGHT integrated MATLAB
software.

The design parameters obtained by the optimization tech-
nique are shown in Table II. Further, the transverse shielding
factor ST, and axial shielding factor S2, calculated with
these parameters are approximately 6.65%107 and 3.22*107,
respectively. As shown in Table I1I, the ST and S/, increase
by a factor of 390.3 and 13.68, respectively. The optimization
curve of the axial shielding factor S2, of the five-layer shield
is shown in Fig. 4.

The optimization curves and variation tendencies of the
design variables are shown in Fig. 5(a)—(i). Compared with
the values before optimization, the volume and innermost
magnetic noise are relatively unchanged at about 0.0053 m3
and 8.21 fT/Hz!/2, respectively (Table III).

Number of iterations

Fig. 4. Optimization curve of the axial shielding factor.

V. FINITE ELEMENT SIMULATION AND EXPERIMENTAL
VERIFICATION

The external magnetic field of an atomic magnetometer is its
geomagnetic field, the horizontal and vertical components of
which are close to 30 uT and 46 uT, respectively. Two standard
Helmbholtz coils were used to simulate the components using
the 2018 version of Ansys Electronics Desktop software. Both
coils were 3 m in diameter; however, different currents were
passed through them - one was treated to 50,000 mA, and
76,667 mA was applied to the other. The simulation resulted in
magnetic fields of 30.0006 uT and 46.001 uT, respectively. The
relative errors were less than 0.003%. Conclusively, the finite
element method can be effectively applied to simulate the
geomagnetic field. Furthermore, four different simplified radial
and axial simulation models of the five-layer shield were
observed. Fig. 6(a) through Fig. 6(d) illustrate these models
without and with openings.

Fig. 7 depicts the corresponding remanence nephogram of
a circular region with a diameter of 25 mm. The central rema-
nences in Fig. 7(a) and Fig. 7(b) are approximately 0.0059 nT
and 0.0098 nT, respectively. These correspond to the transverse
shielding factors of approximately 5.08%#10% and 3.06%109,
in cases of without and with openings, respectively. Although
there are some deviations from the theoretical calculation
(4.86*106), the simulation results are still reasonable, because
the former adopts an ideal simplified model, and does not
consider the influence of assembly clearances between the end
cap and the cylinder. On the other hand, the simulation model
takes the hole effect into account. The central remanences of
Fig. 7(c) and Fig. 7(d) are close to 0.804 nT and 0.921 nT,
respectively. These correspond to axial shielding factors of
approximately 5.72%10* and 4.99*10%, in case of without and
with openings, respectively.

Post optimization, the new, five-layer shield is obtained
(Table II). The above outlined simulation is repeated.
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The results demonstrate that the central remanences are
approximately 0.003 nT and 0.006 nT, corresponding to the
opening transverse and axial shielding factors of approxi-
mately 1.0%107 and 7.67%109, respectively. In the new design,
the axial shielding factor is higher by nearly two orders of
magnitude, in comparison with the original one.

Each shielding layer is made of permalloy 1J85, which
is treated by vacuum magnetic annealing in a hydrogen
furnace. The relative permeability is assumed to be 2 s 10%.
Five single-layer shields are assembled first, followed by
the measurement of the remanence inside the shields
using a CTW-6W fluxgate magnetometer. The difference in
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Fig. 6. Four different simplified models of the five-layer shield.
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(b) Along the horizontal axis with openings, (c) Along the vertical axis
without openings, (d) Along the vertical axis with openings.
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measurements in opposite directions is first divided by 2,
and the resulting absolute value is considered to eliminate
the bias error of the fluxgate. Prior to demagnetization,
the transverse and axial central remanences measure <2 nT.
Post degaussing, remanence is remeasured. The remanence
distributions in three directions, along the east-west, north-
south, and heaven-earth axes are illustrated in Fig. 8(a) through
Fig. 8(c). The central remanences in the three directions
measure close to 0.05 nT, 0.20 nT, and 0.50 nT, respectively.
The corresponding transverse and axial shielding factors are
approximately 1.46%10° and 9.2%10%, respectively. There are
some deviations between the theoretical calculation, simula-
tion, and experimentation, due to several possible reasons,
such as incomplete demagnetization, processing technology,
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Fig. 8. Remanence distributions in three directions. (a) Along east-west
axes, (b) Along north-south axes, (c) Along heaven-earth axes.

assembly and measurement errors, fluxgate bias error, and
fluctuation of ambient magnetic field. However, in relative
terms, the three methods demonstrate consistency in the
trends of different configurations. Therefore, the approximate
theoretical formulas can used as an optimization tool.

VI. CONCLUSION

A designed five-layer cylindrical magnetic shield has been
optimized by NLPQL algorithms implemented using ISIGHT
software combined with MATLAB. To maximize the axial
shielding factor, which is the most critical factor affecting the
shielding performance, the axial shielding factor is selected as
the optimization objective, while magnetic noise and volume
are selected as constraints. The objective and constraints are
both provided in the form of analytical expressions. Initial
design variables and optimized parameters are presented.
After optimization, the axial shielding factor is increased by
two orders of magnitude. Moreover, there is no additional
increase in the volume and innermost magnetic noise. The
proposed approach has good universality for single objective
optimization, such as pursuing a smaller volume or lower
magnetic noise. The next steps are to optimize the shield with
a multi-objective optimization method. According to different
target requirements, the scale factor and weight coefficient
should be reasonably selected to obtain the optimal multi-layer
shield design.
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