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ABSTRACT Ferrites are promising nonmetallic materials used for the fabrication of low-noise magnetic
shields because they possess high permeability and high electrical resistivity. However, large-sized ferrite
components are difficult to fabricate or machine. In this study, we develop a cylindrical ferrite shield that
consists of five annuli and two lids with an inner volume of ¢11.2 cm x 22.5 cm. Although this structure
contains gaps between different components, it eases considerably the fabrication and machining process as
compared to the entire module. The magnetic noise is measured by a spin-exchange relaxation-free atomic
magnetometer, and the detrimental effects of the gaps are analyzed quantificationally using the finite element
method. Our research results indicate that compared with the ferrite shield without gaps, the magnetization
noise increases by 34.1%. Nonetheless, the magnetic noise at the center of the ferrite shield achieves 5.5 ~1/2
fT, which is much lower than that of p-metal shields with a similar size. If the gap width can be reduced
to be smaller than 0.01 mm, the increase of the magnetization noise will be less than 4.9%, which can be
negligible in practical applications. Our study provides a low-cost, readily available, and low-noise ferrite

shield structure.

INDEX TERMS Ferrite, magnetic shield, magnetic noise, atomic magnetometer.

I. INTRODUCTION
Modern atomic sensors, such as atomic magnetometers,
atomic gyroscopes, and atomic clocks, are highly sensitive to
magnetic fields [1]-[3]. High-performance magnetic shields,
which attenuate external magnetic fields, are indispensable
for a stable magnetic environment [4]—[8]. Typically, mag-
netic shields are multilayered nested shells made of a high-
permeability metal such as p-metal (u~10%1o, where 1o is
the vacuum permeability) with shielding factors even better
than 10°. However, the innermost layer of p-metal shields
generates magnetic noise in the range of 1-10 fT Hz~!/? at
the center of the shield attributed to Johnson noise (its elec-
trical resistivity p’\’lo_6 Qm) [9]-[12]. This level of mag-
netic noise limits the performance of high-precision atomic
sensors [13].

In recent years, ferrites have been studied as ideal mate-
rials for magnetic shields owing to their high permeability
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(u~ 102,u0 — 104u0) and much higher electrical resistivity
(p~0.12m — 106Qm) [14], [15]. Therefore, a ferrite enclo-
sure can be used as the innermost shield to suppress the
magnetic noise generated by pw-metal shields. Ferrite shields
were first investigated by Kornack et al. [10]. They developed
a ferrite shield with an inner volume of ¢ 10 cm x 10 cm and
a thickness of 1 cm. The sidewall of the shield was machined
from an entire ferrite block [14]. The observed noise was
25 times lower as compared to that for a similar-sized
u-metal shield, and most of the magnetic noise was attributed
to magnetization noise. Consequently, ferrite shields have
been used in many atomic sensors, such as atomic mag-
netometers, co-magnetometers, and nuclear magnetic 1reso-
nance gyroscopes [16]-[20].

Compared to high-permeability metals, ferrites are
difficult to fabricate and machine, especially if large dimen-
sions are needed. To this end, we devised a cylindrical,
multi-annular ferrite shield and studied its magnetic noise
characteristic. The purpose of this study is to provide a low-
cost, readily available, and low-noise ferrite shield. Because
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FIGURE 1. The ferrite shield consisting of five annuli and two lids.

short but large-diameter ferrite annuli are easy to fabri-
cate and there are some commercial products with specific
dimensions [21], the referred structure is much easier to
develop compared to the entire module (like the ferrite shield
developed by Kornack er al), albeit at the cost of gaps
between different components. First, we measured the com-
plex permeability, the electrical resistivity, and the shielding
factor of the ferrite. The former two parameters were used to
analyze the magnetic noise of the ferrite itself, and the latter
was measured to validate the efficacy against the magnetic
noise from the p-metal shield. Subsequently, we measured
the magnetic noise of the ferrite shield by a spin-exchange
relaxation-free (SERF) atomic magnetometer, and analyzed
quantificationally the effect of gaps on the magnetic noise
with the use of the finite element method (FEM). Our study
indicates that although gaps increase magnetic noise, this fer-
rite shield can still exhibit a low-noise magnetic environment
analogous to that without gaps.

Il. EXPERIMENTAL SETUP AND METHOD

A. FERRITE SHIELD

Our ferrite shield is a custom-made assembly which consists
of a sidewall and two end lids (Fig. 1). There are mainly two
classes of soft magnetic ferrite materials: MnZn and NiZn
ferrites. The former have higher permeability, and thus they
are more suitable for magnetic shields. The ferrite material we
used was MnZn ferrite (Zng 45Mng 49Fe5 0404) with a nom-
inal relative permeability of 10% (£10%) at 25 °C. The total
and inner volumes were ¢14 cm x 24.5 cm and ¢11.2 cm x
22.5 cm, respectively. The sidewall consisted of five ferrite
annuli. Each of these had a height of 45 mm, an outer diameter
of 140 mm, and a wall thickness of 14 mm. The diameter and
thickness of each lid were 140 mm and 10 mm, respectively.
The annuli were glued together, and gap widths in the range
of 0.01-0.1 mm were created between them owing to the glue
and the uneven mating surfaces. There were four access holes
(2.2 cm in diameter) along the radial axis in the sidewall, and
two access holes (2.8 cm in diameter) along the longitudinal
axis in the lids. There were four small channels on the top
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FIGURE 2. (a) A toroidal coil with 16 turns wound over the lid. The white
component is a Teflon part to fasten the coils. (b) Four-point probe on the
ferrite lid with a tip spacing of 1 mm. The measurement was conducted at
229 + 0.5 °C.

of the sidewall that provided access to electrical wires and
water-cooled tubes.

B. PERMEABILITY, ELECTRICAL RESISTIVITY AND
SHIELDING FACTOR

The complex permeability and the electrical resistivity are
two of the most important parameters determining the
magnetic noise of the ferrite shield. Therefore, we first
measured these two parameters. The complex permeability
(u = ' —in”) was measured using the impedance measure-
ment method [10], [22]—-[24]. This method has been demon-
strated in the research on the ferrite shield in [10] and [24].
A toroidal coil with 16 turns was wound over the lid (shown
in Fig. 2(a)). We used an LCR meter (E4980A, Keysight) to
measure the coil’s impedance at 20 Hz, and calculated the
complex permeability using

w = l—eL (H
AeNcoil2 ’

M//—Z—E(R—R) 2
27TAeNcoi12f v

where L and R are the measured inductance and resistance
respectively, R,, is the resistance of the wire, A, is the sec-
tional area, Noj is the number of turns, f is the frequency
and [, is the equivalent length

d, — d;
, = X o —d) 3)
In (do / d,')
where d, and d; are the outer and inner diameters,

respectively.

During the measurement process, the ferrite lid was placed
in a single-layered p-metal magnetic shield that was used
to keep the magnetic field stable. The measurement was
conducted with different driving fields in the range of
noHgr = 0.36 — 1.46uT. The measurement error increased
significantly at lower driving fields. Given that the ferrite was
used as the innermost shield (where the magnetic field was
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u-metal magnetic shields

FIGURE 3. Schematic of the experimental setup used to measure the
shielding factor of the ferrite shield. Ref: Reference input. Sync:
Synchronization.

nearly zero), the permeability used to analyze the shielding
factor and the magnetic noise should be the initial perme-
ability. In the cases of applied magnetic fields with small
amplitudes, the magnetization curve was in the Rayleigh
region [25]:

n=pui+nH, 4

where p; is the initial permeability, and 7 is the Rayleigh
constant. Therefore, the measured complex permeability with
different driving fields were extrapolated linearly to a zero
driving field.

The four-point probe method was used to measure the
electrical resistivity [26]. The four-point probe had a tip
spacing (d) of 1 mm and touched the lid’s surface (as shown
in Fig. 2(b)). A digital multimeter (34401A, Agilent) was
connected to it. The electrical resistivity was then determined
using p = RgpCef, Where Ry, is the resistance measured by
the multimeter, and Cyy is the correction factor determined by
the geometry of the object. Herein, Ccr = 27d.

To validate the efficacy of the ferrite shield against the
magnetic noise from the p-metal shield layer, we measured
its magnetic shielding factor. The magnetic shielding factor
S can be defined as S = Bex / Bin, where Bey is the externally
applied magnetic field, and Bj, is the internally measured
magnetic field. The schematic of the experimental setup for
measuring the shielding factor is shown in Fig. 3. Three
nested cylindrical p-metal shields with an inner diameter
of 40 cm were used to attenuate the ambient magnetic field.
The thickness of each p-metal layer was 1.5 mm. Coils were
wrapped around a cylindrical frame with a 35 cm diameter,
and were driven by a function generator (33500B, Keysight).
Radial and longitudinal magnetic fields were generated by
saddle coils and Lee-Whiting coils, respectively [27], [28].
The p-metal shield can affect the coil constants owing to
the coupling effect. Therefore, we calibrated the coil con-
stants in the p-metal shield before we measured the mag-
netic shielding factor. The ferrite shield was placed at the
center of the coils, and a triaxial fluxgate (Mag-03, Bartington
Instruments) was installed at the center of the ferrite shield.
We applied AC magnetic fields at the frequency range
of 1-150 Hz in the radial and longitudinal directions, and
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FIGURE 4. Schematic of the SERF atomic magnetometer for measuring
the magnetic noise. The longitudinal direction of the ferrite was along the
Z axis.

measured the fluxgate’s response with a lock-in amplifier
(SR830, Stanford Research Systems). Accordingly, both the
radial and longitudinal shielding factors were obtained. The
amplitude of the applied magnetic field may affect the per-
meability of magnetic shields, and could thus change the
shielding factor. The ferrite was used as the innermost shield
where the magnetic field was extremely small. Therefore,
the amplitude of the applied magnetic field was set to be
as small as 300 nT. In the presence of a magnetic field
with this amplitude, the permeability was close to the initial
permeability.

C. MAGNETIC NOISE

A SERF atomic magnetometer was set up to measure the
magnetic noise (Fig. 4). Five nested cylindrical ©-metal mag-
netic shields with length-diameter ratio of 1.5 and inner diam-
eter of 32 cm were used to attenuate the external magnetic
field. The thickness of each w-metal layer was 1.2 mm.
A spherical glass vapor cell (25 mm in diameter), which
contained a small droplet of potassium metal, was filled
with nearly 1.2 atm “He as the buffer gas and 50 torr N
as the quenching gas. The vapor cell was heated to 200 °C
using an electronic heater with an AC current at a frequency
of 100 kHz. A vacuum enclosure with water cooling tubes
was used for thermal insulation. A set of flexible coils were
also glued to it to generate magnetic fields. A circularly polar-
ized pump beam, near the center of the D1 line, polarized the
potassium atoms along the z axis [29]. The spin precession
caused by the magnetic field was detected by a linearly
polarized probe beam tuned 0.2 nm away from the center
of the D1 line. The probe beam was along the x axis. The
polarization angle was measured using a photoelastic modu-
lator (PEM-100, Hinds Instruments) and a lock-in amplifier
(HF2LI, Zurich Instruments). Both beams were originated
from independent distributed Bragg reflector (DBR) lasers.
The diameters of the pump and probe beams were 20 mm
and 3 mm, respectively. All three components of the magnetic
field were zeroed by the coils, and the magnetometer was
sensitive to the magnetic field along the y axis.
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First, in the absence of the ferrite, the frequency response
of the magnetometer was measured by applying an AC mag-
netic field (rms value of 10 pT) along the y axis at several
frequencies. Next, we measured the probe noise spectrum
and the total noise spectrum of the magnetometer in volts.
The former was measured by turning off the pump light and
magnetic field coils. These two noise spectra were converted
to units of magnetic flux density (fT) by dividing them by the
frequency response, and accordingly the probe noise and the
sensitivity of the magnetometer were obtained. Subsequently,
we installed the ferrite shield, degaussed the shield system
and measured the residual magnetic field in the central region
(4 cm x 4 cm x 4 cm). Finally, we repeated the first two
procedures in the presence of the ferrite shield and obtained
the magnetometer’s sensitivity.

The fundamental sensitivity limits of SERF magnetome-
ters attributed to spin projection noise are estimated to be
on the order of aT Hz~1/2 cm™—3/2 [13]. Therefore, the sen-
sitivity is primarily limited by magnetic and probe noise.
We optimized the signal to noise ratio of the magnetometer to
make the probe noise significantly smaller compared with the
sensitivity of the magnetometer. Consequently, according to
the experiment stated in the above paragraph, we could obtain
the magnetic noise of the p-metal and ferrite shields.

After the measurement of the magnetic noise, we analyzed
the magnetic noise of this multi-annular ferrite shield. Using
the fluctuation-dissipation theorem [10], [11], the direct cal-
culation of the magnetization noise at a point in the shield can
be converted to a calculation of the power loss in the shield
material generated by a hypothetical current-carrying excita-
tion coil located at the same point. Based on this theorem,
the magnetization noise can be calculated using

4kgT " 1/./V H2dv

2nf  Ancd

8Bmagn = , ®
where H is the amplitude of the magnetic field intensity
generated by a current I flowing in the coil, the integral is
carried out over the volume V of the shield material, and Apc
is the area of the hypothetical coil. It is difficult to obtain
an analytical expression if gaps are considered. Therefore,
we calculated [, H>dV numerically using FEM, and then
used (5) to obtain §Byagn.

The schematic of the simulation model is shown in Fig. 5.
A current-carrying (1 A, DC) loop with a diameter of 3 mm
was placed at the center of the shield to produce an excitation
magnetic field. All the parameters (except the gap width) of
the ferrite shield model are same to the measured values. The
gaps between different parts of the shield were also selected
as 0 mm, 0.01 mm, 0.05 mm, and 0.10 mm.

IIl. RESULTS, ANALYSES AND DISCUSSION

A. PERMEABILITY, ELECTRICAL RESISTIVITY, AND
SHIELDING FACTOR

Fig. 6 shows the real part and the imaginary part of the
relative permeability as a function of the driving field.
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FIGURE 5. Schematic of the magnetization noise simulation model (not
to scale). A current-carrying (1 A, DC) loop with a diameter of 3 mm is
placed at the center of shield to produce the excitation magnetic field. All
the parameters (except the gap width) of the ferrite shield model are
same to the measured values. The gaps between different parts of the
shield are 0 mm, 0.01 mm, 0.05 mm, and 0.10 mm.
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FIGURE 6. Real part (a) and imaginary part (b) of relative permeability as
a function of the driving field.

The extrapolated values to the zero driving field are
W [io = 9715 £ 24 and 1" /o = 182 & 5. The electri-
cal resistivity was measured at 10 different locations in the
central region of the lid, and the measured mean value was
0.127 £ 0.020 2m. The measured shielding factors were
found to be generally constant over the frequency range
1-150 Hz as shown in Table 1. The average radial and lon-
gitudinal shielding factors are 509.2 + 3.0 and 49.5 £+ 0.2,
respectively. Note that the shielding factor at 50 Hz was not
measured owing to the power frequency interference.

Based on our previous study [30], the gaps have significant
effects on the shielding factor. Therefore, we calculated the
shielding factor numerically using the FEM with a commer-
cial analysis software (Ansoft Maxwell) [30], [31]. All the
parameters of the simulation model except the gap width
of the ferrite shield were the same to those of the experi-
mental setup, as described in Section II.B. The gap widths
between different parts of the shield were selected as 0 mm,
0.01 mm, 0.05 mm, and 0.10 mm. Consequently, we obtained
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FIGURE 7. Noise spectra of the SERF magnetometer. The black line is the sensitivity of the SERF magnetometer in the
absence of the ferrite shield. The red line is the sensitivity of the SERF magnetometer in the presence of the ferrite shield,
which achieves 0.8-1.0 fT Hz~1/2 at frequencies higher than 40 Hz. The black dashed line is the probe noise of the
magnetometer in units of magnetic flux density (fT). The green dashed line is the magnetization noise. The blue dot-dashed
line indicates 5.5f~1/2 {T. The peaks at 50 Hz and 100 Hz are attributed to the power frequency noise. The probe noise is
considerably smaller than the sensitivity of the SERF magnetometer below 50 Hz. Therefore, the red line and the green

dashed line overlap in this frequency range.

TABLE 1. Measured shielding factors at different frequencies.

Frequency (Hz) Radial Longitudinal

1 505.4 +£19.6 492+£0.9
10 5042 £ 1.5 49.24+0.3
20 506.6 2.6 494 +£0.3
30 509.6 + 1.5 494 +£0.2
40 506.0 2.0 494 +£0.2
60 506.6 + 1.8 49.6 £0.2
70 508.4 +2.1 49.6 £0.2
80 509.6 +2.8 49.6 £0.2
90 507.8 £2.4 49.7£0.2
100 512.6 +2.8 49.8 £0.2
110 5102 4+22 49.6 £0.2
120 512.0 £ 2.1 494 +£0.2
130 5126 £ 1.7 49.54+0.2
140 5139+ 1.8 49.6 £0.2
150 512.0 +£2.0 49.8 £0.1

the simulated magnetic field at the central part of shield
and the shielding factors. Table 2 shows the comparison of
the measured and simulated shielding factors. The shielding
factors decrease with increases of the gap width. Compared
with the simulation results (using FEM with gap § = 0
mm), the measured radial and longitudinal shielding factors
reduce by 32.5% and 89.1%, respectively, while the simu-
lated radial and longitudinal shielding factors decrease by
7.2%-21.4% and 65.5%-94.1% with § = 0.01 mm-—
0.10 mm, respectively. Further, the simulations also indicate
that the average gap width of the real ferrite shield is close to
0.05 mm and 0.10 mm.

B. MAGNETIC NOISE

Fig. 7 shows the magnetic field sensitivities for the SERF
magnetometer in the presence and absence of the ferrite
shield and the probe noise. After the installation of the ferrite
shield, the residual magnetic fields in the central region along
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TABLE 2. Comparison of the measured and simulated (using FEM) values
of the shielding factors.

Method Radial Longitudinal
Measured 509.2 49.5
FEM (6=0 mm) 754.3 455.8
FEM (6=0.01 mm) 700.3 157.1
FEM (6=0.05 mm) 661.5 50.0
FEM (6=0.10 mm) 592.8 26.9

the x axis, the y axis and the z axis were 0.2 nT, 0.2 nT and
0.6 nT, respectively. The gradient along three axes were all
smaller than 0.1 nT/cm. In Fig. 7, the probe noise (black
dashed line) is significantly smaller than the magnetic field
sensitivity. The magnetic field sensitivity in the absence of
the ferrite shield is in the range of 5-7 fT Hz~!/? at fre-
quencies above 3 Hz (black line). This is primarily attributed
to the Johnson noise from the inner layer p-metal shield.
The sensitivity is in good agreement with the expected value
of 6.9 fT Hz~!/? calculated using

kgTt | 2
5By, = 0 [BBI [ 2 5 6)
Di/2\ p V3w

where Dj is the inner diameter of the shield, kg is Boltzmann’s
constant, 7 is the temperature in Kelvin, ¢ is the thickness of
the shield, and G is a factor related to the length-diameter
ratio and is &~ 4.6 [11]. For u-metal, p ~ 6.25 x 10~7Qm.
Therefore, although the transverse shielding factor of the
ferrite shield is lowered owing to the gaps, the Johnson noise
from the inner layer w-metal shield can still be attenuated
to be on the order of 0.01 fT Hz~!/2. The magnetic field
sensitivity in the presence of the ferrite shield was primarily
limited by two noise factors: the magnetic noise generated
by the ferrite shield and the probe noise of the magnetometer.
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TABLE 3. Comparison of the measured and simulated (using FEM)
magnetization noise.

Methods Magnetization noise (f ~1/2 T)
Measured 5.5
FEM (6= 0 mm) 4.1
FEM (6= 0.01 mm) 4.3
FEM (6= 0.05 mm) 5.0
FEM (6= 0.10 mm) 5.3

The former includes Johnson and magnetization noise. Based
on the measured electrical resistivity, the Johnson noise of our
ferrite shield can be estimated to be 0.15 + 0.01 fT Hz~1/2
using (6), which is much smaller than the magnetization
noise at lower frequencies. Therefore, we ignored the Johnson
noise, and then extracted the magnetization noise from the

magnetic sensitivity using §Bmagn = ,/8Bf2—8Npr2 (green

dashed line), where 8By is the magnetic field sensitivity in
the presence of the ferrite shield (red line), and §NVy; is the
probe noise (black dashed line). From Fig. 7, we can see
that the magnetization noise reveals a 1/f power spectrum at
frequencies above 10 Hz. It is close to the blue dot-dashed line
which indicates a noise of 5.5f !/ fT. The deviation below
10 Hz is attributed to the low-frequency vibration and other
unexpected noise sources.

Table 3 shows a comparison of the measured and simulated
(using FEM) values of magnetization noise. We can observe
that the gaps have a detrimental effect on the magnetization
noise. The magnetization noise increases with the increase
of gap widths. Compared with the simulation results (using
FEM with a gap § = 0 mm), the measured magnetization
noise increases by 34.1%, and the simulated magnetization
noise increases by 4.9%-29.3% with 6 = 0.01 mm—-0.10 mm.
The simulations also indicate that the average gap width of
the real ferrite shield is close to 0.10 mm. This gap width
(6 = 0.1mm) is close to the estimated value in Section III.
A (6 = 0.05-0.1 mm). The difference may be attributed
to the nonuniformity of the gap width and the inconsistency
of the ferrite components, which were not considered in our
analysis. If the gap width can be reduced to be smaller than
0.01 mm, the increase of the magnetization noise will be less
than 4.9%, which can be negligible in practical applications.

IV. CONCLUSION

In this study, we developed a cylindrical ferrite shield that
consisted of multiple ferrite annuli and lids. This structure can
be fabricated and machined more easily compared the entire
module, albeit at the cost of creating gaps between different
parts. We measured the magnetic noise of the ferrite shield
and used FEM to analyze the effects of the gaps. Our study
indicated that compared with the ferrite shield without gaps,
the magnetization noise increased by 34.1%. Nonetheless,
the magnetization noise still achieved 5.5f ~!/2 T. This level
of magnetic noise is analogous to the performance of ferrite
shields without gaps, and considerably lower than that for a
similar-sized p-metal shield. If the gap width is reduced to be
smaller than 0.01 mm, the increase of the magnetization noise
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would be less than 4.9%, which can be negligible in prac-
tical applications. Therefore, the mating surfaces should be
polished as smooth as possible to reduce the gap width. The
optimization of the dimensions of the multi-annular ferrite
shield to further reduce the magnetic noise would be carried
out in the future work.
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