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SQUID-based magnetoencephalography device was used for the measurement of a magnetic noise generated by
ferroﬂuid in the stationary standing vial. It was found that a free surface of the ferroﬂuid generates spontaneous
magnetic ﬁeld suﬃcient to detect the presence of nanoparticles in the experimental setup. The spatial
distribution of elementary magnetic sources was reconstructed by the frequency-pattern analysis of multichannel time series. The localization of ferroﬂuids was performed based on the analysis of quasirandom time
series in two cases of oscillation source. One of them was infrasound from outer noise, and another one was the
human heartbeat. These results are prospective for 3D imaging of magnetic particles without pre-magnetization.

1. Introduction
The transparency of biological tissue to low-frequency magnetic
ﬁelds permits the magnetic particles imaging (MPI) within the body.
Usually the MPI method requires a sample containing the superparamagnetic particles, an oscillating magnetic ﬁeld and/or a static
magnetic ﬁeld, and a magnetic ﬁeld detector, which can be based on
receive coils [1] or superconducting quantum interference devices
(SQUID) [2]. The high sensitivity of SQUIDs allows the detection of
magnetic nanoparticles in the samples subjected to the motion in the
geomagnetic ﬁeld instead of the pre-magnetization [3]. The possibility
of the detection of magnetic nanoparticles in the ferroﬂuid using 151channel SQUIDs based magneto-encephalography (MEG) device without pre-magnetization and mechanical movement of the sample was
ﬁrst demonstrated in [4]. The authors of the last paper installed a glass
vial of magnetite nanoparticles based ferroﬂuid at stationary location
within the MEG helmet region. They found that the frequency
spectrum of the MEG data with the sample present was greater than
the baseline sensor noise. Furthermore, the comparison between
spatial contour maps of the frequency data measured without the
sample and with the sample showed a distinct increase in frequency
power just at the location of the sample. These results pointed to the
possibility of MEG imaging of magnetic nanoparticles within living

⁎

organisms.
The purposes of our work were to clarify the physical mechanism of
the magnetic signal generation by the stationary vial of ferroﬂuid inside
the MEG device and to verify the possibility of using the eﬀect for the
3D imaging of ferroﬂuids.
2. Materials and methods
2.1. Synthesis of ferroﬂuids
Magnetite nanoparticles were prepared by sol-gel method. Aqueous
solutions of iron chloride (1 g. FeCl2×4H2O + 2,72 g. FeCl3×6H2O)
were added to the 125 ml of 0.7 M ammonia solution and stirred
vigorously for 30 min. Then the resulting suspension was precipitated
on the magnet and the supernatant was poured. Then, the resulting
precipitate was washed 4 times with aqueous solution of citrate
(20 mg/ml), each time the suspension was precipitated on a magnet
and the supernatant was poured. Water was then added to the
precipitate. The mean size of the resulting nanoparticles 10–12 nm
was evaluated by the Mossbauer spectroscopy method.
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To reveal the detailed frequency structure of the system, all spectra
are calculated for the whole time of registration. The step in frequency
is equal to Δν=νn−νn−1=1/ T , thus frequency resolution is determined
by the recording time. Gaussian quadrature formulas are used to
calculate integrals for any interval [0, T]. In this study, all time series
were measured for 20 min, thus providing frequency resolution
0,000833 Hz. In order to study the system in frequency space, we
restore multichannel signal at every frequency νn in all channels and
analyze the functions obtained:

Bnk (t )=ρnk sin(2πνn t +φnk ),

(3)

2
2
+ bnk
, φnk =atan2(ank , bnk ), ank , bnk are Fourier coeﬃwhere ρnk = ank
cients, found in (2), t ∈[0, Tνn], Tνn=1/ νn is the period of this frequency.
If φnk =φn , then formula (3) describes a coherent multichannel
oscillation and can be written as

Bnk (t )=ρn ρˆnk sin(2πνn t +φn ),

(4)

K

2
where ρn = ∑k =1 ρnk
is the amplitude, and ρˆnk =ρnk / ρn is the normalized
pattern of oscillation. The normalized pattern ρ̂nk makes it possible to
determine the spatial structure of the source from the inverse problem
solution, and this structure is constant throughout the entire period of
the oscillation. The time course of the ﬁeld is determined by the
function ρn sin(2πνn t + φn ) which is common for all channels, i.e. this
source is oscillating as a whole at the frequency νn .
The theoretical foundations for the reconstruction of static functional entities, or sources, have been developed in [7–9]. This
reconstruction is based on detailed frequency analysis and extraction
of the frequencies, having high coherence and similar patterns.
The algorithm of massive frequency-pattern analysis was formulated as:

Fig. 1. The structure of the vibration-isolated foundation under the camera with the 7channel MEG device situated in National Research Center "Kurchatov institute",
Moscow.

2.2. Multichannel magnetic measurements
The measurements were carried out at 7-channel MEG device,
designed for non-contact recording of a magnetic encephalogram of a
human brain [5,6]. The planar set of sensors has a hexagonal structure
and includes 7 second-order SQUID gradiometers. One gradiometer is
located in the center of the hexagon. The distances between the
gradiometers are 30 mm. The sensors demonstrate an intrinsic noise
level lower than 5 fT/√Hz.
The MEG device is placed inside a thick-walled aluminum camera,
designed for shielding from an alternating electromagnetic ﬁeld. No
shielding from static magnetic ﬁeld is used. The camera is placed on the
vibration-isolated foundation, shown in the Fig. 1. The total noise level
of about 20–40 fT/√Hz was measured at urban conditions of Moscow
city.

1. Fourier Transform of the multichannel signal.
2. Inverse Fourier Transform – restoration of the signal at each
frequency.
3. If the coherence at the particular frequency is close to 1, then use the
pattern and frequency as elementary coherent oscillation.
4. If the restored signal consists of several phase-shifted coherent
oscillations, then extract those oscillations.
After the fourth step of this analysis, the initial multichannel signal
is represented as a sum of elementary coherent oscillations:

2.3. Data analysis

N

Quasirandom time series were recorded by the MEG device and
then processed with recently developed method [7–9], based on the
Fourier transform and coherence analysis. The method was developed
in [7] to study various complex systems, and was applied to investigate
the human brain spontaneous activity [8–10].
At the ﬁrst step of this method, the set of discrete experimental
∼
vectors {bk } is transformed into the set of continuous functions {Bk (t )}:

∼
Bk (t )=F (bk , t ), t ∈[0, T ], k =1, …, K .

Bk (t )≅ ∑

n =1 m =1

2
T

T

∫
0

2
∼
Bk (t )cos(2πνn t ) dt , bnk =
T

(1)

T

∫
0

N =νmax T ,

(5)

where M is maximal number of coherent oscillations, extracted at the
frequency νn .
Each elementary oscillation is characterized by frequency νn , phase
φmn , amplitude Dmn , normalized pattern ρ̂mn and is produced by the
functional entity having a constant spatial structure.
The method of functional tomography reconstructs the structure of
the system from the analysis of the set of normalized patterns {ρˆ mn}.
The functional tomogram displays a 3-dimensional map of the energy
produced by all the sources located at a given point. In order to build a
functional tomogram, the space under study is divided into Nx ×Ny ×Nz
elementary cubicles with centers in rijs . The edge of the cubicle (spatial
resolution) in this study is 1 mm. To calculate the energy produced by
all the sources located in the center of the cubicle, the set of L trial
magnetic dipoles Qijsl is build. The magnetic induction from the trial
source can be derived from [12] for the coil with current I, radius a and
direction Qijsl , located in rijs . For the sensor with location rk and
direction nk , the element of the trial pattern will be:

where T is the time of measurement, k is the channel number, F is a
function corresponding to the particular interpolation methodology
[11]. The multichannel Fourier transform calculates a set of spectra for
interpolated experimental functions:

ank =

M

∑ Dmn ρˆmnk sin(2πνn t +φmn ), νn=n /T ,

∼
Bk (t )sin(2πνn t ) dt ,
(2)

where ank , bnk are Fourier coeﬃcients for the frequency νn in the
channel number k, and n = 1, …N , N = νmax T , where νmax is the highest
desirable frequency. The coeﬃcient for n=0 is not considered, because
the constant ﬁeld component has no meaning in SQUID measurements.
140
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tr
=
ρijslk

μ0 I ⎛ ⎛ z 2
⎜ ⎜ (α (E (γ 2 )−K (γ 2 ))−2adE (γ 2 )) ed +
πα 2β ⎝ ⎝ d
⎞
⎞
(α 2 (K (γ 2 )−E (γ 2 ))++(2a2 +2ad ) E (γ 2 )) Qijsl ⎟ , nk ⎟ ,
⎠
⎠

where α 2=a2 +d 2+z 2−2da; β 2=a2 +d 2+z 2+2da; γ 2=1 −

α2
β2

(6)

;

→
⎯
d
ra=rk −rijs; z=(ra, Qijsl ); d =ra−zQijsl ; d = d ; ed = ; nk =1;
d

K (γ 2 ) - elliptic integral of the ﬁrst kind, E (γ 2 ) - elliptic integral of the
second kind.
Trial dipoles uniformly cover the sphere in L directions, in this
study L=62. Then the set of normalized trial patterns is calculated:
tr
ρ̂ijsl
, i=1, …, Nx; j =1, …, Ny; s=1, …, Nz; l =1, …, L.

(7)
Fig. 2. The spectra of the noise generated by the vial with the ferroﬂuid, situated under
channel 1 (blue) and channel 6 (red) of the MEG device. Black – the spectrum of the
noise without vial, less than 1% of maximal power. (For interpretation of the references
to color in this ﬁgure legend, the reader is referred to the web version of this article.)

In this study, 62 millions of trial patterns are used for the functional
tomography of the experimental space 100 × 100 × 100 cubic millimeters.
For each normalized experimental pattern in (5), ρ̂mn , the following
function is calculated, giving the diﬀerence between this pattern and
one of the trial patterns:

inherent noise of the experimental setup.
3.2. Identiﬁcation of the source of the noise generated by the vial with
ferroﬂuid in the MEG device

K
tr 2
χ (i , j , s, l )= ∑ (ρˆ mnk − ρˆijslk
) .
k =1

(8)
Faraday's law of induction states that the induced electromotive
force in any closed circuit (in SQUID in our case) is equal to the
negative of the time rate of change of the magnetic ﬂux enclosed by the
circuit. Accordingly the observed phenomenon can be explained in the
framework of the next model. Magnetization vectors of superparamagnetic nanoparticles are oriented by the Earth's magnetic ﬁeld. Oriented
magnetic particles move and generate alternating ﬁeld, which generates current in the antennas of the gradiometers. So, the task of an
identiﬁcation of the source of the magnetic noise reduces to the
identiﬁcation of the source of the movement of nanoparticles in the
"motionless" vial. The authors of [4] suggested that the change of the
magnetic ﬂux from the stationary standing glass with ferroﬂuid could
be caused by both the random ﬂuctuations of the magnetic moments of
magnetic nanoparticles due to Neel relaxation and the Brownian
rotation/movement of the particles in a colloidal liquid. On the other
hand the frequency range of the ﬂuctuations < 7 Hz (see Fig. 2) looks
too low for the Neel process. The Neel relaxation frequency for similar
magnetite single-domain nanoparticles was many times evaluated from
Mossbauer measurements and proved to be about 100 MHz.
It is known that the mechanical oscillations of SQUID magnetometer in the geomagnetic ﬁeld can strongly inﬂuence its reading [13].
Even a tree swing in the wind can generate an appreciable spurious
signal in the SQUID magnetometer, standing at a considerable distance
[14]. Therefore in this study we examined three possible sources of the
movement.

The position and direction of the source producing the pattern ρ̂mn
are determined by numbers (I, J, S, L) providing the minimum to the
function χ (i , j , s, l ) over the variables

i=1, …, Nx; j =1, …, Ny; s=1, …, Nz; l =1, …, L.
2
The energy of this source Dmn
is added to the energy produced from
the cubicle with the center at rIJS .
Performing this procedure for all normalized experimental patterns: m = 1, …, M; n = 1, …, N , it is possible to distribute in space the
energy of all oscillations from formula (5). The result of such distribution is the functional tomogram of the experimental space, reconstructed from multichannel magnetic recordings.
In order to estimate general spectral features of various experimental data, we use the sum of powers in all channels:
K
2
Power(νn )= ∑ ρnk
,
k =1

(9)

where ρnk is calculated in (3).
3. Results and discussion
3.1. Study of the dependence of the noise spectrum from the position
of the vial with ferroﬂuid
The synthesized ferroﬂuid was placed in a 40 ml plastic vial. The
vial was placed on a nonmagnetic stand situated at 8 cm under the
measuring head of the MEG device. 7 numerated circular areas were
marked on the surface of the stand. Each circle was located just under
the center of corresponding SQUID gradiometer (see inset at Fig. 2).
MEG noise recordings were collected with the sample in the positions 1
and 6 and without the sample. The duration of one recording was
20 min. Fourier transform of the signals from each SQUID channel was
generated. Then the summary power in all channels was calculated (9).
The change of the spectrum of the noise generated by the vial with
ferroﬂuid after replacing the vial from the position under channel 1 to
the position under channel 6 is shown in the Fig. 2. It was found that
the transfer of the vial with ferroﬂuid to the distance of 3 cm changes
the amplitude of the noise spectrum in the frequency band 5–6 Hz. It
should be mentioned that the vial with ferroﬂuid does not generate its
own new spectral component of the noise, more or less enhancing the

•
•
•

Brownian motion of the particles in the ferroﬂuid.
Vibrations of the vial with ferroﬂuid as a whole.
Fluctuations on the free surface of the ferroﬂuid (Faraday waves).

In order to clarify the physical mechanism of the magnetic signal
generation we have studied the changes of the magnetic noise,
generated by the vial, ﬁlled with our ferroﬂuid, after it was freezed or
covered by the ﬂoating plastic disk.
Fig. 3 shows the change of the spectrum of the noise generated by
the vial with ferroﬂuid (blue) after freezing of the ferroﬂuid (red). It can
be concluded that the freezing reduces the intensity of the magnetic
noise, generated by the vial. Therefore, the vibrations of the vial with
ferroﬂuid as a whole cannot be the main reason of the change of the
magnetic ﬂux through the SQUIDs. It can be concluded that the
movement of magnetic nanoparticles relative to the walls of the vial
141
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ﬂoating plastic disk (red). It can be concluded that such covering
reduces the intensity of the magnetic noise, generated by the vial. This
result indicates that the excitation of waves on a free surface of
ferroﬂuid, rather than the Brownian motion of nanoparticles in its
volume, is responsible for the generation of the magnetic noise.
3.3. Localization of the vial with the ferroﬂuid by using the acoustic
noise of our experimental setup
The vial with ferroﬂuid was installed under the ﬁrst measurement
channel of the MEG device. The free surface of the ferroﬂuid was
situated at approximately 2 centimeters below the plane of the sensors.
Localization was performed in a frequency range 5.3–6.3 Hz in a cube
with a side of 100 mm, which is located under the device, with a
resolution of 1 mm (See 2.3).
Fig. 5 shows a functional tomogram - calculated spatial distribution
of the sources of magnetic noise, generated in measuring channels of
our MEG device by the vial with ferroﬂuid. The 3D-view of the object
and its tomographic sections are shown. Also shown is the measuring
device (the planar set of seven sensors) and an enlarged section
through the object. The white cross indicates the position of the cursor,
which is the same for all sections. The brightness of each voxel
corresponds to the total power, located in this voxel. It is seen that
the single bright source of the magnetic noise is located on the free
surface of the ferroﬂuid. The noise from the volume of the ferroﬂuid is
completely absent. So, the results of the 3D-localization of the vial with
the ferroﬂuid in the MEG device conﬁrm independently the conclusion
about the surface nature of the magnetic noise, generated by the vial
with the ferroﬂuid at the frequency of acoustic noise of our experimental setup.

Fig. 3. The spectra of the noise generated by the vial with the ferroﬂuid (blue) and by the
same vial after freezing of the ferroﬂuid (red). Black - the spectrum of the noise without
the vial. The vial was located under channel 6. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)

3.4. Localization of the vial with the ferroﬂuid by using a human
heartbeat
Fig. 4. The spectra of the noise generated by the vial with the ferroﬂuid (blue) and by the
same vial after covering of the ferroﬂuid by the ﬂoating plastic disk (red). The vial was
located under channel 6 on special platform, changing the spectrum proﬁle. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to
the web version of this article.)

As was shown above, the waves on the free surface of a ferroﬂuid
can make magnetically visible any weak mechanical oscillations. We
assume that the urban environment of Moscow city was the source of
detected infrasound oscillations. Infrasound is characterized by an
ability to cover long distances by earth and get around obstacles with
little dissipation. Therefore it can get our measurement chamber
despite of special vibration-isolated foundation, shown at Fig. 1. The
last fact reveals high sensitivity of the observed eﬀect and gives hope to

generates the magnetic signal.
Fig. 4 shows the change of the spectrum of the noise generated by
the vial with ferroﬂuid (blue) after covering of the ferroﬂuid with the

Fig. 5. 3D-view of the source of magnetic noise and its tomographic sections. Also shown is the measuring device (the planar set of seven sensors) and an enlarged section through the
object. The white cross indicates the position of the cursor, which is the same for all sections. The brightness of each voxel corresponds to the total power, located at this voxel.
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Fig. 6. a - Spectra of the ferroﬂuid in Petri cup, attached to the hand (blue) and of the hand without ferroﬂuid (black); b - Spectrum of the magnetic cardiogram, registered by the same
device; c - Localization of the magnetic sources from spectral components. Spatial distribution of the spectral power of the magnetic noise sources, calculated from the spectra, is
combined with hand picture. Also channels positions are shown. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this
article.)
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4. Conclusion
It is found, that magnetic particles imaging can be performed
without pre-magnetization or displacement of the sample. The vial with
ferroﬂuid can be localized correctly by the method [7] from multichannel measurement of “spontaneous” magnetic ﬁelds by the 7channel gradiometer. Quasi-random magnetic ﬁelds are generated by
the particles movements produced by various sources. Registration of
the tiny inherent vibrations of the instrument can be used to extra-ﬁne
tuning of the experimental setup. Ampliﬁcation of the human body
oscillations, such as the heartbeat, opens possible medical applications.
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