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Abstract— Ultra-low field magnetic resonance imaging (ULF-
MRI) has attracted attention because of its low running
costs and minimum patient exposure. An optically pumped
atomic magnetometer (OPAM) is a magnetic sensor with high
sensitivity in the low frequency range, which does not require a
cryogenic cooling system. In an effort to develop a ULF-MRI,
we attempted to measure the free induction decay MR signals
with an OPAM. We successfully detected the MR signals by
combining an OPAM and a flux transformer, demonstrating
the feasibility of the proposed system.

I. INTRODUCTION

Optically pumped atomic magnetometers (OPAMs) are
magnetic sensors with very high sensitivity in a spin ex-
change relaxation free condition, which is theoretically ex-
pected to be 0.01 fT/Hz'/2 [1]. In addition, in magnetic
field measurements, superconducting quantum interference
devices (SQUIDs) have also very high sensitivity; however,
SQUIDs require cryogenic cooling systems. In contrast,
because OPAMs do not require a cryogenic cooling system,
the running cost of OPAMs is expected to be lower. OPAMs
are used in ultra-low field magnetic resonance imaging
(ULF-MRI) and biomagnetic measurements for signal de-
tection [2]-[4].

In general, high field has been used to improve the signal-
to-noise ratio (SNR) and the spatial resolution in MRI. Re-
cently, however, ULF-MRI has attracted attention because of
its low running cost, smaller size, lighter weight, portability,
and minimum patient exposure. In ULF-MRI, because of the
low frequency of the MR signals, it is difficult to detect the
MR signals with pickup coils, which are frequently used in
high field MRI. In recent years, the studies on ULF-MRI
with OPAMs or SQUIDs have progressed [2], [5], [6].

In this study, we fabricated a ULF-MR signal generation
and detection system and carried out free induction decay
(FID) MR signal measurements with an OPAM and a flux
transformer (FT).
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Figure 1. Schematic of an optically pumped atomic magnetometer (OPAM)
(a) and an actual OPAM in a magnetic shield (b).

II. ULF-MRI wiTH OPAMS
A. OPAM

An OPAM consists of a glass cell, which encapsulates
alkali metal vapor and buffer gases, a pump laser, a probe
laser, a heater, and a thermally insulated box, as shown
in Fig. 1(a). The glass cell is placed in the center of two
orthogonal saddle coils, and a Helmholtz coil to tune the
bias magnetic field and to cancel the background magnetic
field shown in Fig. 1(b).

In the OPAM, alkali metal vapor is formed by heating
the glass cell. Then, the electron spin of alkali metal vapor
is polarized by a circularly polarized pump laser beam, as
shown in Fig. 2(a). When a bias magnetic field with the
same direction as the pump laser beam (Z direction) and
a magnetic field measured in the plane orthogonal to the
pump laser beam (XY plane) are applied to high-density
alkali metal vapor, the electron spins precess around the
bias magnetic field, as shown in Fig. 2(b). The plane of
the linearly polarized probe laser beam moves according to
the magneto-optical effect, as shown in Fig. 2(c). Therefore,

2615



@

Alkali metal atom

Electron spin
C /
i/

Circularly polarized pump laser beam

(b)

Precess around the

Rotating field
£ bias magnetic field

Bias magnetic field

(©)
Rotate the plane
of polarized beamX

Y4 5 I \
£ Linearly polarized probe laser beam

Figure 2. The principle of an OPAM.
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Figure 3. A flux transformer.

even a significantly weak magnetic field can be detected by
measuring the plane of the linearly polarized probe laser
beam.

B. ULF-MRI with OPAMs

MR signal detection in ULF-MRI is an application of
magnetic field measurements with OPAMs [2]. In ULF-MRI,
because of the low resonant frequency of the MR signals, it
is difficult to detect the MR signals with the pickup coil
that is used in clinical MRIs. In contrast, the OPAMs are
highly sensitive to low frequencies. The frequency of a high-
sensitive OPAM is changed by the amplitude of the bias
magnetic field that is applied along the pump laser beam
direction. When potassium vapor is used in an OPAM, the
resonant angular frequency wg is expressed as follows,

WK :'YKBK (1)

Gradient magnetic field coil for Z direction

Detection magnetic field coill§ Y =
Gradient magnetic field coil for Y directio

Gradient magnetic field coil for X direction

Figure 4. The magnetic field-applying coil system used in our ULF-MRI.

where vx and By are the gyromagnetic ratio of the electron
spin for potassium and the bias magnetic field, respectively.
The gyromagnetic ratio vx of the electron spin for potassium
is approximately 27 x 7.00 x 10° rad/T in the low frequency
region. This gyromagnetic ratio is about 164 times greater
than that of the nuclear spin for proton v, = 27 x 4.26 x 107
rad/T, which is most generally measured in clinical MRI.
Therefore, the sensitivity of MR signal detection is limited
when an object and an OPAM are placed in the same
magnetic field.

Remote detection with an FT has been recently proposed
as a solution to this problem [2]. An FT consists of an input
coil, an output coil, and a tunable capacitor, as shown in
Fig. 3. The resonant frequency of the FT can be tuned to
that of the MR signals by the tunable capacitor. It has been
reported that the SNR of MR signal detection of an OPAM
and FT is improved by optimizing the radius and the number
of turns and layers in the output coil of the FT and shortening
the distance between the FT and OPAM [7]. However, the
sensitivity of MR signal detection is limited by that of the
FT, which is less sensitive than that of the OPAM [7].
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Figure 5. Prepolarization coil for strengthening the MR signal.

III. EXPERIMENTAL MEASUREMENTS OF MR SIGNALS
WITH AN OPAM IN ULF-MRI

A. MR signal generation system with a ULF

In this study, we fabricated a magnetic field applying
system with a detection magnetic field coil and orthogonal
gradient magnetic field coils in three directions, as shown in
Fig. 4. In general, because the MR signals are proportional
to the detection magnetic field, the MR signals generated
by a ULF are significantly weaker than those generated by a
high field. In this study, therefore, the prepolarizing magnetic
field generated by the prepolarization coil shown in Fig. 5
was used to strengthen the magnetization generating MR
signals. This coil was placed in the magnetic shielding case
to reduce the background magnetic noise. In addition, to
control this coil according to the pulse sequences generating
the MR signals, the current supplied by the power amplifiers
was controlled by a computer via a digital-to-analog (D/A)
converter. MR signal generation or MRI is required to control
the current of each coil with high accuracy; therefore, a D/A
converter with an update cycle of up to 1 MHz was adopted.
In this study, the FID MR signal s(t), expressed by Eq. (2),
was generated by the pulse sequence shown in Fig. 6 and
the above mentioned ULF-MR signal generation system:

s(t) = Aexp(—at) cos(wt — 0) )

where A, , w, and 6 are the amplitude, damping factor, an-
gular frequency, and initial phase of the signal, respectively.
In this experiment, the detection magnetic field was tuned to
generate the FID MR signal with a resonant frequency of 10
kHz (angular resonant frequency w = 27 x 10%). In addition,
the other parameters of the pulse sequence shown in Fig. 6
were set, as listed in TABLE 1.

B. MR signal detection system with an OPAM and FT

In this study, the FID MR signals generated by the MR
signal generation system with the ULF mentioned in section
III-A were detected by an MR signal detection system with
an OPAM and FT. We used potassium vapor in the OPAM,
a titanium-sapphire pump laser, and a distributed feedback

P b4
P )
) t INT t
P acq
4—Pp [} [+ >
BO tr tr tr
b, A
0 B
Acquisition
On (High)
Off (Low) I MAAAA N
' LA t

Figure 6.
signal.

Pluse sequence for measuring free induction decay (FID) MR

TABLE 1
PARAMETER SET USED FOR MEASURING THE FID MR SIGNALS

Amplitude (bp) approx. 32 mT
Duration (t;) 15s
Amplitude (bo) approx. 234.87 uT
200 kHz

50 ms

Pre-polarization field

Detection field

. Sampling frequency
Acquisition

Sampling time (tacq)

laser as the probe laser. By placing the OPAM in the large
magnetic shielding box, the achieved noise level of the
magnetic signal detections with an OPAM was fT order
at approximately 10 kHz. In addition, three orthogonal and
homogeneous magnetic fields were applied to the glass cell
of the OPAM for canceling the magnetic field along the
X and Y direction, as shown in Fig. 1, and tuning the
bias magnetic field along the pump laser beam direction (Z
direction).

We used a single-layer solenoid coil, 72 mm inner diame-
ter and 25 mm long, with 25 turns as the input coil of an FT.
The output coil of the FT was a 10-layer solenoid coil with
130 turns and an inner diameter and length of 100 mm and
15 mm, respectively. The output coil of the FT was placed
on the thermally insulated box. In this setting, the distance
between the center of the glass cell and the output coil of
the FT was 50 mm.

C. Measurements of FID MR signals

In this study, the detection of the FID MR signal (a MR
signal) was carried out with the MR signal generation and
detection system mentioned in sections III-A and III-B. We
used purified water in the experimental measurements. The
frequency of the bias magnetic field of the OPAM was tuned
at approximately 10 kHz, which corresponded to the resonant
frequency of the FID MR signal. The end of the ramp down
triggered the detection in the prepolarizing magnetic field,
and the timing was expressed as 0 ms. The data were sampled
from —25 ms to 25 ms with a sampling rate of 200 kHz.
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Figure 7. Results of measuring FID MR signals. An example of FID

signals (a), and the averaged FID signal of 100 times.

This was repeated 100 times at an interval of 20 s and then
averaged.

I'V. RESULTS AND DISCUSSION

The measured and the averaged (n = 100) FID MR signals
are shown in Figs. 7(a) and 7(b), respectively. Both FID MR
signals of 2.56 ms were extracted from the time when the
ramp down of the prepolarizing magnetic field had ended,
which included the data of 512 samples. In Fig. 7(b), the
dashed line is the fitted curve of Eq. (2), which subtracted
the DC component from the averaged FID MR signal.

Because the measured data have a large noise component,
as seen in Fig. 7(a), a clear FID MR signal could not be
confirmed. Although the magnetic noise was reduced by the
magnetic shielding case, the magnetic noise generated by
each coil of the MR signal generation system was attributed
to the ripple currents and noise of the power amplifiers. In
particular, the magnetic noise caused by the prepolarization
coil, which was placed closest to the input coil of an FT,
should be reduced to improve the SNR of the detection. In
addition, since there may be more losses and noise in human

bodies than those in the purified water phantom used in this
study, the input coil of an FT should be optimized to reduce
the losses and noise in the human bodies.

On the other hand, as seen from the averaged data in
Fig. 7(b), FID MR signals could be generated by the system
mentioned in III-A. This result confirmed that the MR signals
could be detected with an OPAM and FT. From the fitting
results, because the resonant frequency of the measured
MR signal was 10.016 kHz, it was found that we could
control MR signal generation with the error from the target
frequency was less than 0.2%.

In the future work, optimization of the FT to improve
the SNR of the detection, reduction of the magnetic noise
caused by the coils of the MR signal generation system, and
improvement in the sensitivity of an OPAM will be required
toward ULF-MRI.

V. CONCLUSION

In this study of a ULF-MRI system, we carried out
measurements of FID MR signals with an OPAM and FT.
Because prepolarization and detection magnetic field could
be accurately controlled, the MR signals were generated and
detected with the pulse sequence in the proposed system. In
the future, the sensitivity of the MR signal detection system
with an OPAM and FT is expected to improve. In addition,
the noise caused by the magnetic field applying system needs
to be reduced.
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