(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2012/142654 A1l

26 October 2012 (26.10.2012) WIPOIPCT
(51) International Patent Classification: (81) Designated States (uniess otherwise indicated, for every
GOIR 33/05 (2006.01) GO01B 9/00 (2006.01) kind of national protection available): AE, AG, AL, AM,
GO1D 5/353 (2006.01) GOIR 33/18 (2006.01) AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
21) Tat tional Application Number- CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
(21) International Application Number: PCT/AU2012/000395 DZ, EC, EE, EG, ES, FL, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,
(22) International Filing Date: KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
18 April 2012 (18.04.2012) MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
. ) OM, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC, SD,
(25) Filing Language: English SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
(26) Publication Language: English TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(30) Priority Data: (84) Designated States (uniess otherwise indicated, for every
2011901451 18 ApI’il 2011 (18.04.2011) AU kind Of regional pl‘OleCliOl’l available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
(71) Applicant (for all designated States except US). THE UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU,
UNIVERSITY OF QUEENSLAND [AU/AU]; St Lucia, TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
QId 4072 (AU). DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK
(72) Inventors; and i > > i > > o s P
(75) Inventors/Applicants (for US only): VAN OOILJEN, él\\/{; ﬁ?’ D?IIEPII\I(EBFS,I\IB‘II:DC F”f(? G, CL, €M, GA, GN, GQ,
Eikbert [NL/AUJ; Unit 1, 18 Allambee Crescent, Glebe, > > - NE, SN, TD, TG).
Tasmania 7000 (AU). BOWEN, Warwick [AU/AU]; 65 Published:
Wilkins St West, Fairficld, Queensland 4013 (AU). —  with international search report (Art. 21(3))
(74) Agent: FISHER ADAMS KELLY; Level 29, 12 Creek
Street, Brisbane, Queensland 4000 (AU).
(54) Title: MAGNETOMETER

wo 2012/142654 A1 [N/ 0000 0O O 0O

Controller

16 Fig 1

(57) Abstract: A magnetometer comprising a tunable laser producing optical radiation at a laser frequency locked to an optical mode
frequency of a microcavity and coupled into the microcavity. The microcavity is coated with a magnetostrictive material with mech-
anical modes that change when the magnetostrictive material is influenced by a micro-magnetic field. An optical detector detects the
optical radiation influenced by the microcavity and generates a signal which is a direct measure of the micro-magnetic field.
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Magnetometer

FIELD OF THE INVENTION

The present invention relates to the field of micro-magnetic field
measurement. More particularly, the invention relates to a device and method

useful in diagnostic neurocimaging and similar applications.

BACKGROUND TO THE INVENTION

Detailed understanding of human brain activity requires the ability to
perform non-invasive imaging of its activity, preferably with high spatial and
temporal resolution. Magneto-encephalography (MEG) is currently the most
commonly used method and relies on having highly sensitive magnetometers
which can detect relatively low magnetic field (10 femto Tesla to 1 pico Tesla)

produced by the neurons in the human brain.

One of the major issues in the treatment of brain trauma is performing
non-invasive imaging with high resolution. Better resolution allows for a more
precise definition of the region of damage and therefore leads to less invasive

surgery.

Superconducting QUantum Interference Devices (SQUIDs) are the most
commonly used technology in MEG and can measure magnetic fields of 1 fT/Hz.
However, they require liquid helium cooling, in order to achieve sufficient
sensitivity, which makes them relatively expensive and bulky. Preferably, one
needs a large number of sensors with a high temporal resolution as close as
possible to the source to maximize the spatial resolution and increase the signal
to noise ratio. SQUID-arrays used for tomography are limited to a maximum of,
typically, a hundred sensors. The size and the distance to the source, together
with the low bandwidth, limit the spatial resolution achievable for tomograp’hy
using an array of multiple SQUIDs to typically ten millimetres.
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In recent years a new magnetic neural imaging method has been
developed to overcome this issue called functional magnetic resonance imaging
(fMRI). Functional MRI can directly monitor magnetic brain activity and the
resolution of the tomography is determined by an externai magnetic field
gradient combined with a single magnetic field sensor. This increases the spatial
resolution compared to MEG to typically several millimetres, but the large
background magnetic field required increases the complexity of the system and
therefore the costs. Magnetic field sensors also have to work in the presence of
relatively large magnetic fields, which greatly increase the technical demands for

the sensor.

Microtesla MRI is a recently developed technique that uses a relatively
small background magnetic field, which greatly reduces complexity and cost.
This technique needs a magnetic field sensor that is very sensitive and can

-operate in the presence of (switched) external fields. SQUIDs are used for this

purpose, but are technically challenging to implement, increase the cost and

reduced the mobility of such a system.

As an alternative to SQUIDS it is possible to use atomic magnetometers
based on nonlinear magneto-optical rotation in alkali-metal vapours. These
sensors show similar sensitivities to SQUIDs, but have other technical

challenges.

OBJECTS OF THE INVENTION

It is an object of the present invention to overcome or at least alleviate
one or more of the above limitations with known magneto-imaging devices and

techniques.

It is a further object to provide a magneto-imaging device that is more

compact and economic than known devices.
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SUMMARY OF THE INVENTION

In one form, although it need not be the only or indeed the broadest form,
the invention resides in a microcavity for a magnetometer wherein the -
microcavity is coated with a magnetostrictive material. The magnetometer
includes a source of optical radiation and a detector, whereby a magnetic field
that causes a change in the magnetostrictive material causes a detectable

change in the dptical radiation.

in a further form, although again not necessarily the broadest form, the
invention resides in a magnetometer comprising:
a microcavity having optical modes and mechanical modes;
a tunable laser producing opticaliradiation at a laser frequency locked to an
optical mode frequency of the microcavity and coupled into the microcavity;
a magnetostrictive material coated on the microcavity such that the mechanical
modes change when the magnetostrictive material is influenced by a magnetic
field; and
an optical detector that detects the optical radiation influenced by the

microcavity.

Preferably the microcavity is a microtoroid. The optical mode frequency of
the microcavity is related to the length of the microcavity. The mechanical modes

are related to vibrations of the microcavity.

Suitably the changes in mechanical modes are detected as a change in
signal amplitude or frequency at the detector.

Preferably the optical radiation is coupled to the microcavity by an optical
fibre. The coupling is suitably evanescent coupling.

In a still further form, the invention resides in a method of detecting micro-
magpnetic fields including the steps of:
positioning a microcavity coated with a magnetostrictive material in a

micomagnetic field;
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coupling optical radiation into the microcavity, the optical radiation having a
frequency locked to an optical mode frequency of the microcavity;

detecting optical radiation influenced by mechanical modes of the microcavity
and generating a detection signal; '

measuring changes in the detection signal as a measure of the micro-magnetic
field.

Further features and advantages of the present invention will become
apparent from the following detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

To assist in understanding the invention and to enable a person skilled in
the art to put the invention into practical effect, preferred embodiments of the
invention will be described by way of example only with reference to the
accompanying drawings, in which:

FIG 1 is a schematic block diagram of a magnetometer;

FIG 2 demonstrates microtoroid cavity modes;

FIG 3 demonstrates the effect of tuning the laser of the magnetometer,
FIG 4 shows the principle of the magnetostrictive effect;

FIG § shows an example of the magnetostrictive effect in a magnetometer,;
FIG 6 shows an experimental set up for demonstrating the invention; and

FIG 7 shows results obtained from the set up of FIG 6.

DETAILED DESCRIPTION OF THE INVENTION

Embodiments of the present invention reside primarily in a magnetometer
constructed from a microtoroid coated with a magnetostrictive material and a
source of optical radiation. Accordingly, the elements of the device and the
method steps of operation have been illustrated in concise schematic form in the
drawings, showing only those specific details that are necessary for
understanding the embodiments of the present invention, but so as not to
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obscure the disclosure with excessive detail that will be readily apparent to those
of ordinary skill in the art having the benefit of the present description.

In this specification, adjectives such as first and second, left and right, and
the like may be used solely to distinguish one element or action from another
element or action without necessarily requiring or implying any actual such
relationship or order. Words such as “comprises” or “includes” are intended to
define a non-exclusive inclusion, such that a process, method, article, or
apparatus that comprises a list of elements does not include only those elements
but may include other elements not expressly listed, including elements that are

inherent to such a process, method, article, or apparatus.

Referring to FIG 1 there is a shown a schematic of a magnetometer
particularly suited for neuroimaging. The devicé of FIG 1 is not limited to the
neuroimaging application but it is convenient to describe the device in terms of
this application because it is considered to be a major application. The
magnetometer may also be useful in magnetocardiography,
magnetoencephalography, geophysics, defence and mining where detection of

micro-magnetic fields is required.

The magnetometer 10 comprises a microtoroid 11 coupled to a tunable
laser 12 by an optical fibre 13. Any tunable laser may be chosen that generates
an output at an appropriate frequency for the cavity modes of the microtoroid, as
explained below. However, it has been found that a tunable diode laser is
appropriate for the preferred embodiment.

Optical output from the laser diode 12 is evanescently coupled into the
microtoroid by an optical fibre 13 and is coupled out of the microtoroid 11 by the
same optical fibre 13. The optical fibre 13 has a tapered portion 14 that abuts the
microtoroid 11. The tapering of the optical fibre degrades the optical guiding so
that some of the light ‘leaks’ from the fibre and is coupled into the microtoroid.
The effect is maximised when the frequency of light in the fibre matches an
optical cavity mode of the microtoroid. This is shown schematically in FIG 2
which also depicts evanescent coupling 18. A trace of a scan of the frequency of
light emitted from the laser 12 shows high transmitted power when the optical
frequency does not match the cavity frequency. When the optical frequency and
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cavity frequency match, more light is coupled into the micotoroid and this is
evident in the trace of the transmitted power, as seen in FIG 2.

The optical fibre used in the preferred embodiment is typical of those used
in telecommunications. The specific fibres are unimportant providing they
effectively couple light to and from the microtoroid. Any other coupling device
such as side polished fibre or a free space prism coupler would also be suitable.
Optical fibres are preferred due to low noise and low crosstalk. Light exiting the
optical fibre 13 is detected by a photodiode 15, although any suitable detector
can be used and will be selected to suit the specific wavelength of the chosen
laser and microtoroid cavity frequency. In the preferred embodiment the detector
15 is an InGaAs photodiode.

For the purpose of describing the preferred embodiment, the tunable
diode laser 12 operates at a wavelength of 1544nm and is sourced from New
Focus of San Jose, California, United States of America. In principle, other
lasers can be used with preferably better noise characteristics. However, it is
important that the laser can be tuned over a sufficiently large range to cover all
the optical modes of the microcavity.

The magnetometer 10 comprises a microcavity 11 in the form of a toroid,
shown more clearly in FIG 2. Other possible cavities include but are not limited
to a microdisk cavity, a fabry-perot cavity, a microsphere cavity or some other
cavity optomechanical system (COMS). The microcavity 11 is fabricated on a
silicon chip using photolithography and dry etching. For the purposes of
constructing a preferred embodiment the inventors have relied upon known
fabrication processes common in production of computer chips and
semiconductor devices. Persons skilled in the art will appreciate that the
invention is not limited to any particular fabrication process. Any process that

produces a dielectric micro-scale cavity will be suitable.

Characteristically these optical microcavities have an extremely high Q-
factor of typically 10% and a relatively small size of typically 100 pm.

The signal from the detector 15 is fed back to the laser controlier 16. A
phase lock loop is suitably employed to lock the laser output to the optical cavity
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mode. One approach for controlling the laser frequency is shown in FIG 3. An
error signal is generated that tracks the change in detected power and the
controller provides a tuning signal that shifts the laser output in response to the
tuning signal. The tuning signal can be monitored so that any change in the
cavity frequency is immediately evident.

When the laser is locked to an optical cavity mode and the frequency
spectrum of the lock signal is measured, a number of fine structure peaks are
observed. The fine structure in the frequency spectrum comes from mechanical
modes of the microcavity. These mechanical modes arise from thermal vibration.
When the microcavity vibrates with certain frequency and amplitude, the cavity
length changes at that frequency.

The microtoroid of the preferred embodiment is coated with a
magnetostrictive material 17. Magnetostriction is a property of ferromagrietic
materials that causes them to change their shape or dimensions when exposed
to a magnetic field. Qualitatively, this can be explained by the fact that
ferromagnetic materials have a structure that is divided into domains, each of
which is a region of uniform magnetic polarization. When a magnetic field is
applied, the boundaries between the domains shift and the domains rotate. Both
of these effects cause a change in the material's dimensions. Magnetostriction
can be quantified by the magnetostrictive coefficient eéM, which is the fractional
change in length as the magnetization of the material increases from zero to the
saturation value. For most ferromagnetic materials, such as nickel, this
coefficient is rather small (10° T™"), but several alloys have been developed to
maximize this effect such as Galfenol and Terfenol-D [these materials are
described in C. Rodriquez et al, Sensors and Actuators A, 149 (2009)], where
the latter has a magnetostrictive coefficient eM = 4102 T, To be able to
measure this effect in these alloys caused by neural magnetic fields of 1072 T
means that one needs a sensor (having diameter D) that can detect a strain of
eM 1072 or deformations of D-eM -107'2 m. Terfenol-D is an alloy of Terbium,
Iron and Dysprosium of the formula Tb,Dy1..Fe, with x ~ 0.3. Galfenol is a
general term for alloys of iron and gallium.
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The microtoroid detects this deformation by a mechanism similar to that
depicted in FIG 4. The change in dimension of the magnetostrictive material 17
strains the microtoroid 11 so that the mechanical modes change slightly. The
change in mechanical modes changes the cavity frequency spectrum so that the
amplitude of transmitted light changes, thus generating a measurable signal at
the detector. The magnitude of the magnetostrictive effect is directly related to
the applied magnetic field strength, and the magnitude of the magnetostrictive
effect can be determined by measuring changes in the signal at the detector.
The changes may be amplitude or frequency changes. Thus, the micro-magnetic
field generated by the human brain is detected directly by analysing the signal at
the detector 15.

The magnetostrictive material may be applied to the microcavity using
various techniques such as gluing or direct deposition using masks. Other
techniques will be known to persons skilled in the field.

The efficacy of the invention is shown by the series of traces in FIG 5. For
this experiment two microtoroids are compared, one with and one without
Terfenol-D, where both toroids are exposed to a modulating magnetic field. To
enhance the effect that the magnetostriction has on the change of the cavity

‘ length of the cavity, the frequency of the modulation of the magnetic field is

chosen to be at one of the mechanical resonances of the microtoroid at 9730
KHz. The top figure shows the response of the microtoroid without the Terfenol-
D and shows two traces; one with zero amplitude modulation and one with
amplitude of 0.08 uT. As expected, there was no response. The middle figure
shows the response of the microtoroid with a Terfenol-D coating. This figure
shows a clear difference in response (~10dB) to the modulated magnetic field
compared to zero amplitude. Finally, the last figure shows the response of the
microtoroid with the Terfenold-D at a broader mechanical mode at a frequency of
10360 kHz, with a smaller response (~5dB) when exposed to the same
modulated magnetic field, which is expected when this resonance is
mechanically driven. Therefore, this proves that the effect is purely mechanical
and it must follow from the mechanical drive of the magnetostrictive material that
is present on the microtoroid.
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Another proof-of-principle embodiment of the invention is shown in FIG 6.
A piece of Terfenol-D (Etrema Products Inc.) with a size of roughly 50 um x 15
um x 10 um was affixed to the top surface of a TWGM (toroidal whispering

gallery mode) resonator by using micromanipulators and two-component epoxy.

“The TWGM resonator had major and minor diameters of 60 um and 6 um,

respectively, and a 10 um undercut. The TWGM resonator was placed between
two 20 mm diameter coils that generated an HF magnetic field previously
calibrated with a commercial Hall sensor. Light of 980 nm from a widely tunable, -
external cavity diode laser was passed through a fiber polarization controller and
evanescently coupled to the resonator via a tapered optical fiber. The laser was
thermally locked to the full width at half maximum of an optical resonance.
Mechanical vibrations of the TWGM resonator shift its optical resonances and
thus modulate the transmitted light that is detected with an InGaAs photodiode.

The transduction spectrum shown in FIG 7(a) was obtained by analysing
the transmitted light with a spectrum analyser. It shows multiple characteristic
peaks corresponding to thermally excited mechanical modes. With a finite
element solver the three vibrational modes around 10 MHz were identified as the
lowest order flexural mode (center) and the two lowest order crown modes.
Application of a 250 uT magnetic field at or = 21 x 10:38 MHz resulted in a
signal at that frequency above the Brownian noise, confirming the ability of the

sensor to detect magnetic fields.

The magnetic field sensitivity was determined by:

B @)/ A = IB".I/\/SNR( Orer) A WRBW.

where SNR is the signal-to-noise ratio, By is the applied magnetic field in

direction x, and Awogrew is the resolution bandwidth of the spectrum analyser.

To determine the sensitivity over a wide frequency range, a network
analyser was used to scan the frequency of the magnetic field from 7 to 13 MHz
and simultaneously detect the systems response N(w). As expected, FIG 7(b)

shows a Lorentzian line-shaped peak distribution similar to the Brownian noise



10

15

20

WO 2012/142654 PCT/AU2012/000395

10

spectrum of FIG 7(a), with an additional peak present around 11.5 MHz, due to
the enhanced noise rejection of the phase sensitive network analyser. In both
cases the measured data agree quite well with a model with five mechanical
resonances. The inset in FIG 7(b) shows the system response centred around
10.385MHz. |

A single magnetometer has been described. It will be understood that an
array of several hundred magnetometers is required for neuroimaging. The
magnetometer described above is compact, relatively low cost, and the use of
optical fibres eliminates crosstalk. Thus, for the first time, there is a
magnetometer that can be used to construct large, close packed arrays of
devices capable of delivering better spatial resolution than previously achievable.

The above description of various embodiments of the present invention is
provided for purposes of description to one of ordinary skill in the related art. It is
not intended to be exhaustive or to limit the invention to a single disclosed
embodiment. As mentioned above, numerous alternatives and variations to the
present invention will be apparent to those skilled in the art of the above
teaching. Accordingly, while some alternative embodiments have been
discussed specifically, other embodiments will be apparent or relatively easily
developed by those of ordinary skill in the art. Accordingly, this invention is
intended to embrace all alternatives, modifications and variations of the present
invention that have been discussed herein, and other embodiments that fall
within the spirit and scope of the above described invention.
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CLAIMS
1. A microcavity for a magnetometer wherein the microcavity is coated with
a magnetostrictive material.
2. The microcavity of claim 1 wherein the magnetostrictive material is
Terfenol-D.
3. The microcavity of claim 1 wherein the microcavity is a microtoroid.
4, A magnetometer comprising:

a microcavity having optical modes and mechanical modes;

a tunable laser producing optical radiation at a laser frequency locked to an
optical mode frequency of the microcavity and coupled into the microcavity;

a magnetostrictive material coated on the microcavity such that the mechanical
modes change when the magnetostrictive material is influenced by a magnetic
field; and

an optical detector that detects the optical radiation influenced by the

microcavity.
5. The magnetometer of claim 4 wherein the microcavity is a microtoroid.
6. The magnetometer of claim 4 wherein the microcavity is selected from

one of: a microdisk cavity; a Fabry-Perot cavity; or a microsphere cavity.

7. The magnetometer of claim 4 wherein the microcavity has a Q-factor of
around 10°.

8. The magnetometer of claim 4 wherein the tunable laser is a laser diode.
9. The magnetometer of claim 4 wherein the optical radiation is coupled into

the microcavity by one of: an optical fibre; a side polished fibre, or a free space

prism.

10.  The magnetometer of claim 4 further comprising an optical fibre wherein
the optical radiation is coupled into the microcavity by evanescent coupling.
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11.  The magnetometer of claim 4 further comprising a phase lock loop
between the optical detector and the tunable laser to lock the laser frequency to

an optical mode.

12.  The magnetometer of claim 4 wherein the magnetostrictive material is an

alloy including iron and terbium.

13.  The magnetometer of claim 12 wherein the magnetostrictive material is
Terfenol-D.

14.  The magnetometer of claim 4 wherein the magnetostrictive material is an

alloy including iron and gallium.

15.  The magnetometer of claim 4 wherein the optical detector is an InGaAs
photodiode.

16. A method of detecting micro-magnetic fields including the steps of:
positioning a microcavity coated with a magnetostrictive material in a micro-
magnetic field;

coupling optical radiation into the microcavity, the optical radiation having a
frequency locked to an optical mode frequency of the microcavity;

detecting optical radiation influenced by mechanical modes of the microcavity
and generating a detection signal; and

measuring changes in the detection signal as a measure of the micro-magnetic
field.

17.  The method of claim 16 further including the step of directing the optical
radiation to an optical fibre that abuts the microcavity and coupling the optical
radiation to the microcavity by evanescent coupling.

18.  The method of claim 16 further including the step coupling the opticall

radiation from the microcavity to an optical fibre by evanescent coupling

19.  The method of claim 18 wherein the step of detecting optical radiation
includes directing the optical radiation from the optical fibre to a detector.



WO 2012/142654 PCT/AU2012/000395

13

20.  The method of claim 16 wherein the frequency of the optical radiation is

locked to an optical mode frequency of the microcavity with a phase lock loop.

21.  The method of claim 16 wherein the micro-magnetic field is selected from

one of: a neural field; or a geophysical field.
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