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(57) ABSTRACT

Localized magnetic fields are measured at frequencies into
the microwave (GHz) regime using a conductive loop that is
integrated on a vibratable member, such as a cantilever.
Driving an alternating current at a first high frequency
through the loop produces a high frequency alternating
magnetic dipole at the same frequency as the current, with
the alternating magnetic dipole normal to and centered
within the loop. The alternating magnetic dipole at the center
of the loop mixes with a sampled alternating magnetic field
at a second high frequency at the center of the loop, resulting
in application of a mechanical force to the loop and vibrat-
able member. The vibratable member vibrates when the
difference between the frequency of the loop current and the
frequency of the sampled alternating magnetic field equals
the resonant frequency of the vibratable member.
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MECHANICAL FORCE DETECTION OF
MAGNETIC FIELDS USING HETERODYNE
DEMODULATION

REFERENCE TO GOVERNMENT RIGHTS

[0001] This invention was made with United States gov-
ernment support awarded by the following agencies:

[0002] DOD ARPA NC00014-02-1-0602 The United
States government has certain rights in this invention.

FIELD OF THE INVENTION

[0003] The present invention relates generally to detection
of high frequency magnetic fields.

BACKGROUND OF THE INVENTION

[0004] Over the past few decades, the practice of medicine
has been transformed by development of new medical
imaging technologies, such as magnetic resonance imaging
(“MRI”). MRI can provide detailed pictures of the interior
of a living body, reducing the need for exploratory surgery
and providing tools for more accurate and timely diagnosis
of disease or injury. Besides imaging relatively static tissue,
new MRI techniques have been, and continue to be, devel-
oped that allow imaging of dynamic activity in the body,
such as heart function, brain activity, or blood flow.

[0005] MRI is based on a physical phenomenon known as
nuclear magnetic resonance (“NMR”) which relates to the
quantum mechanics of nuclear spin. Any atomic nucleus
with an odd number of neutrons, an odd number of protons,
or both, has a net magnetic moment, making such an atomic
nucleus “NMR active” and usable for MRI imaging. In
practice, 'H (“proton”) nucleus is the most widely used for
imaging of the human body. The *H (“proton”) nucleus is
attractive because all living organisms contain an abundance
of hydrogen and associated 'H nuclei, and because the
properties of "H give rise to relatively strong NMR signals.
FIGS. 1-4 illustrate some of the basic physics exploited by
NMR and MRI devices in the prior art.

[0006] Inthe absence of a magnetic field B, in other words
when [By|=0 as shown in FIG. 1(a), the magnetic moments
m; of NMR-active nuclei will be randomly oriented in all
directions. Because the magnetic moments m; are all ran-
domly oriented in FIG. 1(a), the magnetic moments of all
the nuclei in FIG. 1(a) cancel each other out, so that the
aggregate magnetic moment is zero.

[0007] When a static magnetic field B, is applied, in other
words when [B|=0 as shown in FIG. 1(), the magnetic
moments m; of the NMR-active nuclei tend to align parallel
or anti-parallel to the direction of the magnetic field B,. A
slightly higher proportion of the NMR-active nuclei align
parallel to the magnetic field, so that the magnetic moments
m; of all the NMR-active nuclei in FIG. 1(b) do not cancel
each other out in aggregate. Instead, the aggregated mag-
netic moments m; of all the NMR-active nuclei in FIG. 1(b)
form an aggregate net magnetization M as shown in FIG.

1(c).

[0008] The aligned nuclei in the static magnetic field
exhibit a resonance phenomenon at a specific resonance
frequency determined by the Larmor relationship [Eq. 1],
where f is the resonance frequency of the nucleus in the
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static magnetic field, y is a proportionality constant that
depends on the nucleus, and [By| is the magnitude of the
static magnetic field. For 'H, the proportionality constant vy
is 42.58 MHz/T so a 'H nucleus in a 2T static magnetic field
has a resonant frequency f=85.16 MHz.

F=y/By| [Eq. 1]
[0009] Because of this resonance phenomenon, if a 'H
nucleus in a 2T static magnetic field is subjected to an
oscillating magnetic field B_, ;. at 85.16 MHz, that 'H
nucleus will absorb energy from the oscillating magnetic
field B, .- Such an oscillating magnetic field B
orthogonal to the static magnetic field B, can be provided,
for example, by passing an oscillating current i(t) at 85.16
MHz through an excitation coil, as shown in FIG. 2. This
process is known as “excitation,” and after absorbing energy
the nucleus is said to be “excited.” The excitation energy
will affect a portion of the NMR-active nuclei in two ways:
it will tip the magnetization vector m of some of the nuclei
90° and it will flip the magnetization vector of other nuclei
180°.

excite

[0010] The 90°-tipped nuclei have a magnetization vector
m with a “transverse” component m_, (in the plane perpen-
dicular to the static magnetic field B, in the z direction) and
a “longitudinal” component m, (parallel to the static mag-
netic field B,) as shown in FIG. 2. The tipped magnetization
vectors m, of these 90°-tipped nuclei precess in phase around
the static magnetic field B, at the resonance frequency f.

[0011] Ifa signal detection coil is placed nearby as shown
in FIG. 2, the aggregated in-phase precession of the 90°-
tipped nuclei results in a time-varying magnetic field that
induces a corresponding signal voltage s(t) in the signal coil
at the resonance frequency f. When the excitation from the
oscillating magnetic field B,,.,. is removed, the signal
voltage s(t) does not stop instantaneously, but instead it
decays exponentially with a time constant T2 as the 90°-
tipped magnetization vectors of the nuclei fall out of phase
with one another and the nuclei return to their pre-excitation
state.

[0012] In some prior art MRI and NMR devices, the same
coil is used both for excitation and for measurement. That is,
the same coil can be used first to carry an excitation current
to create the oscillating magnetic field, then the excitation
current can be turned off so that the same coil can be used
to measure the induced signal voltage. However, this is not
required and separate coils can be used for excitation and
signal detection as shown in FIG. 2.

[0013] The 180°-tipped nuclei have a magnetization vec-
tor which has been completely flipped 180°, so that these
magnetization vectors do not include any transverse com-
ponents. The effect of flipping some of the nuclei 180° is to
reduce the aggregate magnetization M compared to what it
would be without the excitation field B, .. When the
excitation field B, ;. is removed, the reduced aggregate
magnetization M does not recover instantaneously. Instead,
M increases exponentially with a time constant T1 until it
returns to its equilibrium state in the absence of the excita-
tion field B

excite*

[0014] The environment surrounding the nuclei, for
example the chemical composition of the tissues containing
the nuclei, as well as the relative concentration of the
NMR-active nuclei being excited, affects how the tissue
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reacts to the excitation. For example, the time constant T2 of
the decay of the transverse components in the 90°-tipped
nuclei is different for different types of tissues. Similarly, the
time constant T1 of the return to normalcy of the 180°-tipped
nuclei depends on the material containing the nuclei. By
measuring the T1 and T2 properties of the tissue at a given
position, it is possible to differentiate, for example, healthy
tissue from cancerous tissue, or fat from muscle.

[0015] One-dimensional spatial localization in MRI can
be accomplished by varying the magnitude of the static
magnetic field [B,| in that dimension across the region being
imaged, as shown in FIG. 3. For example, the magnitude of
the static magnetic field |B,| may not be uniform, but instead
it may increase linearly in a region as a function of position
x according to [Eq. 2], where B(x) is the magnitude of the
static magnetic field at position x, B, is the magnitude of the
static magnetic field at position x=0, and G is the magnetic
field gradient across the region:

B(x)=B,+Gx [Eq. 2]

[0016] By combining [Eq. 1] and [Eq. 2], it follows that a
linear variation of the magnitude of the static magnetic field
in the region according to [Eq. 2] results in a corresponding
variation of the resonant frequency of NMR-active nuclei in
that region according to [Eq. 3]:

F@)=1(Bo+Gx) [Eq. 3]

[0017] For example, if B,=2T, and G=0.2T/m, then the
resonant frequency of the 'H nucleus in the 2T static
magnetic field at position x=0 m will be 85.16 MHz. The
resonant frequency of the 'H nucleus in the 2.2T static
magnetic field at position x=1 m will be higher, 93.68 MHz,
because of the increased static magnetic field at that posi-
tion. Although the 'H nucleus is used in this example
calculation, this effect is not specific to any particular
NMR-active nucleus, and the resonant frequency of other
NMR-active nuclei can be varied in a similar fashion.

[0018] This variation in the resonant frequency of the
NMR-active nuclei can enable selective excitation as a
function of position. For example, if an oscillating magnetic
field at a single frequency of 85.16 MHz is applied to the
region, only those nuclei at position x=0 will be excited.
Because only those nuclei at position x=0 will be excited,
the corresponding induced voltage in a coil will have
frequency components at that single frequency and will
come from those nuclei at that specific position.

[0019] Similarly, if an oscillating magnetic field having
components at all frequencies across the range 85.16 MHz
through 93.68 MHz is applied to the region, all the nuclei
from position x=0 m to position x=1 m will be excited. The
resulting induced voltage in a coil will have frequency
components at all frequencies across the range 85.16 MHz
through 93.68 MHz since this induced voltage will come
from nuclei at all positions between x=0 m and position x=1
m. By measuring the frequency content of the induced coil,
for example using a spectrum analyzer or a bandpass filter,
the magnitude of the induced coil voltage at a specific
position or range of positions can be detected, as illustrated
in FIG. 4.

[0020] Other techniques known in the art, such as phase
encoding or selective excitation in a particular slice, provide
localization in two and three dimensions. No matter how
many dimensions are used, however, it can be seen that the
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spatial resolution of the system depends at least in part on
the selectivity of a spectrum analyzer or narrow bandpass
filter. For example, if a narrow bandpass filter or spectrum
analyzer is able to select 100 different frequencies uniformly
distributed in the range 85.16 MHz through 93.68 MHz, it
follows that the spatial resolution of the frequency-encoding
system will be approximately Y100 m, or 1 cm.

[0021] Thus, there is a need for methods and devices able
to detect alternating magnetic fields in extremely narrow
frequency ranges, to thereby provide improved spatial reso-
Iution of MRI devices. What is further needed is a magnetic
field sensor having improved sensitivity and a lower noise
floor compared to inductive coil sensors. What is further
needed is a magnetic field sensor which minimizes the
amount of metal in the vicinity of the MRI magnetic field.

SUMMARY OF THE INVENTION

[0022] An exemplary embodiment of the invention relates
to a device and method for mechanical force detection of a
spatially localized, high frequency alternating magnetic field
B gnat @t @ frequency o ,.;, through heterodyne demodu-
lation using a conductive loop carrying an alternating cur-
rent at a frequency ., and borne on a probe cantilever
having a mechanical resonant frequency w,,..,,. By choosing
the frequency of the loop current to be W, =My gna1+ P mech
OF 10~ Wgiona1~Dmech, the cantilever and loop act as a
mechanical heterodyne receiver, whereby the magnitude of
the mechanical vibration of the cantilever at its mechanical
resonant frequency reflects the magnitude of the magnetic
field B, at a frequency o

[0023] In an exemplary embodiment, a method according
to the invention comprises providing a conductive loop on a
vibratable member having a mechanical resonant frequency
Weens driving an alternating current at a frequency
U‘)loopzwsignal-"wmech or U‘)loopz(’usignal_(’umech through the 100p
to create an alternating magnetic field By, in the loop
which interacts with the alternating magnetic field B_;_,.; to
cause the vibratable member to vibrate; and detecting the
magnitude of that vibration.

[0024] In an exemplary embodiment, a device according
to the invention comprises a conductive loop on a vibratable
member with a mechanical resonant frequency ,..; a
current source providing an alternating current through the
conductive loop at frequency oo, ~Wgigna+Pmech OF
W, =0igna =W e 10 Create an alternating magnetic field
Bloop in the loop which interacts with B, ., to cause the
cantilever to vibrate at its mechanical resonant frequencyt
®,,..p,; and a vibration sensor for detecting the magnitude of

vibration of the cantilever and providing an output signal
reflecting the magnitude of the cantilever vibration.

[0025] In preferred embodiments of a method and device
according to the invention, the vibratable member is pref-
erably, but not necessarily, a cantilever beam having a first
end clamped to a support and a second free end with m
between 10 kHz and 1 MHz.

[0026] In a particularly preferred embodiment, the free
end of the cantilever has a reflective portion, and detection
of the vibration of the cantilever is performed by reflecting
a laser beam off the reflective portion of the cantilever to a
photodetector producing an output signal that reflects the
magnitude of the vibration of the cantilever. The conductive

signal*

mech
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loop is preferably, but not necessarily, positioned on the
cantilever between the reflective portion and the first end of
the cantilever. Especially for MRI devices, the frequency of
the loop current is preferably in the range of Larmor
frequencies for the NMR-active nuclei of interest, for
example between 10 MHz and 1 GHz.

[0027] A method and device according to the invention
can be adapted for NMR analysis of an object containing
NMR-active nuclei by subjecting the object to a static
magnetic field B, to align NMR-active nuclei with the static
magnetic field; and applying RF energy at the Larmor
frequency to excite at least a portion of the NMR-active
nuclei ; whereby the NMR-active nuclei in the excited state
emit the alternating magnetic field Bg,,, at frequency
. as they return to their pre-excitation state.

signal

[0028] A method and device according to the invention
can also be adapted for MRI imaging of the object in one
dimension x by subjecting the object to a gradient magnetic
field B(x) whereby the Larmor frequencies of the NMR-
active nuclei in the object fall within a range of Larmor
frequencies; and iteratively repeating (or performing in
parallel) the RF excitation and measurement steps at differ-
ent frequencies wy;,,,; in the range of Larmor frequencies in
the object to excite only those NMR-active nuclei having a
Larmor frequency which coincides with the frequency of the
RF energy.

[0029] Our new method for the detection of magnetic
fields can be particularly useful in the high frequency (e.g.
>1 GHz) regime where it is more difficult to design magnetic
field sensors. High frequency magnetic fields must be
detected in magnetic resonance imaging (MRI) machines,
nuclear magnetic resonance instruments (NMR), magnetic
resonance force microscopes, and in high frequency inte-
grated circuits, to cite a few examples.

[0030] The most common MRI sensors in use today are
based on inductive coils, where the current induced in a coil
is measured, and a magnetic field is inferred from this
measurement. The noise floor of this measurement is well
understood and discussed at length in the literature. The
most direct way to increase the sensitivity of an inductive
coil is to increase the number of turns on wire in the coil.
Unfortunately, increasing the number of turns of wire will
increase the amount of metallic material in the vicinity of the
MRI machine, which is undesirable.

[0031] A device and method according to the invention
can have one or more advantages over the prior art, includ-
ing improvements in noise floor and spatial resolution. A
device and method according to the invention can also have
one or more characteristics which make the device and
method suitable for use in MRI and NMR applications,
including compact size, parallel manufacture to allow simul-
taneous parallel detection, and operation in an MRI or NMR
environment.

[0032] Because a device and method according to the
invention uses mechanical force to detect magnetic field, its
noise floor is set by mechanics, and not by the electrical
properties of the loop. The force detected method, based on
application of magnetic force resonantly to a harmonic
oscillator, increases the interaction time of the sample with
the detector and minimizes thermal noise. Further, a device
and method according to the invention can provide a very
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selective (high-Q) narrow bandpass filter, which rejects
non-signal noise at frequencies other than the frequency of
interest.

[0033] In contrast, the noise floor for inductive detection
depends on the resistivity of the metal and the size and
number of turns of the loop. While it is possible to imple-
ment a narrow band electronic filter with inductive loop
detection, the maximum selectivity (Q) of electronic filters
will generally be lower than the maximum selectivity (Q)
which can be achieved with a device and method according
to the invention. Thus, a device and method according to the
invention can provide an better noise floor compared to prior
art inductive coil devices.

[0034] A device and method according to the invention
can also provide improved spatial resolution compared to
prior art devices. From a mechanical standpoint, the detec-
tion of magnetic fields in the invention can take place close
to the end of a mechanical cantilever, where the forces
causing mechanical vibration will have maximum effect.
This can help localize the detection of magnetic fields to an
area at the very end of the cantilever, which is only a few
microns-square. From an electromagnetic point of view, the
mechanical force arises from the field in the loop, which
exists within the loop, and is no bigger than the loop itself.
So, both electromagnetically and mechanically, the external
magnetic field is being sensed in an area that is only about
the size of the loop, which is six microns in diameter, and
which can be scaled down further with improvements in
lithography.

[0035] Because a device and method according to the
invention can be fabricated using standard microfabrication
techniques, multiple cantilevers and loops can be fabricated
together and integrated together in a single device. A parallel
device of this type can allow simultaneous parallel detection
of multiple frequencies, for example by varying the resonant
frequency of the cantilevers or vibratable members, or by
varying the frequency of the alternating currents applied to
the loops. Such a device, whether parallel or unitary, can
also be very compact in size, for example to allow it to be
placed in closer proximity to a patient or object being
imaged or analyzed compared to prior art devices.

[0036] A device and method according to the invention
can also be well suited for operation in an MRI or NMR
environment, for example where large static magnetic fields
are present. A sensor according to the invention can be
constructed with less metal in the immediate vicinity of the
MRI chamber compared to prior art coils which incorporate
multiple turns of metal wire. Use of an optical detection
method can allow the optical vibration signal to be trans-
ported outside the immediate vicinity of the MRI chamber,
for example using fiber optics, where it can be detected and
processed using components that can be remote from the
strong magnetic fields in the chamber.

[0037] Similarly, even if the vibration signal is not
received optically, or if the vibration is received optically
with a photodetector in the immediate vicinity of the MRI
chamber, the resulting electronic vibration signal can be in
the kHz or low MHz range, instead of the high MHz range
of ordinary MRI or NMR signals. These advantages that
flow from reduced signal frequency and optical signal
transmission can help overcome limitations of prior art
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devices, such as losses or noise in transmission cables or
existing NMR coils, especially for parallel imaging with
large numbers of sensors.

[0038] Other features and advantages of the invention will
become apparent to those skilled in the art upon review of

the following drawings, the detailed description, and the
appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0039]

[0040] FIGS. 1(a), 1(b), and 1(¢) illustrate the orientation
of the magnetic moments of NMR-active nuclei with and
without application of a static magnetic field, as known in
the prior art;

[0041] FIG. 2 illustrates the basic physics of nuclear
magnetic resonance imaging, as known in the prior art;

In the drawings:

[0042] FIG. 3 illustrates frequency encoding using a gra-
dient magnetic field as a function of position, as known in
the prior art;

[0043] FIG. 4 shows how frequency encoding can provide
information about tissue types as a function of position, as
known in the prior art;

[0044] FIG. 5 shows an exemplary magnetic field sensor
according to a first aspect of the invention;

[0045] FIG. 6 shows an exemplary MRI device according
to another aspect of the invention;

[0046] FIG. 7 shows an NMR system including a mag-
netic field sensor according to the invention;

[0047] FIG. 8 shows how the amplitude of cantilever
vibration varies as a function of sweeper frequency, with a
sample both in and out of NMR, in the system of FIG. 7,

[0048] FIG. 9 shows how the amplitude of cantilever
vibration varies as a function of time, in the system of FIG.
7,

[0049] FIG. 10 shows a magnetic field sensor according to
another embodiment of the invention.

[0050] FIG. 11 shows graphs of amplitude and phase for
an exemplary magnetic field sensor system in accordance
with the invention.

DETAILED DESCRIPTION OF THE
INVENTION

[0051] Referring to the figures, FIG. 5 shows an exem-
plary magnetic field sensor, indicated generally at 20, that
includes a vibratable member 22 which in the exemplary
embodiment of FIG. 5 comprises a cantilever bearing a
conductive loop 24, connected to a high frequency signal
generator 25. The magnetic field sensor 20 includes a
vibration sensor 27 for detecting mechanical vibration of the
cantilever 22. The vibration sensor 27 may be, for example,
an optical detector such as a laser beam bounced off the
cantilever and received by a photodiode, or a piezoelectric
or piezoresistive sensor. The mechanical vibration could
also be sensed, for example, using electromagnetic tech-
niques.

[0052] The cantilever 22 has a mount end 26 that is
clamped to a support (not shown), a central portion 28, and
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atip portion 30. The conductive loop 24 is preferably located
on the tip portion 30 to maximize the motion of the canti-
lever 22 in response to force applied at the conductive loop
24. However, this is not required and the conductive loop 24
can be located at other positions and still apply force on the
cantilever 22, directly or indirectly.

[0053] The magnetic field sensor 20 includes an electrical
circuit between a first terminal 32 and a second terminal 34.
The electrical circuit includes the conductive loop 24, which
has a first end 36, a second end 38, and an effective center
40. The first terminal 32 of the sensor 20 is electrically
connected to the first end 36 of the conductive loop 24, either
directly or by a first lead 42 as shown in FIG. 5. The second
terminal 34 of the sensor 20 is electrically connected to the
second end 38 of the loop 24, either directly or by a second
lead 44. The high frequency signal generator 25 is electri-
cally connected to the first terminal 32 and the second
terminal 34.

[0054] The loop 24 shown in the sensor 20 of FIG. 5 does
not extend an entire turn. In the exemplary magnetic field
sensor 20, the active portion 46 of the conductive loop 24
includes approximately 45 of a single complete turn between
the first end 36 and the second end 38 of the sensor 20.
However, this is not required, and a sensor according to the
invention may have a loop with an active portion that
extends a greater or a lesser number of turns, for example it
could consist of a coil having multiple turns.

[0055] A coil having multiple turns could be fabricated,
for example, using alternating layers of conductive material,
such as gold, and insulating material, such as silicon dioxide.
In this construction, each layer of conductive material forms
a portion of a loop, and these multiple portions of a loop can
be connected together at their ends through contact holes in
the intervening insulating material to form a coil having
multiple turns. Thus, the term “loop” herein includes both
structures that are less than an entire turn as well as
structures that include one or more turns.

[0056] The cantilever 22, preferably formed from silicon,
and the conductive loop 24, preferably formed of a non-
magnetic metal such as gold, can be made using conven-
tional microfabrication techniques. A suitable process is
discussed, for example, in U.S. Pat. No. 5,936,237, the
contents of which are hereby incorporated by reference.

[0057] The cantilever 22 can be, for example only,
approximately 150 microns in length, less than 10 microns
in thickness, and triangular in shape. This cantilever con-
struction results in a mechanical structure that behaves much
like a triangular-shaped diving board, and will have a
mechanical resonant frequency m,,. determined by the
specific dimensions, material, and shape of the cantilever.
Cantilevers of lesser or greater length may also be utilized,
depending on, e.g., the desired resonant frequency. The
vibratable member may also comprise a doubly clamped
beam, a membrane, etc., although a singly clamped canti-
lever beam is preferred.

[0058] It is not necessary that the cantilever 22 is formed
of silicon. Other materials having suitable properties could
be used, such as glass or plastic. A suitable material should
be electrically insulating, capable of elastic flexing so that
the cantilever can vibrate, it should be formable using
microfabrication techniques, and it should have a suitable
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density, for example. Such other materials can be used
instead of or in addition to silicon, for example in a
composite laminate or other composite structure.

[0059] Also, the triangular shape is not required, and the
cantilever could be other shapes, such as rectangular. The
cantilever could have different dimensions. Similarly, as
noted the vibratable member may be formed to have two
anchor ends connected by a free midsection which is able to
vibrate like a string. An alternative mechanically resonant
structure, such as a membrane, could be used.

[0060] The exemplary magnetic field sensor 20 includes a
conductive loop 24 having a diameter of approximately 6
microns, although a greater or lesser diameter could be used.
The conductive loop 24 and other electrically conductive
structures can be formed, for example, of gold, but other
conductors, for example a superconductor such as MgB, or
Nb or a non-magnetic conductor such as aluminum, may be
used.

[0061] The conductive loop 24 is preferably mounted
directly on the tip end 30 of a single-anchor cantilever, as
shown in FIG. 5, on the midpoint of a double-anchor
cantilever or a suspended membrane (not shown), since
force exerted on the loop at those positions will have
maximum leverage to move the cantilever. However, this is
not required and the loop could be mechanically coupled to
move the cantilever in other ways, for example through a
lever.

[0062] FIG. 6 shows an exemplary MRI system, indicated
generally at 50, that includes a magnetic field sensor 20
according to the invention. The MRI system 50 of FIG. 6 is
a simplified view of an MRI system according to the
invention, able to detect the MRI signal from positions at a
particular static magnetic field strength.

[0063] The sensor 20, as discussed above, includes a
cantilever 22 extending from a mount end 26 to a tip end 30
bearing a conductive loop 24. The conductive loop 24 is part
of an electrical circuit between a first terminal 32 and a
second terminal 34. The sensor 20 provides simultaneous
detection and heterodyning of the MRI signal, as explained
in more detail below. The exemplary MRI system 50 pref-
erably includes a controller 52, for example a computer
based control system of a type known in the art as being
suitable for controlling an MRI system.

[0064] The controller 50 provides one or more measure-
ment RF control signals on control lines 54 to a measure-
ment RF synthesizer 56 able to provide a suitable amount of
RF power across the range of Larmor frequencies that are
expected given the magnitude of the static magnetic field B,
and the NMR-active nuclei used in the MRI system. For
example, if the NMR-active species is the 'H nucleus ina 2T
static magnetic field, then the measurement RF synthesizer
must be able to provide an RF signal at approximately 85.16
MHz.

[0065] The measurement RF control signals may include,
for example, the magnitude, phase, and frequency of the RF
power produced by the measurement RF synthesizer 56. The
RF power produced by the measurement RF synthesizer 56
is delivered to the sensor 20, for example by electrically
connecting the measurement RF synthesizer 56 to the first
terminal 32 of the sensor 20 through a transmission line 58.
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[0066] Other portions of the exemplary MRI system 50
can be of conventional construction, using techniques which
are known in the art. The MRI system can include an
excitation RF synthesizer 62 to provide RF power at the
Larmor frequency to excite the MRI-active nuclei.

[0067] The controller 50 can provide one or more excita-
tion RF control signals on control lines 60 to the excitation
RF synthesizer 62, for example to control the magnitude,
phase, and frequency of the RF power produced by the
excitation RF synthesizer 56. The RF power produced by the
excitation RF synthesizer 56 can be delivered through a
transmission line 64 to an excitation coil 66, where it is
transmitted into the body to be imaged 88. Note that,
because the frequency of the drive power is so far from the
resonant frequency of the cantilever beam, there is substan-
tially no effect on the vibration of the beam due to the
interactions between the static magnetic fields from the MRI
magnets and the current flowing in the loop on the cantilever
beam.

[0068] The vibration of the cantilever 22 of the sensor 20
is preferably detected using conventional laser techniques,
although this is not required and other methods can be used.
For example, a laser source 70 can be used to produce a laser
beam 72, which can be bounced off a reflective surface 74
located on the tip 30 of the cantilever 22. The reflected laser
beam 75 can be received by a quadrant photodetector 76 to
produce a raw vibration signal.

[0069] This optical method is not the only method for
vibration detection that may be utilized. Any method of
vibration detection can be used. For instance, piezoelectric
elements can be used, alternatively, for the detection of this
mechanical motion, by their induced voltages or currents.
Use of piezoelectric elements may result in a more compact
sensor. Furthermore, the drive signal from the source 56 may
be coupled to the loop conductor 24 in other ways than by
direct electrical connection. For example, the power signal
may be coupled in via radio waves or by a light signal
projected onto a photodiode that is connected to provide
power to the loop.

[0070] The raw vibration signal from the photodetector
can be delivered on a raw vibration signal line 78 to a
vibration signal amp 80. The vibration signal amp 80 can be,
for example, a narrow band lock-in amplifier that conditions
the raw vibration signal by amplifying and bandpass filtering
the raw vibration signal to produce a conditioned vibration
signal. The center frequency of the bandpass filter would
ordinarily be chosen to match the mechanical resonant
frequency w,,..,, of the cantilever. The conditioned vibration
signal can be delivered on a line 82 to the controller 52.

[0071] The exemplary MRI system 50 can include field
magnets of conventional construction. For example, the
MRI system 50 may include one or more static field magnets
84 and one or more gradient magnets 86 of conventional
construction that are controlled by the controller 52 using
control signals provided on one or more magnet control lines
83.

[0072] The following discussion is intended to describe
the principles of operation of a sensor according to the
invention. However, this description is by way of explana-
tion and not as a limitation.

[0073] An external magnetic field being sensed B, is
an aggregate of the fields produced by all the contributing
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magnetic dipole moments m;, according [Eq. 4] below. In
[Eq. 4], the units of B, are Newtons/amp-meter and the
units of |, (the permeability of free space) are Henrys/meter
or equivalently volt-seconds/amp-meter, and the units of the
aggregate magnetization M, are amps/meter.

[Eq. 4]

X

Biionat = MoM signat = pto im — - E m;

signal = HOM signal MOAHO Av 2 y i
pa

[0074] As shown in [Eq. 4], the aggregate magnetization
Migno1 18 the sum of all the contributing magnetic dipole
moments m; divided by the volume that they occupy, defined
as the volume approaches zero volume according to [Eq. 5].

[0075] By driving an alternating current I, at a fre-
quency w,,,, through the loop, an alternating magnetic field
B,,.p can be created in the loop at the frequency o, If the
loop is planar, the direction of the alternating magnetic field
vector B, is normal to the plane of the loop, and spatially
localized about the center of the loop, with its maximum
value at the center of the loop. The magnitude of the
alternating magnetic field vector B can be calculated
using [Eq. 5] below:

loop

Holiop - R [Eq. 5]

[Bioopl = 5
2-(x2 + R)?

[0076] In[Eq.5], I, is the current in the loop in amperes,
R is the radius of the loop in meters, and x is the distance of
separation along a line normal to the loop between the
location where B, is calculated and the center of the loop.
It can be seen that in the far-field of the loop, the quantity x
is much larger than R, so the denominator is proportional to
x to the 3rd power.

[0077] This loop-localized magnetic field B
used to sense the external magnetic field B, since the
loop-localized magnetic field B,,,, will interact with the
aggregate magnetization M, to exert a vector force F on
the loop (and the tip of the cantilever where the loop is
mounted) according to [Eq. 6]:

F=V(Msigm1'Bloop)=v((Bsigna1/Ho)'B1oop) [Eq. 6]
[0078] As shown by [Eq. 6], the vector force F is the dot
product of two vectors. Therefore, the magnitude and direc-
tion of the vector force F depends on the magnitudes and the
relative orientation of the loop’s magnetic field vector B
and the external magnetic field vector being sensed B

loop CaN be

loop

signal*
For example, when the loop’s magnetic field B, is aliggried
in the same direction as the external field B the force

signals
on the loop pulls the loop toward the source ogfnthe external
field. When the loop’s magnetic field B, is aligned
directly opposite to the external field B,,,;, the force on the
loop pushes the loop away from the source of the external
field. When the direction of the loop’s magnetic field B
is orthogonal to the direction of the external field B
magnitude of the force is zero.

loop

the

signal®

[0079] The amplitude of the force of interaction, at the
resonant frequency of the cantilever, is set by the magnitude

of the smaller quantity, either B, , or B, as far as the
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mixing process is concerned. The magnitude of the force
also depends on the distance to the loop center from the
magnetized sample. The gradient of [Eq. 6] is readily
calculated, and this gradient will falloff as x to the 4th power
in the far-field (much further away than the radius of the
loop, x >>R).

[0080] Either a static or a time-varying current can be used
to drive the loop, so that the loop’s magnetic field B, can
be either static or time-varying. Similarly, the external
magnetic field B, being sensed can also include both
static and time-varying components.

[0081] Although the vector force F on the loop according
to [Eq. 5] depends only on the loop’s magnetic field vector
B and the external magnetic field vector being sensed

signat> the exact motion of the cantilever in response to that
vector force depends on additional factors.

loop

[0082] For example, the exact motion of the cantilever
depends on the mechanical characteristics of the cantilever,
such as its resonant frequency ., which in turn depends
on the materials, dimensions, and other design parameters of
the cantilever itself. The exact motion of the cantilever also
depends, for example, on the location where the vector force
is applied on the cantilever, in other words on the location
of the loop on the cantilever. Of course, the cantilever’s
motion also depends on the magnitude, orientation, and
frequency content of the loop’s magnetic field B, and the
magnitude, orientation, and frequency content of the exter-
nal magnetic field B being sensed, according to [Eq. 6].

signal
[0083] An important phenomenon occurs when the loop’s
magnetic field B, , and the external field being sensed
B_  are both alternating (AC) fields having high frequency
sinusoidal components w,,, and w,,, respectively. The
loop’s magnetic field B, and the external field being
sensed B, interact by multiplying (mixing) as they pro-
duce force on the cantilever.

[0084] Because this multiplying interaction is non-linear,
if the loop’s alternating magnetic field is at a first frequency
©10p; and the external field is at a second frequency w1,
the mixing operation produces a mechanical force on the
loop having sinusoidal components at both [0 z,q1+®0p)|
(the sum frequency) and |0gg,,~00p| (the difference fre-
quency). In practice, the components at the difference fre-
qQUENCY | igp—M)00p| are most useful since that difference
frequency can be chosen to be a relatively low frequency
compared to the relatively high frequencies w;,,, and ;.

[0085] If the difference frequency is specifically chosen to
match the mechanical resonant frequency w,.. of the
cantilever, in other words if |@ g, =000/ =0 peep, the can-
tilever acts as an extremely narrow bandpass filter centered
at that mechanical resonant frequency w,,..,,. As previously
discussed, the signal frequency wy;,,, in an MRI system is
generally determined by the magnitude of the static field
strength and the NMR-active species used. The mechanical
resonant frequency o, is generally determined by the
mechanical properties of the cantilever, such as its dimen-
sions and the material it is made from.

mec.

[0086] Because both the signal frequency o, and the
mechanical resonant frequency w,,.., are determined by
physical parameters of the MRI device, it will often be most
convenient to match the difference frequency to the
mechanical resonant frequency by controlling wy,,,. In other
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words, if the frequency w,,,, of the current through the loop
is chosen to be substantially equal to either g0+ ®mech OF
Ogignal=Pmech, the difference frequency will be w,, ., and
the resulting interaction between B, and B, will pro-
duce alternating mechanical force on the cantilever at its
mechanical resonant frequency

mech*

[0087] This alternating mechanical force on the cantilever
at its mechanical resonant frequency w__ causes the can-
tilever to vibrate at ... When either the sum or the
difference frequency of the net alternating magnetic field is
equal to the mechanical resonant frequency of the cantilever,
the cantilever is driven into mechanical vibration. This
mechanical vibration can be detected coherently, i.e. in-
phase with the frequency difference or sum, between the
loop drive and the alternating field of the sample.

[0088] Thus, the cantilever acts as a narrow-band filtered
heterodyne receiver for the external field B, The canti-
lever heterodynes the high frequency magnetic field B,y
at frequency m,,,,. down to the lower frequency w,,c.p
vibration of the cantilever, and the magnitude of the vibra-
tion of the cantilever corresponds to the magnitude of the
high frequency magnetic field B being measured.

signal

[0089] The mechanical vibration of the cantilever is a
result of the net magnetic force that is localized on the
cantilever at the position of the loop. This force localization
is important, and can be described from both the mechanical
and the electromagnetic perspectives.

[0090] First, from a completely mechanical perspective, it
is well known that the effectiveness of forces to cause
mechanical vibration is enhanced as the force is applied
closer to the end of a mechanical cantilever. This suggests
that the detection of magnetic fields is localized to an area
that is smaller than the surface of the cantilever, and is
localized to some area at the very end of the cantilever,
which is only a few microns-square in area.

[0091] Second, from an electromagnetic point of view, the
mechanical force arises from the field in the loop, which
exists within the loop, and is no bigger than the loop itself.
So, both electromagnetically and mechanically, the external
magnetic field is being sensed in an area that is only about
the size of the loop, which is six microns in diameter, and
which can be scaled down further with improvements in
lithography.

[0092] FIG. 7 shows a configuration for an alternative
magnetic field sensor, indicated generally at 120, according
to an aspect of the invention for an NMR system, indicated
generally at 122.

[0093] The exemplary NMR device 122 includes an x-axis
pulse coil 124 for exciting NMR resonance, and a y-axis
pickup coil 126. A suitable material for NMR analysis, for
example a mineral oil bath 128, is subjected to RF energy to
cause NMR resonance that can be detected by the magnetic
field sensor 120.

[0094] The magnetic field sensor 120 includes a cantilever
22 having a conductive loop 24. The cantilever 22 has a
mount end 26 bearing a first terminal 32 and a second
terminal 34 which are electrically connected to the ends of
the conductive loop 24.

[0095] The magnetic field sensor includes a vibration
sensor, for example a laser source 70 that provides a laser
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beam 72 which can be bounced off a reflective surface 74 to
produce a reflected laser beam 75 that can be received by a
photodetector 76 to produce a raw vibration signal on a raw
vibration signal line 130. The raw vibration signal on the raw
vibration signal line 130 can be conditioned and amplified,
for example by a lock in amplifier 132, to produce a
conditioned vibration signal on a conditioned vibration
signal line 134.

[0096] The conditioned vibration signal on the condi-
tioned vibration signal line 134 can be supplied to one input
of' a mixer 136 and mixed with a CW reference signal on a
CW reference line 138 that is supplied to a second input of
the mixer 136. The mixer 136 mixes the conditioned vibra-
tion signal and the CW reference signal to produce a mixer
output signal on a mixer output line 140.

[0097] The mixer output signal on the mixer output line
can be supplied to a first input of a directional coupler 142.
A first sweeper 144 can provide a first sweeper output signal
on a first sweeper output line 148 to a second input of the
directional coupler 142. The directional coupler can provide
an output signal to a CPW 150 on a CPW input line 152. The
output of the CPW can be provided on a CPW output line
154 to the first terminal 32 of the cantilever 22.

[0098] FIG. 8 shows the variation of the amplitude of
cantilever vibration as a function of sweeper frequency, with
a sample both in and out of NMR, in the system of FIG. 7.

[0099] FIG. 9 shows the variation of the amplitude of
cantilever vibration as a function of signal frequency and the
difference between signal frequency and coil drive fre-
quency, in the system of FIG. 7.

[0100] FIG. 10 shows a magnetic field sensor according to
another embodiment of the invention, indicated generally at
160. In FIG. 10, the source of the external magnetic field
being sensed B, is modeled as an AC signal generator
162 that drives an AC current at frequency wg,,,; through a
signal transmission coil 164. This arrangement can be used
for test purposes to test the functioning of the sensor 160.

[0101] The magnetic field sensor 160 includes a primary
signal reception coil 166 having a relatively large radius
[rimarys 10F €xample, about 50 mm, to improve far field
detection. The primary signal reception coil 166 can be
formed, for example, of one or more turns of wire arranged
to lie approximately in a plane. The primary signal reception
coil 166 has a first end 168, a second end 170, and an active
portion 172 between the first end 169 and the second end
170.

[0102] The magnetic field sensor 160 also includes a
secondary signal reception coil 174 having a relatively small
radius r__ 4., for example, about 0.4 mm. The secondary
reception coil 174 can be formed, for example, by winding
a plurality of turns of wire 176 about a core 178. The
secondary signal reception coil 174 has a first end 180
electrically connected to the first end 168 of the primary
signal reception coil 166, and a second end 182 electrically
connected to the second end 170 of the primary signal
reception coil 166.

[0103] The primary and secondary signal reception coils
are preferably constructed and arranged to avoid capaci-
tance, to ensure the inductive loop has wideband response.
The primary signal reception coil 166 and the secondary
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signal reception coil 174 are preferably oriented orthogonal
to each other. This orientation results in negligible mutual
coupling between the two coils, giving undistorted fields.

[0104] The vibration or other motion of the cantilever can
be measured, for example, using a laser source 70 that
bounces a laser beam 72 off a reflective portion of the
cantilever 22. The reflected laser beam 75 can be collected
by a photodetector 76. The resulting signal can be amplified
and conditioned, for example by a lock-in amplifier 184 that
acts as a narrow band filter, although this is not required. The
conditioned and amplified signal can be provided to a
controller and user interface 186. However, this is not
required and other methods for measuring the vibration or
other motion of the cantilever can be used.

[0105] The following discussion is intended to describe
the principles of operation of the sensor 160 according to the
invention. However, this description is by way of explana-
tion and not as a limitation.

[0106] The external magnetic field being sensed B, at
frequency w;,,, Will induce a current 1 ,;,,,..., in the primary
signal reception coil 166 at that same frequency
according to [Eq. 7]:

(B [Eq. 7]
[0107] Working like a transformer, the same current flows
through both the coils. In other words, the current ;...
induced in the primary coil 166 also flows as current
Imndary through the secondary coil 174, and I ,;;.,0ry=lecondary-
The current I, 4., flowing through the secondary signal
reception coil 174 produces an alternating magnetic field
andmy at that same frequency w,,,; and oriented along the
longitudinal axis of the secondary coil 174 according to [Eq.
8]

signal

dl=pl

primary primary

J Bsecondaxy.dz=lu‘lsecondaxy [Eq. 8]

[0108] The radius r,,,., of the primary signal reception
coil 166 is larger than the radius of the secondary signal
reception coil 174 r .. nqay, Yet the same current flows
through the two coils. Consequently, the magnitude of the
alternating magnetic field B, 4., from the secondary coil
174 is greater than the magnitude of the alternating magnetic
field B,y of the primary coil, according to the relation-
ship of [Eq. 9]:

F primary

_ _ Eq. 9
1Bucconders| = Bprims] X (Eq- 9]
Vsecondary

[0109] For example, if the radius of the primary coil 166
is chosen to be 100 times greater than the radius of the
secondary coil 174, the magnitude of the alternating mag-
netic field B__ . ,4ar, OUt of the secondary coil is 100 times
greater than the magnitude of the alternating magnetic field

B, simary 10t the primary coil.

[0110] The magnetic field sensor 160 includes a cantilever
22 bearing a conductive loop 24, preferably mounted on the
tip of the cantilever. The conductive loop 24 is preferably
planar, and positioned adjacent to the secondary coil 174,
with the plane of the conductive loop 24 normal to the
longitudinal axis of the secondary coil 174 and with the
center of the conductive loop 24 aligned with the longitu-
dinal axis of the secondary coil 174. This arrangement is

Nov. 23, 2006

preferred to maximize the portion of the alternating mag-
netic field B__,ar, produced by the secondary coil 174 that
passes through the conductive loop 24.

[0111] By driving an alternating current I, at a fre-
quency oy, through the loop 24, an alternating magnetic
field By, centered in the loop can be created at the
frequency . Such an alternating current I, at a fre-
quency o, can be provided, for example, by a RF syn-
thesizer 188. The loop-localized magnetic field By, will
interact with the magnetic field B, 4.y produced by
currents induced in the secondary signal reception coil 174
to exert a vector force F on the loop (and the tip of the
cantilever where the loop is mounted) according to [Eq. 6]:

V Bioop * Boccondary) (Ea. 6]

Ho

F=

[0112] The vector force F on the loop will cause the
cantilever 22, to move in some fashion. The dipole-dipole
force between By, and B__ . p4ary» being the dot product of
the magnetic moment on the cantilever coil and the spatial
gradient of the sample’s magnetic field, results in a modu-
lated force at the sum and difference of frequencies of the
sample’s response and the current on the cantilever.

[0113] Importantly, if the cantilever 22 has a mechanical
resonant frequency o, and the signal and loop frequen-
cies are chosen such that |m .=, |=® ..y, the cantile-
ver will vibrate at its mechanical resonant frequency ,,..,
thereby acting as a very high ‘Q’ bandpass filter. The signal
and loop frequencies can be chosen such that \u)signal—u)loop
©,,ccn With an appropriate choice of w,,, (the frequency of
the current on the loop).

[0114] The vector force on the loop 24 as a function of
time and displacement from the center of the loop can be
determined according to [Eq.7(a)]-[Eq. 7(c)]:

— Blo, _ [Eq. 7(=2)]
F(z. ) = =2 - cos(wioapDV () Brecondery (2)Sin(signait)
_ Bioo d = dr [Eq. 7(b)]
Fiz, )= 222 cos(ipt) (3 Bmdmy(z)sin(wxigmm)dé
[Eq. 7(c)]

— Bioop d Wsignal —
Fan=—2. = Bycconda
@ 0= =22 {3 =3 Brcontan@

dt
COS(Wsignatl — Wipopt)COS(Wsignall + wmopf))de

[0115] The core 178 of the secondary coil 174 is prefer-
ably formed of a ceramic material that is lightweight and
temperature stable. By choosing a core material that has a
high dielectric constant, the disparity in the dielectric con-
stant at the interface between the core and the surrounding
air causes internal reflection which tends to confine the
magnetic fields in the core, thereby creating a resonant
structure able to store energy.

[0116] The core is preferably dimensioned to have a height
to radius ratio less than 2.03, whereby TE,, mode is the
dominant mode for resonance in the coil. The attenuation
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coefficient for this mode decreases monotonically with
increasing frequency, which is a highly desirable character-
istic for high frequency operation. The force acting on the
cantilever is equal to its magnetic moment times the spatial
gradient of the magnetic field from the sample, which, in our
case, is the time gradient multiplied by the reciprocal of the
velocity of propagation of the force in the medium. Thus, the
force increases by the square root of permittivity of the core
material, according to [Eq. 8], whereby the magnitude of the
force can be increased by choosing a core material with a
large dielectric constant €.

Bioop d

_ [Eq. 9]
F= o T secondary(D)V HE g

FIG. 11 shows the resonance amplitude and phase of a
cantilever that is being excited by a test dipole and an
intermediate coil as in FIG. 10. The frequency axis is GHz.
The test dipole 164 is excited by a 10 MHz signal, making
the LO frequency 10 MHz. The loop probe cantilever is
driven with a signal at 10.034 MHz, for a difference fre-
quency, between the signal on the loop probe cantilever and
the signal on the primary coil, of 34 KHz. The mechanical
response of the cantilever is about 1 KHz wide, indicating a
mechanical Q of approximately (34 KHz/1 KHz)=34. How-
ever, the electrical Q may be represented as (10 MHz/34
KHz)=294. As we increase the L.O frequency, the mechani-
cal Q remains the same, but the electrical Q increases. The
narrow frequency response of the mechanical oscillator is
seen to be particularly useful for demodulation of signals
that are closely spaced in frequency. The graph of FIG. 11
looks qualitatively the same when it is performed at, e.g., 10
MHz, 20 MHz, or 2 GHz.

[0117] Tt is important to note that the construction and
arrangement of the elements of the magnetic field sensor and
other structures shown in the exemplary embodiments dis-
cussed herein are illustrative only. Those skilled in the art
who review this disclosure will readily appreciate that many
modifications are possible (e.g., variations in sizes, dimen-
sions, structures, shapes and proportions of the various
elements, values of parameters, mounting arrangements,
materials, transparency, color, orientation, etc.) without
materially departing from the novel teachings and advan-
tages of the invention.

[0118] Further, while the exemplary application of the
device is in the field of magnetic resonance imaging, the
invention has a much wider applicability.

[0119] The particular materials used to construct the
exemplary embodiments are also illustrative. For example,
although the cantilever in the exemplary embodiment is
preferably made of silicon, other materials having suitable
properties could be used. All such modifications, to mate-
rials or otherwise, are intended to be included within the
scope of the present invention as defined in the appended
claims.

[0120] The order or sequence of any process or method
steps may be varied or re-sequenced according to alternative
embodiments. Other substitutions, modifications, changes
and/or omissions may be made in the design, operating
conditions and arrangement of the preferred and other
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exemplary embodiments without departing from the spirit of
the present invention as expressed in the appended claims.

[0121] The components of the invention may be mounted
to each other in a variety of ways as known to those skilled
in the art. As used in this disclosure and in the claims, the
terms mount and attach include embed, glue, join, unite,
connect, associate, hang, hold, affix, fasten, bind, paste,
secure, bolt, screw, rivet, solder, weld, and other like terms.
The term cover includes envelop, overlay, and other like
terms.

[0122] Ttis understood that the invention is not confined to
the embodiments set forth herein as illustrative, but
embraces all such forms thereof that come within the scope
of the following claims.

1. A method for detecting the magnitude of an alternating

magnetic field B, at a frequency wy;,,,, comprising:

(a) providing a conductive loop on a vibratable member,
wherein the vibratable member has a mechanical reso-
nant frequency o

mechs

(b) driving an alternating current at a frequency w,,,
through the loop, wherein Oloop™Psignai+Ormech OF
Ol00p=Wgignal=Wmech, thereby creating an alternating
magnetic field By, in the loop at the frequency
which interacts with the alternating magnetic field
B to exert alternating mechanical force at frequency

signal N
Wy een ON the loop and vibratable member; and

mec

(c) detecting a magnitude of vibration of the vibratable
member at the mechanical resonant frequency o,

mechs

whereby the magnitude of the alternating magnetic field
B_  at the frequency wg,,, is reflected in the magni-
tude of vibration of the vibratable member at frequency
WOmech:

2. The method of claim 1, wherein the vibratable member
comprises a cantilever beam having a first end clamped to a
support and a second free end.

3. The method of claim 2, wherein ®,_, is between 10
kHz and 1 MHz.

4. The method of claim 2 wherein the distance between
the first clamped end of the cantilever and the second free
end is between 10 microns and 1000 microns.

5. The method of claim 2 wherein the free end of the
cantilever has a reflective portion, and wherein step (c) is
performed by reflecting a laser beam off the reflective
portion of the cantilever to a photodetector producing an
output signal that reflects the magnitude of the vibration of
the cantilever.

6. The method of claim 5 wherein the conductive loop is
positioned on the cantilever between the reflective portion
and the first end of the cantilever.

7. The method of claim 2 wherein w,,, is between 10
MHz and 1 GHz.

8. The method of claim 1 adapted for nuclear magnetic
resonance (NMR) analysis of an object containing NMR-
active nuclei and further comprising the steps of:

(d) subjecting the object to a static magnetic field B,
whereby at least a portion of the NMR-active nuclei in
the object are aligned with the static magnetic field; and

(e) subjecting the object to a burst of radio frequency (RF)
energy at a frequency wg,,,; to excite at least a portion
of the NMR-active nuclei into an excited state, wherein
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frequency m,;,,, is the Larmor frequency of the NMR-
active nuclei in the static magnetic field By;

whereby the NMR-active nuclei in the excited state emit
the alternating magnetic field B,_,, at frequency w,-
nat as they return to their pre-excitation state.
9. The method of claim 8 adapted for magnetic resonance
imaging (MRI) imaging of the object in one dimension X,
and further comprising the steps of:

(f) subjecting the object to a gradient magnetic field B(x)
whereby the Larmor frequencies of the NMR-active
nuclei in the object fall within a range Larmor frequen-
cies; and

(g) repeating steps (d) and (e) at different frequencies
o_  within the range of Larmor frequencies in the
objgnect;

whereby during each repetition of steps (d)-(e) the RF
energy excites only those NMR-active nuclei having a
Larmor frequency which coincides with the frequency
of the RF energy.

10. A device for detecting the magnitude of an alternating
magnetic field B,,,,.; at a frequency o comprising:

signal signals

(a) a conductive loop on a vibratable member, wherein the
conductive loop has a first terminal and a second
terminal, and wherein the vibratable member has a
mechanical resonant frequency

mech

(b) a source providing an alternating current at frequency
(’Uloop wherein U‘)loopz(’usignal-‘-(’umech or (’Uloopz(’usignal_
0 heens Wherein the source has a first terminal electri-
cally connected to the first terminal of the conductive
loop and a second terminal electrically connected to the
second terminal of the conductive loop, whereby the
alternating current passes through the conductive loop
and creates an alternating magnetic field By, in the
loop at the frequency w,,,, which interacts with the
alternating magnetic field B, to exert alternating
mechanical force at frequency w on the loop and
vibratable member; and

mech

(c) a vibration sensor for detecting a magnitude of vibra-
tion of the vibratable member at the mechanical reso-
nant frequency w,,.., and providing an output signal
reflecting the magnitude of the vibration of the vibrat-
able member at frequency

mech

whereby the magnitude of the alternating magnetic field
B_ atthe frequency o, near the conductive loop is

reflected in the output signal from the vibration sensor.

11. The device of claim 10, wherein the vibratable mem-
ber comprises a cantilever beam having a first end clamped
to a support and a second free end.

12. The device of claim 11, wherein w,,.;, is between 10
kHz and 1 MHz.

13. The device of claim 11 wherein the distance between
the first clamped end of the cantilever and the second free
end is between 10 microns and 1000 microns.

14. The device of claim 11 wherein the free end of the
cantilever has a reflective portion, and further comprising a
laser source and a photodetector producing an output signal,
wherein the laser source transmits a laser beam onto the
reflective portion of the cantilever which reflects the laser
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beam to the photodetector, whereby the output signal from
the photodetector reflects the magnitude of the vibration of
the cantilever.

15. The device of claim 14 wherein the conductive loop
is positioned on the cantilever between the reflective portion
and the first end of the cantilever.

16. The device of claim 11 wherein v, is between 10
MHz and 1 GHz.

17. The device of claim 10 adapted for nuclear magnetic
resonance (NMR) analysis of an object containing NMR-
active nuclei and further comprising:

a static field magnet providing a static magnetic field B,
to the object, whereby at least a portion of the NMR-
active nuclei in the object are aligned with the static
magnetic field; and

an excitation radio frequency (RF) power source electri-
cally coupled to an excitation coil that subjects the
object to a burst of RF energy at a frequency w_;,,,; to
excite at least a portion of the NMR-active nuclei into
an excited state, wherein frequency o, is the Lar-
mor frequency of the NMR-active nuclei in the static
magnetic field Bg;

whereby the NMR-active nuclei in the excited state emit
the alternating magnetic field By, at frequency w,-
nat as they return to their pre-excitation state.
18. The device of claim 17 adapted for magnetic reso-
nance imaging (MRI) imaging of the object in one dimen-
sion x, and further comprising:

a gradient field magnet providing a gradient magnetic
field B(x) to the object whereby the Larmor frequencies
of the NMR-active nuclei in the object fall within a
range of Larmor frequencies;

and wherein the excitation RF power source is adapted to
provide RF power at a plurality of frequencies with the
range of Larmor frequencies.

19. A method for detecting the magnitude of an alternating

magnetic field B, at a frequency wy;,,,, comprising:

(a) providing a primary signal reception coil having a
conductor arranged around at least a portion of the
periphery of a primary signal reception coil area
through which the alternating magnetic field By,
passes, the conductor extending from a first end to a
second end;

(b) providing a secondary signal reception coil having a
conductor arranged around a core, the core having a
longitudinal axis and an area orthogonal to the longi-
tudinal axis, the conductor extending from a first end to
a second end, wherein the first end of the conductor of
the secondary signal reception coil is electrically con-
nected to the first end of the primary signal reception
coil and wherein the second end of the conductor of the
secondary signal reception coil is electrically con-
nected to the second end of the primary signal reception
coil;

(c) providing a conductive loop on a vibratable member,
wherein the conductive loop is arranged approximately
in a plane orthogonal to the longitudinal axis of the core
of the secondary signal reception coil, and wherein the
vibratable member has a mechanical resonant fre-
quency

mechs
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(d) driving an alternating current at a frequency
through the loop, wherein Otoop™Psigna+Ormech OF
O100p=Dgignal=*mechs thereby creating an alternating
magnetic field B, in the loop at the frequency wy,
which interacts with the alternating magnetic field
B to exert alternating mechanical force at frequency

signal .
0, heen ON the loop and vibratable member; and

(e) detecting a magnitude of vibration of the vibratable
member at the mechanical resonant frequency o,

mech?

whereby the magnitude of the alternating magnetic field
B_  at the frequency m,,, is reflected in the magni-
tude of vibration of the vibratable member at frequency
Ophech-

20. The method of claim 19, wherein the vibratable
member comprises a cantilever beam having a first end
clamped to a support and a second free end.

21. The method of claim 20 wherein the distance between
the first clamped end of the cantilever and the second free
end is between 10 microns and 1000 microns.

22. The method of claim 20 wherein the free end of the
cantilever has a reflective portion, and wherein step (e) is
performed by reflecting a laser beam off the reflective
portion of the cantilever to a photodetector producing an
output signal that reflects the magnitude of the vibration of
the cantilever.

23. The method of claim 19, wherein w,,.,;, is between 10
KHz and 1 MHz.

24. The method of claim 19 wherein w,,,, is between 10
MHz and 1 GHz.

25. The method of claim 19 wherein the conductor of the
primary signal reception coil is arranged substantially in a
plane parallel to the longitudinal axis of the core of the
secondary signal reception coil.

26. The method of claim 19 wherein the area of the
primary signal reception coil is at least 100 times greater
than the area of the core orthogonal to the longitudinal axis
of the core.

27. The method of claim 19 wherein the area of the
primary signal reception coil is at least 1000 times greater
than the area of the core orthogonal to the longitudinal axis
of the core.

28. The method of claim 19 wherein the area of the
primary signal reception coil is at least 10000 times greater
than the area of the core orthogonal to the longitudinal axis
of the core.

29. The method of claim 19 wherein the conductor of the
primary signal reception coil extends around the periphery
of the primary signal reception coil area by a first number of
turns that may be less than one, and wherein the conductor
of the secondary signal reception coil extends around the
core of the secondary signal reception coil area by a second
number of turns that is greater than 1.

30. The method of claim 29 wherein the first number of
turns is greater than or equal to one.

31. The method of claim 29 wherein the second number
of turns is at least 10 times the first number of turns.

32. The method of claim 29 wherein the second number
of turns is at least 1000 times the first number of turns.

33. The method of claim 19 adapted for nuclear magnetic
resonance (NMR) analysis of an object containing NMR-
active nuclei and further comprising the steps of:
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(D) subjecting the object to a static magnetic field B,
whereby at least a portion of the NMR-active nuclei in
the object are aligned with the static magnetic field; and

(g) subjecting the object to a burst of radio frequency (RF)
energy at a frequency wg,,,; to excite at least a portion
of the NMR-active nuclei into an excited state, wherein
frequency g, is the Larmor frequency of the NMR-
active nuclei in the static magnetic field B;

whereby the NMR-active nuclei in the excited state emit
the alternating magnetig field Bsig.nal at frequency og,-
nat as they return to their pre-excitation state.

34. The method of claim 33 adapted for magnetic reso-
nance imaging (MRI) imaging of the object in one dimen-
sion x, and further comprising the steps of:

(h) subjecting the object to a gradient magnetic field B(x)
whereby the Larmor frequencies of the NMR-active
nuclei in the object fall within a range Larmor frequen-
cies; and

(1) repeating steps (f) and (g) at different frequencies
o_  within the range of Larmor frequencies in the
objgnect;

whereby during each repetition of steps (f) and (g) the RF
energy excites only those NMR-active nuclei having a
Larmor frequency which coincides with the frequency
of the RF energy.

35. A device for detecting the magnitude of an alternating
magnetic field B, at a frequency o comprising:

signal signals

(a) a primary signal reception coil having a conductor
arranged around at least a portion of the periphery of a
primary signal reception coil area through which the
alternating magnetic field B, passes, the conductor
extending from a first end to a second end;

(b) a secondary signal reception coil having a conductor
arranged around a core, the core having a longitudinal
axis and an area orthogonal to the longitudinal axis, the
conductor extending from a first end to a second end,
wherein the first end of the conductor of the secondary
signal reception coil is electrically connected to the first
end of the primary signal reception coil and wherein the
second end of the conductor of the secondary signal
reception coil is electrically connected to the second
end of the primary signal reception coil;

(c) a conductive loop on a vibratable member, wherein the
conductive loop is arranged approximately in a plane
orthogonal to the longitudinal axis of the core of the
secondary signal reception coil, wherein the conductive
loop has a first terminal and a second terminal, and
wherein the vibratable member has a mechanical reso-
nant frequency o

mech

(d) a source providing an alternating current at frequency
(’Uloop wherein U‘)loopz(’usignal-"(’umech or U‘)loopz(’usignal_
W00, Wherein the source has a first terminal electri-
cally connected to the first terminal of the conductive
loop and a second terminal electrically connected to the
second terminal of the conductive loop, whereby the
alternating current passes through the conductive loop
and creates an alternating magnetic field By, in the
loop at the frequency w,,, which interacts with the
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alternating magnetic field B, to exert alternating
mechanical force at frequency w,,., on the loop and
vibratable member; and

(e) a vibration sensor for detecting a magnitude of vibra-
tion of the vibratable member at the mechanical reso-
nant frequency o, ., and providing an output signal
reflecting the magnitude of the vibration of the vibrat-
able member at frequency

mech

whereby the magnitude of the alternating magnetic field
B_ atthe frequency o, near the conductive loop is
reflected in the output signal from the vibration sensor.

36. The device of claim 35, wherein the vibratable mem-
ber comprises a cantilever beam having a first end clamped
to a support and a second free end.

37. The device of claim 36 wherein the distance between
the first clamped end of the cantilever and the second free
end is between 10 microns and 1000 microns.

38. The device of claim 36 wherein the free end of the
cantilever has a reflective portion, and the vibration sensor
comprises a laser reflecting its beam off the reflective portion
of the cantilever, and a photodetector detecting the reflected
beam to produce an output signal that reflects the magnitude
of the vibration of the cantilever.

39. The device of claim 35, wherein w___, is between 10
kHz and 1 MHz.

40. The device of claim 35 wherein o, is between 10
MHz and 1 GHz.

41. The device of claim 35 wherein the conductor of the
primary signal reception coil is arranged substantially in a
plane parallel to the longitudinal axis of the core of the
secondary signal reception coil.

42. The device of claim 35 wherein the area of the primary
signal reception coil is at least 100 times greater than the
area of the core orthogonal to the longitudinal axis of the
core.

43. The device of claim 35 wherein the area of the primary
signal reception coil is at least 1000 times greater than the
area of the core orthogonal to the longitudinal axis of the
core.

44. The device of claim 35 wherein the area of the primary
signal reception coil is at least 10000 times greater than the
area of the core orthogonal to the longitudinal axis of the
core.
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45. The device of claim 35 wherein the conductor of the
primary signal reception coil extends around the periphery
of the primary signal reception coil area by a first number of
turns that may be less than one, and wherein the conductor
of the secondary signal reception coil extends around the
core of the secondary signal reception coil area by a second
number of turns that is greater than 1.

46. The device of claim 45 wherein the first number of
turns is greater than or equal to one.

47. The device of claim 45 wherein the second number of
turns is at least 10 times the first number of turns.

48. The device of claim 45 wherein the second number of
turns is at least 1000 times the first number of turns.

49. The device of claim 35 adapted for nuclear magnetic
resonance (NMR) analysis of an object containing NMR-
active nuclei and further comprising:

a static field magnet providing a static magnetic field B,
to the object, whereby at least a portion of the NMR-
active nuclei in the object are aligned with the static
magnetic field; and

an excitation radio frequency (RF) power source electri-
cally coupled to an excitation coil that subjects the
object to a burst of RF energy at a frequency wg;gpq1,
whereby at least a portion of the NMR-active nuclei are
excited into an excited state, wherein frequency
is the Larmor frequency of the NMR-active nuclet in
the static magnetic field B;

whereby the NMR-active nuclei in the excited state emit
the alternating magnetic field By, at frequency w,-
nat as they return to their pre-excitation state.
50. The device of claim 35 adapted for magnetic reso-
nance imaging (MRI) imaging of the object in one dimen-
sion x, and further comprising:

a gradient field magnet that subjects the object to a
gradient magnetic field B(x) whereby the Larmor fre-
quencies of the NMR-active nuclei in the object fall
within a range Larmor frequencies; and

wherein the excitation RF power source is adapted to
provide RF power at a plurality of frequencies in the
range of Larmor frequencies.
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