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APPARATUS FOR HIGH RESOLUTION NMR SPECTROSCOPY AND/OR IMAGING WITH

AN IMPROVED FILLING FACTOR AND RF FIELD AMPLITUDE

The present invention concerns an apparatus and a method

for liquid or solid state Nuclear Magnetic Resonance (NMR) spectroscopy

and/or NMR imaging (MRI) of at least one animate or inanimate sample,

which allows improving both the filling factor and the radio-frequency field

amplitude in at least one detection coil surrounding said at least one sample.

A NMR apparatus contains in a statoric frame magnetic

means, radio frequency (RF) means comprising excitation circuits, an emitting

coil and RF receiving means. Located in a central hole of this statoric frame,

this apparatus contains positioning means for holding the sample of an object

to analyse. In some cases, especially in solid state NMR, the means for

holding the sample have means for spinning it, and sometimes extra means

for tilting the spinning axis. The spinning part is called the rotor. It has a

cylindrical shape and wears at one end tiny turbo blades driven by air jets.

The rotor is made of a material transparent for magnetic fields, generally

made of ceramics. It may be filled with the sample to analyse, but when this

sample is small, it wears an internal sample container, mechanically centred

and whose axis is parallel to the mechanical axis of the rotor. The invention

concerns small sized samples, so the rotor always contains a sample

container whose diameter is smaller than the rotor diameter. It is necessary to

underline that frequently, in NMR literature, the sample container is abusively

called in short "sample" instead of "sample container".

As known for many years, in NMR spectroscopy and/or

imaging, the sample - be it an object or a subject - is placed inside a strong

static and very homogeneous magnetic field B0. In a quantum description,

nuclear spins 1/2 can be parallel or anti-parallel with respect to the static

magnetic field 0- Each of these two states has a different energy in the



presence of B0. These energy levels are named Zeeman energy levels, and

the spins can absorb energy in the radio-frequency range, to undergo

transitions between their two states. In a classical description, the magnetic

moments of the nuclear spins precess around the static magnetic field. The

frequency ωL of the precession (called "Larmor precession") is roughly

proportional to the static magnetic field, also depending on the local chemical

environment and can be used to probe molecular structure and dynamics. In

order to absorb energy and induce transitions, an oscillating magnetic field B

needs to be applied. This field is produced by antennas (i.e. coils) surrounding

the object or subject. This field is oscillating at the Larmor frequency

(resonance condition) and can be applied for time delays long enough to

perturb the magnetization and rotate it at various angles. The typical NMR

experiment consists of the application of this B1 field for a time delay τ, long

enough to place the equilibrium magnetization M in the transverse plane xy.

The length of this time delay is defined by the relation:

χB-. τ =π/ 2 (1)

where γ is the gyromagnetic ratio of the nucleus.

After application of this radiofrequency field (called n/2 pulse),

the spins return to equilibrium. During this time, the magnetization still

precesses around the static magnetic field and its trajectory is detected using

antennas (i.e. tuned circuits) at the Larmor frequency.

Usually, the same antenna is used to perturb the nuclear

magnetization (i.e. excitation) and then record (i.e. acquire) its response

(namely free induction decay, also called "FID") during its return to equilibrium.

This signal contains the information about the frequencies of precession and a

Fourier analysis of the FID gives the NMR spectrum. On the spectrum one

can identify resonances based on their frequency differences.

One also records electronic noise in the signal coming from

various sources such as the amplifiers, the preamplifier, the rest of the

spectrometer together with thermal noise. Many scans of the signal are



collected and summed coherently in order to improve the signal to noise (S/N)

ratio on the spectrum.

The reciprocity theorem states that the signal coming from a

small volume of sample dV detected by a coil is proportional to the strength of

the radio-frequency field B1 that this coil can generate per unit current in the

same point of space [1]. Thus, improved sensitivity can be obtained by

rendering the strength of B1 field maximum for the volume of interest and this

is typically performed by optimizing the filling factor of the coil. This filling

factor may be defined as the ratio between the volume of the sample and the

volume of the coil, which means that the best sensitivity is obtained for coil

sizes comparable to the sample size.

On the other hand, the chemical environment manifests

through various interactions, which are anisotropic (i.e. different interactions

for different directions in space) and often lead to a continuous distribution of

resonant frequencies. In liquids, the anisotropic parts of the interactions are

averaged to zero due to free molecular tumbling and translation, thus the

NMR spectra are narrow and the chemical information can be easily retrieved.

However, in solids, the chemical shift anisotropy, the dipolar interactions, the

quadrupolar interaction and sometimes the scalar couplings and the magnetic

susceptibility broaden the spectrum and account for the loss in spectral

resolution. One routinely used solution to improve resolution is the fast

spinning of the sample around an axis making an angle, named magic angle,

of approximately 54 degrees with the static magnetic field [2]. This technique,

which is called "Magic Angle Sample Spinning" (MAS) is one of the

cornerstones of high-resolution solid-state NMR, and most solid-state NMR

probes are currently able to spin small sample holders (i.e. rotors) from 1000

Hz to 35000 Hz or even more. There have been methods of higher order

averaging using simultaneous rotation, such as the method called "Double

Rotation" (DOR, see [3]) or the sequential rotation method called "Double

Angle Spinning" (DAS, see [4]) of the sample around two. axis.



In all cases, RF antennas are fixed to the body of the probe or

the stator, thus static, and placed outside of the sample holder leading to a

poor filling factor and reduced sensitivity, especially for DOR experiments.

In liquid state NMR, liquid samples are studied using ordinary

macroscopic size saddle type coils (i.e. macro-coils having a diameter ranging

from 1 mm to 10 mm) or more recently micro solenoidal type coils have been

designed to closely fit to horizontally disposed capillary tubes (100 - 1000 µm

diameter), as shown in the drawings of [5-7] references. A drawback of these

apparatuses is that they can only work with the coils being electrically

connected and mechanically linked to the static part of the probe: this means

that specific probes need to be constructed in each case.

In solid state NMR, static solid samples may be studied but

most of the studies are performed under "Magic Angle sample Spinning"

(MAS), for this spinning advantageously allows for an averaging of the

anisotropic interactions and thus for an improved spectral resolution. Very

recently, micro-coils have been used in studies of static solid samples,

improving upon sensitivity and B1 field strength [8]. In all modem setups, an

antenna is used for excitation and detection, and it is static, being typically

fixed on the body of the probe head with respect to the rotating sample.

Moreover, rotating small (sub-millimeter) objects very fast -

typically at thousands of Hz - appears to be very difficult, because of

mechanical constraints and demanding micro-machining. The sample holder

needs to withstand high gas pressures and mechanical stress, and thus to

have a non-negligible wall thickness. Common rotors have wall thicknesses

ranging from about 0.5 mm to 0.75 mm, and scaling down to smaller sizes

would compromise their mechanical stability. Machining hard materials with

precision gets also very demanding for sub-millimeter sizes. Thus, it is very

difficult to develop micro-rotors that rotate fast inside static RF micro-coils.

Various types of RF antennas have been used in the past in

NMR and MRI. They generally comprise an electronic part consisting of the



tuning and matching elements necessary to produce a tuned circuit and a coil

close to, or inside which, the animate or inanimate sample under study is

placed. This circuit can be tuned at the same time to many frequencies,

allowing for multinuclear studies.

Inductive coupling between two circuits can be performed

through physical proximity between them.

In imaging such as in MRI, inductive coupling between two or

more coils is commonly used in order to acquire images [9, 10], with the

purpose to optimize the detection and the tuning bandwidth of the coil over a

region of interest [14]. A secondary coil can be implanted [ 15] into the subject

and allows for continuous monitoring. The sample under study, typically a

patient, is static and motion can induce variations in the coupling between the

primary and the secondary circuits, leading to signal and Bi amplitude

variations. It is worth mentioning that in medical MRI the nature of the

interactions is such that no spatial averaging is required by rotating the

sample. The interactions are isotropic for MRI and thus no MAS technique is

applied, leading to a completely different and independent development of the

techniques than for NMR spectroscopy.

In NMR spectroscopy, however, inductive coupling has had

much less success and it is essential to note here that it has only been used

as a convenient way to match the impedance of the probe to the one of the

generator. It has never been used in order to improve upon the filling factor in

high-resolution NMR spectroscopy (high-resolution NMR meaning by usual

definition a very specific NMR technique in which the strong magnetic field

allows to detect small frequency shifts, such as a few Hz).

In spectroscopy, as explained above, one uses a detection

coil that surrounds the sample under study in a way to provide a maximum

filling factor and thus to optimize the sensitivity of detection for samples of

standardized size. In solid state and liquid state NMR spectroscopy, the

sample containers have standardized size that cannot suit to any sample,

especially very small sized samples. Hence, using commercially available



probes to study very small sized samples corresponds to a poor filling factor,

resulting in a poor signal sensitivity.

In the particular case of samples of shielded radioactive

materials, recent investigations are related by [25]: triple barrier containing

rotors (of 7.5 mm outer diameter) were spun (at 3.5 kHz) and used to record

29Si spectra under MAS in ceramics containing 238Pu and 239Pu. One of the

barrier was the rotor container itself, a second barrier of "Teflon" was used

and a final barrier of "Shapal" was used to contain the radioactive material.

However, as it is widely known, the existence of many protective layers

reduces the sensitivity of detection. In common signal to noise formulas, the

filling factor of the coil plays a very important role, since better sensitivity is

achieved when the size of the coil is adapted to the size of the sample. If

shielding barriers are needed, then the volume of the sample is reduced while

the volume of a static coil remains the same, which drastically lessens the

sensitivity.

One purpose of the present invention is to overcome the

above-exposed drawbacks and, in particular, those relating to the filling factor

and the sensitivity of the NMR probe especially for solid fast spinning

samples. This is achieved by the apparatus for liquid or solid state high-

resolution NMR spectroscopy and/or NMR imaging of at least one animate or

inanimate sample according to the invention, which comprises :

- at least one sample container comprising a sampling volume

which is designed to be filled by said at least one sample and to be subjected

to an electromagnetic radio frequency field, and

- a static probe comprising an energizing circuit for excitation

of nuclei of said at least one sample by generating an incident radio frequency

field at the Larmor frequency of said nuclei, and for reception of a return radio

frequency field emitted by said at least one sample,

wherein said apparatus comprises a sensitive coil which is

mounted closely around or in contact with the sample container and which is

coupled to said static probe by an electromagnetic radio frequency field, and



wherein said sensitive coil defines a sensing volume which is substantially

equal to said sampling volume, so that the filling factor and the radio

frequency field amplitude in said sensitive coil is maximized.

According to a general practice in NMR techniques, in the

present description the frequency corresponding to pulsation ω is shortly

called "frequency ω" instead of the proper designation "frequency ω/2π" .

By "electromagnetic radio frequency field", it is meant either a

radio frequency electric field (transmitted through a capacitor) or a radio

frequency magnetic field (transmitted through inductively coupled coils).

By "sensing volume" of said sensitive coil, it is meant in the

present description the inner space of this sensitive coil, which is submitted to

said electromagnetic field.

One should note that said sensitive coil is preferably mounted

in contact with (e.g. by etching) said sample container, although it may be also

mounted a few millimeters around the latter, preferably at a distance less than

or equal to 2 mm, in order to obtain a satisfactory filling factor.

In a preferred first embodiment of the invention, said

electromagnetic radio frequency field is performed through a radio frequency

magnetic field.

According to this preferred embodiment, said apparatus also

comprises at least one resonant circuit for detection of precession frequencies

of said nuclei, which is electromagnetically coupled to said static probe so as

to be tunable thereto substantially at the Larmor frequency of said nuclei, and

which comprises said sensitive coil mounted within the emitting coil of said

energizing circuit.

The filling factor and radio frequency field amplitude in said

sensitive coil being both maximized, this apparatus according to the invention

is particularly suitable for high-resolution NMR spectroscopy of small solid

samples, and also for NMR imaging thereof.



Further, it should be noted that said apparatus according to

the invention may also be used to study small static liquid-state samples, in

combination with an existing commercially available NMR probe. The increase

in RF field amplitude will be particularly useful in the case of very broad

spectra, typical of paramagnetic proteins.

In the preferred first embodiment of the invention, the

electromagnetic radio frequency field is a magnetic field, applied through

magnetic induction between the probe emitting coil and the sensitive coil

therein, this sensitive coil being mounted on or closely around said at least

one sample container. To increase inductive energy transfer, it is necessary to

constitute a quasi resonant circuit connecting a capacitor to the sensitive coil.

The theory of coupling between tuned circuits has been described in length in

the literature [ 17]. In such a magnetic coupling, the sensitive coil acts both as

a magnetic field concentrator for the excitation field, and as a signal enhancer

for the response signal thanks to the reciprocity theorem.

To form such a resonant circuit, the coil must be connected to

a net that further comprises at least one capacitor, and eventually a set of

capacitors and/or inductors which is connected to the terminals of said

sensitive coil.

The sensitive micro-coils (inductors) according to the invention

can be manufactured according to standard techniques, and they may

surround either the sample containers, such as small capillaries [ 1 8-23].

These sensitive micro-coils may either be of a solenoidal coil type (generally

used for solid state NMR), of a saddle coil type (generally used for liquid state

NMR) or of any other design existing in the NMR/MRI literature. But they may

also be formed by a conducting coating directly deposited on the sample

container itself.

Advantageously, the coil type (solenoidal or saddle type) of

the sensitive coil is chosen of the same type than the emitting coil. That is to

say, with a solenoidal emitting probe, the sensitive coil is advantageously



solenoidal, and with a saddle type emitting probe, the sensitive coil is

advantageously of a saddle type.

One should note that such an apparatus according to the

invention allows to optimize the filling factor and thus the sensitivity of

detection for samples requiring special handling, and also to render the radio

frequency field amplitude in the sensitive coil as large as possible, irrespective

in a large range of the values of the coupling constant k between both

energizing and resonant circuits. However, the power transfer between probe

coil and sensitive coil will decrease significantly if the volume of the sensitive

coil becomes smaller than a volume V2 as defined below.

The optimal efficiency for the apparatus of the invention is

obtained, provided the following additional conditions be satisfied.

For a quality factor Q1 of the NMR static probe, and an

expected quality factor Q2 of the resonant circuit according to the invention, let

us define by V1 the volume in which the radio frequency field is generated by

the NMR static probe and by V2 said sensing volume (which is determined by

the sensitive coil mounted closely around said sample), V2 being as close as

possible of the effective volume of the sample (i.e. said sampling volume).

Then, the optimal performances will be reached if :

V2 > V1/ (Q1 Q2)

Of course, each dimension determined by V2 (i.e. diameter or

length) must also be smaller than the equivalent dimension of the emitting coil

of the NMR static probe in which it is settled.

In an exemplary embodiment of the invention, said static or

rotating sensitive coil is a micro-coil having a diameter preferably between

100 µm and 1500 µm.



In a second embodiment of the invention, the electromagnetic

radio frequency field is a radio frequency electrical field. In this case, this

electrical field coupling is advantageously performed through capacitors, two

input and output capacitors being series connected with said sensitive coil, so

that said radio frequency electrical field passes through said capacitors.

According to a preferred feature suitable for rotating probes,

each of said input and output capacitors is made of a static cylindrical plate

which is mechanically linked to said static probe and of a rotating cylindrical

plate which is mechanically linked to the rotor containing said sensitive coil,

those two cylindrical plates facing each other and having the same symmetry

axis than that of the rotor.

To limit electrical interactions between those two capacitors,

said input and output capacitors are advantageously both embedded at each

end of the rotor, close to the respective ends thereof.

In such an embodiment, the self inductance L of the coil and

the value of the two coupling capacitors C are chosen to maximize the power

transmitted by the probe to the radio frequency field applied to the sample.

Advantageously, they are comprised in an adapting net consisting of a set of

capacitors and/or inductors which is connected to the terminals of said

sensitive coil.

Whatever the type of electromagnetic coupling, according to

another feature of the present invention, said at least one resonant circuit may

advantageously be rotatively mounted inside said static probe, being

preferably embedded in an inner rotor which is integral with said at least one

sample container.

It is thus to be noted that such an apparatus of the invention

allows for the use of either static or rotating sensitive coils, depending upon

the samples to be analyzed.

According to a preferable feature of the present invention, said

at least one sample container is a capillary on the surface of which said

sensitive coil is mounted.



One should note that the use of such small sensitive coils -

preferably micro-coils - allows for the local study of samples, and background

signals coming from the housing of the probe or from the stator are greatly

attenuated.

It was also noticed that said static or rotating sensitive micro-

coil has a length preferably of between 1 mm and 20 mm and a number of

turns preferably ranging from 1 to 20, which combination has experimentally

proved to provide a maximization of the radio frequency field amplitude in said

sensitive coil.

There are many cases where using rotating micro-coils

provides a unique means to perform a high-resolution NMR analysis.

The first case is where the sample quantity is limited (a few

micrograms), and placing it inside commercially available NMR rotors would

not be advantageous because of the small filling factor. One could design

smaller rotors in order to enhance the filling factor (in practice the smallest

rotors are 2 mm outer diameter [24]), but the challenge becomes

insurmountable when sub-millimeter scale rotors need to be machined. In

particular the wall thickness together with the required strength for the material

renders this task extremely difficult. Using rotating micro-coils according to the

invention allows achieving higher filling factors, without the restrictions linked

to the small size sample spinning.

The invention is well suited for any sample that requires a

shielding, provided that shielding allows the transfer of magnetic fields, and in

the case of an electric field coupling, provided that shielding also allows the

transfer of electric fields.

For instance, it may be used for radioactive samples shielded

by protective layers transparent to magnetic fields such as lead oxides. The

sensitive coil is advantageously placed inside the shielding, next to the

sample.

Another type of shielding allowed by the invention is of

biological type, when a "sensitive" product must be protected from



contamination, or the environment must be protected from the contamination

by this product. In this case also the sensitive coil is advantageously placed

inside the shielding, next to the sample. So, the benefits of the invention are

not significantly affected by the presence of one or several shieldings. As far

as the sample container remains unchanged, and the shieldings do not alter

the magnetic field, the sensitivity is the same with or without shieldings.

In the case of a sample whose contamination is prohibited

(radioactive or biologically harmful material), according to an aspect of the

present invention, said inner rotor of the NMR apparatus- which is integral with

both said at least one sample container and said resonant circuit, as above

indicated - may include a plurality of shieldings barrier layers which are

provided around said at least one sample container and which form the outer

wall of this inner rotor. If the sample is a radioactive material, said shieldings

are radioactive barrier layers.

Thus, the sample holders (i.e. rotors) may be designed to

have protective barriers against sample or probe damage, since the sensitivity

of the experiment depends less crucially on the size of the rotor. This may

have a particular importance in the study of size-limited samples, sensitive

samples, such as biological solids, radioactive materials, or studies under very

high pressure.

According a particular embodiment of the present invention,

said apparatus may further comprise an outer rotor which surrounds said inner

rotor and which is adapted to rotate at a slower frequency than that of the

latter, so as to allow a simultaneous double rotation according to the "DOR"

NMR probe design.

According to a specific embodiment of the invention, said

apparatus may have several detection coils (i.e. sensitive coils), tuned on

slightly different frequencies, different enough so as to not interfere with one

another. The emitting coil of the probe is thus sequentially excited close to any

of the resonant frequencies of the different detection coils, each one



surrounding one sample. Those samples may be either in different sample

containers placed with their axis parallel to the mechanical axis of the rotor,

and parallel one to the other and at a distance great enough to prevent the

interference from one sample to the other, or at different distances along the

same sample container, those distances being large enough to prevent the

interference from one sample to the other.

A method according to the present invention for providing an

apparatus for solid or liquid state high-resolution NMR spectroscopy and/or

NMR imaging of at least one animate or inanimate sample which exhibits a

maximized filling factor and a maximized radio frequency field amplitude in a

sensitive coil surrounding said at least one sample, comprises the provision

of:

- at least one sample which fills a sample container and which

is subjected to an electromagnetic radio frequency field, and

- a static probe comprising an energizing circuit for excitation

of nuclei of said at least one sample by an electromagnetic radio frequency

field by generating an incident radio frequency field at the Larmor frequency of

said nuclei, and for reception of a return radio frequency electromagnetic field

emitted by said at least one sample,

characterized in that said sensitive coil is mounted closely

around the sample and is coupled to said static probe by an electromagnetic

radio frequency field, and in that said sensitive coil defines a sensing volume

which is substantially filled by said at least one sample.

According to the preferred embodiment of this method

according to the invention, said electromagnetic radio frequency field is a

radio frequency magnetic field.

In this case, this method may comprise an electromagnetic

coupling to said energizing circuit of at least one resonant circuit comprising

said sensitive coil within an emitting coil of said energizing circuit, said at least



one resonant circuit detecting the precession frequencies of said nuclei and

being tunable to said energizing circuit substantially at the Larmor frequency

of said nuclei.

According to an alternative embodiment of this method

according to the invention, said electromagnetic radio frequency field is a

radio frequency electrical field, as explained above for said apparatus.

Advantageously, said at least one sample is a solid one, and

may be used either in a static or a rotating way at any spinning frequency,

while implementing said method.

This method of the invention may advantageously be used in

either liquid or solid state NMR, and said resonant circuit may be designed

according to the expected spectral resolution.

In a specific embodiment of the invention, said at least one

resonant circuit is advantageously rotated inside said static probe at a

spinning frequency greater than 1 kHz and, more advantageously, at a

spinning frequency ranging from 3 kHz to 35 kHz.

According to another aspect of the invention, said method

comprises rotating said resonant circuit by means of an inner rotor which is

integral with both said at least one sample container and said resonant circuit,

using a technique selected from the group consisting of the Magic Angle

Sample Spinning technique ("MAS"), the Double Rotation technique ("DOR")

and the Double Angle Spinning technique ("DAS").

It is to be noted that commercially available "MAS" probes

may be used to provide a tunable energizing circuit, which can ensure a fine

tuning for the assembly.

The invention may use several detection coils (i.e. sensitive

coils), tuned on different frequencies, different enough not to interfere with one

another. In this case, the emitting coil of the probe is sequentially excited

close to any of the resonant frequencies of the different detection coils, each

one surrounding one sample.



The invention is particularly advantageous for any nuclei

whose excitation and manipulation require a large amplitude radio frequency

field (e.g. protons and even more oxygen-1 7). Experiments on static liquid

samples (e.g. paramagnetic proteins), where the large B1 field offers the

possibility to excite quantitatively over a wide range of frequencies, may

further be carried out.

The above-mentioned characteristics of the present invention,

along with others, will be understood more clearly on reading the following

description of several examples of the invention, which are given for

illustrative purposes and are not intended to limit the invention, said

description referring to the attached drawings, wherein:

figure 1a is a .partial and schematic longitudinal sectional view

of a NMR apparatus according to the invention, with coupling by an electric

field,

figure 1b is a partial and schematic longitudinal sectional view

of another NMR apparatus according to the invention, with coupling by a

magnetic field,

figure 2a is a schematic view of the electronic components of

the apparatus according to figure 1a, showing an electric field coupling,

figure 2b is a schematic view of the electronic components of

the apparatus according to figure 1b, showing a magnetic field (inductive)

coupling,

figure 3 is a schematic longitudinal sectional view of a rotor

containing a resonant tunable circuit according to figures 1b and 2b,

figure 4a is a schematic longitudinal sectional view of a rotor

according to figure 3, whose extremities are respectively provided with two

outer loops for spectrum analysis,

figure 4b is a graph showing the evolution of the response

voltage V of tuned resonant circuit according to the invention, measured by a

spectrum analyzer on a reduced frequency scale with set up of figure 4a,



figures 5a and 5b are respectively two exemplary schematic

longitudinal sectional views of a double rotor structure relating to the "DOR"

probe design, figure 5a relating to the prior state of the art and figure 5b

relating to an inner tuned resonant coil according to the invention,

figure 6 is a multiple plot graph showing the evolution of the

RF field amplitude in the resonant circuit as a function of its resonance

frequency ω0, according to various sensitive coil geometries,

figure 7 is a multiple plot graph showing the evolution of the

RF power dissipated in the resonant circuit over the power provided by the

amplifier of the NMR probe, as a function of its resonance frequency ωo, and

according to various sensitive coil geometries,

figure 8 illustrates a sensitivity enhancement of a liquid

sample-containing capillary surrounded by said sensitive tuned coil in a static

operating mode, compared to a "control" capillary being devoid thereof, by

means of two respective spectra (a) and (b) plotted as a function of chemical

shift,

figure 9 illustrates a sensitivity enhancement of a solid

sample-containing capillary surrounded by a sensitive tuned coil in a rotating

operating mode, compared to a "control" capillary being devoid thereof, by

means of two respective spectra (a) and (b) plotted as a function of chemical

shift,

figure 10a is a pulse sequence which was applied to the solid

state NMR apparatus including the same tuned rotating sensitive coil as used

for figure 9, and

figure 10b is a spectrum obtained from a capillary surrounded

by this tuned rotating sensitive coil.

The high-resolution NMR apparatuses 1 and 1' respectively

shown in figures 1a, 2a and 1b, 2b each essentially comprise a rotor 2 in

which is embedded a capillary 3 comprising a sampling volume 3a which is

designed to be filled by a sample 4 (the rotor 2 thus forming a spinning sample



holder) and to be subjected to an electromagnetic RF field during the rotation

of the sample 4, by means of:

- a static probe comprising a usual antenna-containing

energizing circuit for excitation of nuclei of the sample 4 (the static probe and

its energizing circuit are not shown in their entirety), the energizing circuit

surrounding the rotor 2 and being designed to generate the RF field, and

- a resonant circuit 6' or a circuit 6 which is matched with

surrounding circuits to exhibit a resonance, for detection of the precession

frequencies of the nuclei, this circuit 6, 6' being electromagnetically coupled

(i.e. by a wireless connection) to the energizing circuit so as to be tunable

thereto substantially at the Larmor frequency of the nuclei, and comprising a

small sensitive micro-coil 6a or 6a' mounted around the capillary 3 and within

the static probe.

As may be seen in figures 1a and 1b, the sensitive micro-coil

6a or 6a' defines an inner sensing volume which is substantially equal to the

sampling volume 3a of the capillary 3.

More precisely, the apparatus 1 of figures 1a and 2a shows a

capacitive (i.e. electric) coupling between the sensitive micro-coil 6a, which is

mounted around the capillary 3 and forms a detection/excitation coil, and the

rest of the apparatus 1 including a static probe P, shown in figure 2a, which

comprises the energizing circuit. The micro-coil 6a is physically connected at

each end to a metal ring 6b (preferably made of copper) covering the rotor

lateral surface between two parallel circles. The capacitive coupling occurs

between these rings 6b and two statoric cylindrical surfaces facing them,

forming external concentric metal rings 7 (preferably also made of copper) that

are fixed in the housing (not shown) of the probe P. The width of the air gaps

between the rings 6b and 7 determines the values of the capacitance of the

resonant circuit 6, such rings 6b and 7 respectively forming the capacitor

plates of two capacitors. This arrangement allows the electrical connection

during the free rotation of the sample 4 . The distance between these metal

rings 6b and 7 has thus to remain constant during the spinning of the rotor 2.



The apparatus 1' of figures 1b and 2b shows an inductive (i.e.

magnetic) coupling between the two tuned circuits, i.e. the resonant one 6'

and the energizing one. The sensitive micro-coil 6a' surrounds the capillary 3

and is tuned to the resonance frequency using a small capacitor 6b'. As

shown in figure 2b, the energizing circuit of the static probe P' contains an

emitting macro-coil 5, which surrounds the rotor 2 and which is fixed to the

housing of the probe.

As apparent from figures 2a and 2b, it is to be noted that the

coupling by electric field of figure 2a essentially differs from the coupling by

magnetic field of figure 2b, in that the corresponding static probe P includes

the capacitor plates 7 in place of the emitting macro-coil 5 of the static probe

P' of figure 2b.

The angle between the axis of the coils 5, 6a or 6a' and the

static magnetic field is preferably set to be equal to the magic angle, according

to figures 1a and 1b, but it can generally be arbitrary.

Now, this inductive coupling will be discussed with reference

to figure 2b.

Generally, the energizing circuit corresponds to the circuit of a

commercial NMR probe, while the resonant circuit 6' includes a coil 6a' —

preferably a micro-coil- placed inside the emitting coil 5. The coupling M

between both circuits depends on the geometric characteristics of the coils.

Let the inductance of the sensitive coil 6a' of figure 1b be L. At

the terminals of the coil 6a', a small capacitor 6b' of capacitance C (of either

fixed or variable type) is connected, for instance by soldering or through a

micro connector that, together with the inductor, makes the tuned LC resonant

circuit 6' tuned at the Larmor frequency of the observed nuclei. The quality

factor Q of the circuit 6' depends on the resistance R of the coil 6a' and of the

quality factor of the capacitor 6b'. It can be related to the inductance L and to

the resistance R by the formula: Q = Lω/R. The value of the capacitance C is

chosen in the vicinity of the theoretical value C0 from the formula :



CL = 1/ LωL
2 (2),

in order to tune this resonant circuit 6' on resonance.

The effect of choosing this capacitance C slightly off

resonance will be examined on discussing figures 6 and 7 hereunder.

Figure 3 shows in longitudinal section the structure of the rotor

2 containing the sensitive tuned micro-coil 6a'. It is generally used for solid

state NMR. This rotor 2 comprises an outer cylindrical rotor body 2a which is

provided at one end with a rotor cap 2b and, radially to the inside thereof, with

a plurality of stabilization inserts 2c surrounding the capillary 3 . The latter is

provided on its cylindrical outer surface with the tuned micro-coil 6a' and, at

one end, with the tuning capacitor 6b' which is connected thereto, its mass

centre being on the symmetry axis.

As a consequence, the assembly of the capillary 3, the micro-

coil 6a' and the capacitor 6b', which is placed inside the rotor 2, is well

maintained along its symmetry axis thanks to the inserts 2c, which may be

plastic plugs having the right dimensions to fit tightly these components. Tight

fitting is indeed necessary for the stable spinning of this rotor assembly at high

frequencies.

As explained above, the rotor may be positioned inside a

"MAS" probe and spun as any commercial rotor. The macro-coil 5 of the

"MAS" probe surrounds the rotor 2 and constitutes the energizing circuit which

provides the energy for the excitation of the nuclei. A coupling constant k

characterizes the strength of the coupling, or in other words the influence that

each circuit has to the other one.

Even though the relative sizes in figure 3 are exact for a 7 mm

outer diameter "Bruker" rotor 2, it will be noted that this drawing may be easily

adapted to most commercial "MAS" rotors.

The tuning of the resonant circuit 6' was checked using a

spectrum analyzer in the configuration shown on figure 4a, which shows that

two outer loop coils 8 and 9 located at the respective ends of the rotor 2 were



connected to a spectrum analyzer, and the dispersive Lorenzian was obtained

on a screen.

The first outer loop coil 8 was driven by a current l(t) = Io

expQωt), where) = - - 1, and generated a radio-frequency field. The flux from

this field in micro-coil 6a' was equal to Φ12 = M12 I and the electromotive force

in the tuned circuit was then:

E2(t) = - dΦ12(t)/dt = - M 12 dl(t)/dt = - j ω M 12 l(t) (3)

The impedance of the tuned circuit was Z = R + j ωL - j/( ωC)

and its current was equal to:

-Ju)M12 l(t)

I2 = E2 Z = (4)

R +j[ ωL - 1/(ωC)]

The flux that the second outer loop coil 9 picked up from the

micro-coil 6a' was Φ23 = M23 I2 and the flux of reference that the loop coil 9

picked up from the loop coil 8 was Φ13 = M13 1.

What one sees on the spectrum analyzer (see figure 4b,

showing the evolution of the response voltage V of tuned resonant circuit

according to the invention, measured by a spectrum analyzer on a reduced

frequency scale with set up of figure 4a) then is the part of Φ23 that is colinear

with Φ13 and is equal to the real part of Φ13 :

M 12M23 ωl [ ωL - 1/(ωC)]

Real( Φ23) = (5)

This is a dispersive Lorenzian function of the frequency and,

on resonance, this function is equal to zero. The frequency difference between

the two extreme points is equal to: ∆ω/ ω = 1/Q and allows to measure the

quality factor of the circuit.



It will be noted that the coupling between the two energizing

and resonant circuits depends on the geometrical characteristics of the coils 5

and 6a' and remains constant, since the axis of the rotation is stable

throughout the motion. Thus the Bi field is stable and no phase distortions are

expected during the signal recording.

After the resonant circuit 6' is placed inside the coil 5 of the

energizing one, a coupling between them develops and the tuning frequencies

for the assembly are perturbed.

Generally speaking, the excitation and detection

performances depend upon the characteristics of this resonant tuned circuit 6,

6'. For example, the RF amplitude can be enhanced if a much smaller coil 6a

or 6a' than that of the energizing circuit is used in the resonant circuit 6 or 6'.

This means that one may obtain a higher Bi field in the sampling volume 3a

for the same radio-frequency power. It also means that the sensitivity for the

detection is higher.

The noise level is the same as having a single coil, since the

set of energizing and resonant circuit 6 or 6' is tuned on resonance and

matched to 50 Ohms. Thus, the signal to noise is enhanced with respect to

the ordinary single coil NMR detection. Moreover, artefact signals coming from

the rotation of the coil are modulated at harmonics of the spinning frequency

(0-30 kHz) and are filtered electronically being very distant from the NMR

frequencies (hundreds of MHz). It appears that such signals have never been

observed in experiments.

Figures 5a and 5b show two exemplary schematic views of a

double rotor structure, according to the "DOR" NMR probe design.

In this "DOR" probe design [27, 28], two rotors are involved

and, in the prior art showed in figure 5a, the RF coil 10 is static and surrounds

the ensemble of the two rotors 11 and 12. As may be seen in figure 5a, there

is provided a double rotor 11, 12 together with the outer coil 10 for excitation

and detection. The large outer rotor 11 spins slowly around an angle θoof 54.7

degrees averaging the second rank interactions, while the inner rotor 12 is



much smaller and spins faster to average the fourth rank interactions. The

sample is placed inside the inner rotor 12. Excitation and detection are

performed using the coil 10.

The best filing factor that can theoretically be obtained is

0.165, for θ0 = 54.7 degrees and θ ι = 30.6 degrees [29].

By using a tuned micro-coil 13 rotating inside the inner rotor

12, as shown in figure 5b, one can optimize the filling factor near unity and

thus improve the sensitivity of the measurements. The excitation and

detection can then take place through inductive coupling between the ordinary

energizing macro-coil 5 and the rotating tuned resonant circuit 6 or 6'.

It is however to be noted that here the effective RF field is a

function of time, since only the projection of the RF field along the xy plane is

perpendicular to Bo and effective. This component is harmonically time-

dependent and splits the signal into sidebands without any severe influence in

resolution or sensitivity.

Figure 6 shows the plots of the RF field amplitude in the

resonant circuit 6' as a function of its resonance frequency ω0, in order to

calculate the optimum RF field produced by the sensitive coil 6a' as a function

of its resonance frequency. A 'MAS" apparatus V as shown in figure 1b was

used in the calculations of these graphs. The excitation frequency was at

Larmor frequency ω ι_= 2π FL, where FL 79 MHz.

Various geometries were tested for the sensitive micro-coil 6a'

and the quality factors Q and Q2 for both energizing and resonant circuits 6'

were assumed equal to 100. The blue triangles represent the field generated

by the probe coil in the absence of any micro-coil.

The down-pointed triangles plot correspond to the field

produced by the main coil 5 of the energizing circuit, in the absence of any

resonant circuit 6', and serves to set reference (i.e. "control") for comparison.

The three other plots correspond to various sensitive micro-

coil 6a' geometries. In this calculation, the resonance frequency of the

sensitive micro-coil 6a' was fixed at a certain value, and then the tuning and



matching capacitors CM and CT (see figure 2 again) of the energizing circuit

were varied, in order to maximize the RF field produced in the sensitive micro-

coil 6a'. This corresponds to the procedure followed in the experiments as

well.

Then, for these values of CM and C , the field in the micro-coil

6a' was calculated and placed on the curve. The calculation was repeated for

all frequencies and for the micro-coil 6a' geometries shown in figure 6.

One may note that some points do not follow a smooth curve,

which is due to the fact that inductive rather than capacitive matching

elements would need to be used in the circuit of figure 2 in order to optimize

the RF amplitude in the resonant circuit 6'.

Figure 7 shows the plots of the ratio RF power dissipated in

the resonant circuit 6' / power provided by the amplifier, for various resonance

frequencies and coil configurations, various geometries being calculated for

the sensitive micro-coil 6a'. A "MAS" apparatus 1' as shown in figure 1b was

used in the calculations of these graphs. The excitation frequency was also at

Larmor frequency ωi_= 2π FL, where FL= 79 MHz.

This graph establishes that the power is mainly dissipated on

the sensitive micro-coil 6a' on resonance, and this acts as an amplifier (i.e. a

concentrator) for the RF field.



EXAMPLES FOR MANUFACTURING AND IMPLEMENTING

AN APPARATUS ACORDING TO THE PRESENT INVENTION :

The purpose of the following examples is to establish that the

systems of inductively coupled coils according to the invention can be

constructed and rotated at high spinning frequencies, and that such inventive

systems provide an increase in sensitivity and in RF field amplitude.

In these examples, the resonant circuit 6' (according to figures

1b and 3) was placed inside a rotor 2 (i.e. sample holder) and the assembly

was either static or rotating under "MAS". The electrical connection between

the static part of the probe and the rotating coils was maintained through

inductive coupling with the emitting coil 5.

The filling factor was optimized by wrapping the micro-coil 6a'

of the resonant circuit 6' manually around the cylindrical wall of the capillary 3.

All experiments we performed using a commercial "Bruker" rotor 2 with an

outer diameter of 7 mm and a "BL MAS" probe as the source of the energizing

circuit, and the capillary 3 had an outer diameter of 1.4 mm.

The experiments were performed on static samples 4 and also

on samples 4 rotating at 5000 Hz (within ±5 Hz accuracy). The automatic

spinning module was used for the rotor 2 takeoff and spinning stabilization

and landing, proving that the rotor 2 mass was correctly balanced.

Some experiments were performed using magnetic and no n

magnetic chip capacitors. The connecting plates of the former contained

magnetic materials, which proved to have minor line-broadening effects under

"MAS". According to figure 3, the macroscopic magnetization of the capacitor

was placed at the magic angle with respect to the sample 4 and was roughly

averaged by construction.

Furthermore, it was found that the susceptibility-induced

residual broadening got split into spinning sidebands upon sample spinning,

thus it did not represent a major problem for the interpretation of the spectra at

this stage.



It is to be noted that other versions including non-magnetic

capacitors could also be used.

Figure 8 illustrates the sensitivity enhancement of a liquid

sample-containing capillary 3 surrounded by the resonant tuned micro-coil 6a'

in a static operating mode, compared to a "control" capillary 3 being devoid

thereof.

First we calibrated the RF amplitude using the emitting coil 5

of the probe. The sensitive coil 6a' was absent. The sample was a 1M solution

of NaCI and the signal from the 23Na nucleus was measured. The nutation

frequency was found to be of 26 kHz and the signal to noise ratio for the n/2

spectrum was 66. A number of 8 scans were acquired, using a repetition delay

of 1 second and a calibrated n/2 pulse of 9.6 µs.

The "control" spectrum of this sample is shown on the (a) plot.

Then, the resonant tuned circuit was placed around the

capillary 3 and the RF amplitude was calibrated. Two non-magnetic capacitors

from ATC, each having a capacitance of 33 pF, were connected in parallel

and to the macro-coil. The new π/ 2 length was 2.6 µs and corresponded to a

RF amplitude of 96 kHz, and the S/N was equal to 230. The tuning and

matching of the assembly was optimized to an impedance of 50, using the

wobbling utility of the "Bruker" spectrometer.

Both spectra were line-broadened by a Lorenzian of 2 Hz.

This inventive spectrum is shown on the (b) plot.

One should note that the same power level at the

spectrometer amplifier (12 dB) was applied and the increase in RF amplitude

was of about 3.7. The sensitivity was also enhanced by a factor 3.4, as can be

seen on figure 8, thus proving the reciprocity relation between Bi field strength

and sensitivity.

The spectrum obtained using only the emitting coil 5 was

compared to that obtained using the resonant circuit 6', with the same number

of scans (8 scans), the same repetition time ( 1 second) and the same



sampling volume 3a (i.e. corresponding to the sample 4 restricted in the

volume that exactly fits the sensitive micro-coil 6a').

These experiments proved that inductive coupling works as a

wireless mechanism to ensure excitation and detection between the two coils

5 and 6a'. They also proved that an enhancement in sensitivity and RF

amplitude occurs, when the sensitive coil 6a' has a small size and an

appropriate geometry (typically such that of a micro-coil).

Figure 9 illustrates the sensitivity enhancement of a solid

sample-containing capillary 3 surrounded by a sensitive tuned coil 6a' in a

rotating operating mode, compared to a "control" sample 3 being devoid

thereof. 23Na NMR spectra of powder samples of Na2C2O4 are presented.

The spectrum in (a) was obtained from a fully packed 7 mm

rotor 2 containing 543.3 mg of Na2C2O in a capillary 3 having an outer

diameter of 1.4 mm, this rotor 2 spinning at 5 kHz. 16 scans were recorded.

The calibrated π/2 pulse (selective for the central transition) was 10 µs.

The spectrum in (b) was recorded from the capillary 3

containing a powder sample 4 of Na2C2O4 of about 800 µg. For the tuned

resonant circuit 6' surrounding this capillary 3, a solenoidal coil 6a' having 13

turns and a chip capacitor of 27 pF connected thereto were used. Chip

capacitors from Rodenstein were used, having a size of 2 mm* 1.3 mm 0.6

mm. The Q value of the resonant circuit 6' was measured to be of 79. The

capacitor terminations were magnetic and the tuning (i.e. resonance)

frequency measured on the spectrum analyzer was of 74 MHz. The sample 4

and the resonant circuit 6' were tightly fitted using the inserts 2c of figure 3,

inside a 7 mm rotor 2 and spun at 5 kHz.

1024 scans were recorded using a calibrated W2" pulse of 1

µs. Both spectra were line-broadened by a Lorenzian of 100 Hz.

The rotation frequency was stable (within 5 Hz) over a period

of 4 - 5 days. The tuning curve at the wobbling utility of the spectrometer was

tuned and matched near to 50 Ohms at the resonance frequency of 23Na, i.e.

79.3 MHz, using the probes tuning and matching knobs. The Q value of the



probe in the absence of the resonant circuit 6' was measured to be of 128

and, in the presence of the latter, to be of 85.

This long time stability allowed for two dimensional NMR

experiments and, in particular, for Multiple-Quantum "MAS" [30]. Here both the

excitation and conversion of the multiple quantum coherence benefit from high

RF amplitudes and lead to a higher sensitivity.

Figure 10 is a spectrum obtained from a capillary 3

surrounded by this tuned rotating resonant micro-coil 6a', it being a 23Na "MQ

MAS" experiment. The same rotor 2-micro-coil 6a' system was used as for

figure 9.

1152 scans per t 1 increment were recorded and the spectrum

was line-broadened by a Lorenzian of 250 Hz along F2 and 100 Hz along Fi.

20 t 1 increments were acquired using a recovery delay of 1 s and leading to a

total experimental time of only 6.5 hours.

The pulse sequence shown in figure 10(a) was applied and

the spectrum (b) was obtained. The pulse lengths were set to T1 = 1. 1 µs , τ2 =

3.6µs and τ - 2.6µs. The increment in t 1 was set to 100 µs.
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CLAIMS

1. Apparatus ( 1 , 1') for liquid or solid state high-resolution

NMR spectroscopy and/or NMR imaging of at least one animate or inanimate

sample (4), comprising:

- at least one sample container (3) comprising a sampling

volume (3a) which is designed to be filled by said at least one sample and to

be subjected to an electromagnetic radio frequency field, and

- a static probe comprising an energizing circuit for excitation

of nuclei of said at least one sample by generating an incident radio frequency

field at the Larmor frequency of said nuclei, and for reception of a return radio

frequency field emitted by said at least one sample,

characterized in that said apparatus comprises a sensitive coil

which is mounted closely around or in contact with the sample container and

which is coupled to said static probe by an electromagnetic radio frequency

field, and in that said sensitive coil defines a sensing volume which is

substantially equal to said sampling volume, so that the filling factor and the

radio frequency field amplitude in said sensitive coil is maximized.

2 Apparatus according to claim 1, wherein said sensitive coil

is coupled to said energizing circuit by an electromagnetic radio frequency

field.

3. Apparatus according to claim 2 , wherein said

electromagnetic radio frequency field is a radio frequency magnetic field.

4. Apparatus ( 1 , 1') according to claim 3, wherein it also

comprises at least one resonant circuit (6, 6') for detection of precession

frequencies of said nuclei, which is electromagnetically coupled to said static

probe so as to be tunable thereto substantially at the Larmor frequency of said

nuclei, and which comprises said sensitive coil (6a, 6a') mounted within an

emitting coil of said energizing circuit.

5. Apparatus ( 1 , 1') according to claim 4, wherein said at

least one resonant circuit (6, 6') is rotatively mounted inside said static probe.



6. Apparatus ( 1 , 1') according to claim 5, wherein said at

least one resonant circuit (6, 6') is embedded in an inner rotor (2) which is

integral with said at least one sample container (3).

7. Apparatus ( 1 , 1') according to claim 6 , wherein said inner

rotor (2) includes a plurality of radioactive protective barrier layers which are

provided around said at least one sample container (3).

8 . Apparatus ( 1 , 1') according to claim 6 or 7, wherein it

further comprises an outer rotor ( 11) which surrounds said inner rotor (12) and

which is adapted to rotate at a slower frequency than that of the latter, so as to

allow a simultaneous double rotation.

9. Apparatus ( 1 , 1') according to any of claims 4 to 8 ,

wherein, for a quality factor Q 1 of said static probe and an expected quality

factor Q2 of said resonant circuit, V 1 being the volume in which said radio

frequency field is generated by said static probe and V2 being said sensing

volume:

V2 > V1/ (Q1 .G2)

10. Apparatus according to claim 9, wherein said at least one

sensitive coil (6a, 6a') is a micro-coil having a diameter between 100 µm and

1500 µm.

11. Apparatus ( 1 , 1') according to any of claims 4 to 10,

wherein said at least one sensitive coil (6a, 6a') has a length of between 1 mm

and 20 mm and a number of turns ranging from 1 to 20.

12. Apparatus ( 1 , 1') according to any of claims 4 to 11,

wherein said emitting coil (5) and said at least one sensitive coil (6a, 6a') are

solenoids.

13. Apparatus ( 1 ') according to any of claims 4 to 12, wherein

said resonant circuit (6') is inductively coupled to said energizing circuit (5).

14. Apparatus ( 1 ') according to claim 13, wherein said

resonant circuit (6') further comprises a capacitor (6b') which is connected to

the terminals of said sensitive coil (6a').



15. Apparatus ( 1 , 1') according to any of the preceding claims,

wherein said at least one sample container (3) is a capillary on the surface of

which said sensitive coil (6a, 6a') is mounted.

16. Apparatus according to claim 2 , wherein said

electromagnetic radio frequency field is a radio frequency electrical field.

17. Apparatus according to claim 16, wherein two input and

output capacitors are series connected with said sensitive coil, so that said

radio frequency electrical field passes through said capacitors.

18. Apparatus according to claim 17, wherein each of said

input and output capacitors is made of a static cylindrical plate which is

mechanically linked to said static probe and of a rotating cylindrical plate

which is mechanically linked to said sensitive coil, each of said capacitors

having the same symmetry axis than that of said sample container.

19. Apparatus according to claim 18, wherein said input and

output capacitors are both embedded in said sample container, close to the

respective ends thereof.

20. Method for providing an apparatus ( 1 , 1') for solid or liquid

state high-resolution NMR spectroscopy and/or NMR imaging of at least one

animate or inanimate sample (4) which exhibits a maximized filling factor and

a maximized radio frequency field amplitude in a sensitive coil surrounding

said at least one sample, said method comprising the provision of:

- at least one sample which fills a sample container (3) and

which is subjected to an electromagnetic radio frequency field, and

- a static probe comprising an energizing circuit for excitation

of nuclei of said at least one sample by an electromagnetic radio frequency

field by generating a incident radio frequency field at the Larmor frequency of

said nuclei, and for reception of a return radio frequency field emitted by said

at least one sample,

characterized in that said sensitive coil is mounted closely

around the sample and is coupled to said static probe by an electromagnetic

radio frequency field, and in that said sensitive coil defines a sensing volume

which is substantially filled by said at least one sample.



2 1. Method according to claim 20, wherein said

electromagnetic radio frequency field is a radio frequency magnetic field.

22. Method according to claim 2 1, wherein it comprises an

electromagnetic coupling to said energizing circuit of at least one resonant

circuit (6, 6') comprising said sensitive coil (6a, 6a') within an emitting coil of

said energizing circuit, said at least one resonant circuit detecting the

precession frequencies of said nuclei and being tunable to said energizing

circuit substantially at the Larmor frequency of said nuclei.

23. Method according to claim 20, wherein said

electromagnetic radio frequency field is a radio frequency electrical field.

24. Method according to any of claims 20 to 23, wherein said

at least one sample (4) is a static or rotating solid one.

25. Method according to claims 22 and 24, wherein said at

least one resonant circuit (6, 6') is rotated inside said static probe at a

spinning frequency greater than 1 kHz.

26. Method according to claim 25, wherein said spinning

frequency ranges from 3 kHz to 35 kHz.

27. Method according to claim 25 or 26, wherein it comprises

rotating said resonant circuit (6, 6') by means of an inner rotor (2), using a

technique selected from the group consisting of the Magic Angle Sample

Spinning technique ("MAS"), the Double Rotation technique ("DOR") and the

Double Angle Spinning technique ("DAS").























A . CLASSIFICA ATTIIOONN OOFF SSUUBBJJEECCTT MMAATTTTEERR

G01R33/30 G01R33/34

According to International Patent Classification (IPC) or to both national classification and IPC

B . FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

GOlR

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practical search terms used)

EPO-Internal , INSPEC , EMBASE, BIOSIS, WPI Data

c . DOCUMENTS CONSIDERED TO BE RELEVANT

Category < Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No

US 5 539 315 A (CORY ET AL) 1-4,9,
23 July 1996 (1996-07-23) 11-14,

20-22
column 5 , line 9 - column 7 , line 27;

figures 3-5

WO 90/01705 A (THE REGENTS OF THE 1-6 ,8,9,
UNIVERSITY OF CALIFORNIA) 11-17,
22 February 1990 (1990-02-22) 20-27
page 23, line 11 - page 25, line 22
page 35, line 37 - page 40, line 1 ;

figures 5,6,12

EP 0 823 640 A (VARIAN, INC; VARIAN 1-6,
ASSOCIATES, INC) 11-15,
11 February 1998 (1998-02-11) 20-27
column 2 , line 4 - column 4 , line 9 ;

figures 2,3

Further documents are listed in the continuation of box C Patent family members are listed in annex

° Special categories of cited documents
"T" later document published after the international filing date

or pπoπty date and not in conflict with the application but
"A" document defining the general state of the art which is not cited to understand the principle or theory underlying the

considered to be of particular relevance invention
"E" earlier document but published on or after the international "X" document of particular relevance, the claimed invention

filing date cannot be considered novel or cannot be considered to
"L" document which may throw doubts on pπoπty cla ιm(s) or involve an inventive step when the document is taken alone

which is cited to establish the publication date of another 1Y" document of particular relevance, the claimed invention
citation or other special reason (as specified) cannot be considered to involve an inventive step when the

"O - document referring to an oral disclosure, use, exhibition or document is combined with one or more other such docu¬
other means ments, such combination being obvious to a person skilled

"P" document published prior to the international filing date but in the art

later than the priority dale claimed ■&" document member of the same patent family

Date of the actual completion of the international search Date of mailing of the international search report

18 November 2005 04/01/2006

Name and mailing address of the ISA Authorized officer

European Patent Office, P B 5818 Patentlaan 2
NL - 228O HV RlJSWlJk

Tel (+31-70) 340-2040, Tx 3 1 651 epo nl,
Fax (+31-70) 340-3016 Lersch, W

Form PCT/ISA/210 (second sheet) (January 2004)



C.(Continuation) DOCUMENTS CONSIDERED TO BE RELEVANT

Category " Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X WO 03/102616 A (IMPERIAL COLLEGE 1-4,9,
INNOVATIONS LIMITED; KITNEY, RICHARD, IAN; 11-14,
GROSS, PAT) 11 December 2003 (2003-12-11) 16 , 17,

20-24
page 4 , l i ne 19 - page 6 , l ine 16
page 9 , l ine 11 - page 11 , l ine 27;
figures 2-4,6,7

A US 6 317 091 Bl (OPPELT ARNULF) 1-4,9,
13 November 2001 (2001-11-13) 13, 14,

20-22
column 1 , ine 19 - column 1 , l ine 38
col umn 4 , l ine 10 - col umn 6 , l ine 11 ;
figure 1

A SCHNALL M D ET AL: "WIRELESS IMPLANTED 1-4, 13 ,
MAGNETIC RESONANCE PROBES FOR I N VIVO NMR" 14,20-22
JOURNAL OF MAGNETIC RESONANCE , ACADEMIC
PRESS , LONDON , GB,
vol . 68, no. 1 , June 1986 (1986-06) , pages
161-167, XP008048565
ISSN: 0022-2364
see the whol e document

A I . FARNAN ET AL. : "High-resol uti on 7
sol id-state nuclear magnetic resonance
experiments on highly radioactive
ceramics"
REVIEW OF SCIENTIFIC INSTRUMENTS,
vol . 75, no. 12, 2004, pages 5232-5236,
XP002354839
cited i n the appl ication
see chapter I I

A YAMAUCHI K ET AL: "Impl ementing solenoid 10, 11
microcoi l s for wide-l i ne sol id-state NMR"
JOURNAL OF MAGNETIC RESONANCE, ACADEMIC
PRESS , ORLANDO, FL, US,
vol . 167, no . 1 , March 2004 (2004-03) ,
pages 87-96, XP004491644
ISSN: 1090-7807
see chapters 1-3 and 5

A US 2003/173967 Al (GERALD REX E ET AL) 17-19
18 September 2003 (2003-09-18)
paragraphs '0033! , '0034! ; figures 1-4

Form PCT/ISA/210 (continuation of second sheet) (January 2004)



Patent document Publication Patent family Publication
cited in search report date member(s) date

US 5539315 23-07-1996 NONE

WO 9001705 22-02-1990 AT 172796 T 15-11-1998
DE 68928842 Dl 03-12-1998
DE 68928842 12 29-04-1999
EP 0427759 Al 22-05-1991
JP 8016656 B 21-02-1996

EP 0823640 11-02-1998 CA 2212615 Al 09-02-1998
DE 69733451 Dl 14-07-2005
JP 10090384 A 10-04-1998
US 5767677 A 16-06-1998

WO 03102616 A 11-12-2003 AU 2003244753 Al 19-12-2003
EP 1508052 A l 23-02-2005

us 6317091 Bl 13-11-2001 DE 19844762 Al 06-04-2000
JP 2000102521 A 11-04-2000

us 2003173967 Al 18-09-2003 NONE

Form PCT/ISA/210 (patent family annex) (January 2004)


	front-page
	description
	claims
	drawings
	wo-search-report

