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SENSITIVE DETECTOR

The present invention relates to a detector for electromagnetic radiation and/or EPR/NMR
(electron paramagnetic resonance/nuclear magnetic resonance), which exploits the electron-spin-
dependent fluorescence of a colour centre in a solid. The detector may be used in a wide range of
applications, including as part of a communication system or as part of an imaging, EPR or NMR
system. The detectors can be selectively tuned to be sensitive to frequencies in the range of 1 Hz to
10 THz.

Many existing devices require detectors operating within this frequency range and would
benefit from a detector having higher sensitivity. Higher sensitivity may allow detection of signals
that would otherwise not have been detectable, detection of signals at lower cost, transmission of
information at higher rates and/or transmission of data at lower powers. Reducing the power
requirements for data transmission saves energy and, in portable devices, may usefully prolong
battery life or allow a smaller battery to be used.

Examples of devices requiring such detectors include mobile phones, mobile phone base
stations, radar (including weather radar), WiFi devices, cordless telephones, wireless headphones,
video senders, walkie talkies, Bluetooth, telemetry, GPS, astronomy and imaging.

Detectors for performing single-molecule NMR experiments need to be highly sensitive to the
magnetic field originating from individual atoms of the molecule under study. It has been proposed
[23, 24] that the NMR of single molecules could be studied by using a single nitrogen vacancy (NV")
centre in diamond as a scanning magnetometer. In the proposed methodology the scanning is
performed at low magnetic field, which involves considerable spectral overlap between different
NMR resonances. This is addressed by scanning the magnetometer around in real space so that it
sequentially visits each nucleus. However, the scanning procedure is slow and nuclei in the middle of
a large molecule are inaccessible to the magnetometer.

It is an object of the invention to at least partially address one or more of the challenges
described above.

According to an aspect of the invention, there is provided a detector, comprising: a substrate
arranged to receive an input radiation to be detected and comprising a colour centre of a type that
exhibits electron-spin-dependent fluorescence; and a spin measurement section for probing the spin
state of the colour centre using fluorescence, thereby detecting input radiation that is such as to
change the spin state of the colour centre.

The present invention thus exploits the fact that certain colour centres in solids exhibit
electron-spin-dependent fluorescence at relatively high frequencies (for example at optical
frequencies), and that electromagnetic radiation with a lower frequency (for example lower than
optical frequencies, for example microwave frequencies) can flip these spins via magnetic resonance,

to provide a practical device that is capable of sensitively detecting the presence of the lower
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frequency electromagnetic radiation. It is generally the case that higher frequency photons can be
detected more sensitively than lower frequency photons, so converting the lower frequency input
photons to higher frequency ones tends to increase the sensitivity with which they can be detected. In
the case where the higher frequency photons are optical photons, for example, it is well known that
there are a wide variety of devices capable of detecting optical photons with very high sensitivity. The
frequency sensitivity of the detector can be tuned by applying an appropriate magnetic field to the
colour centres. The magnetic field changes the separation between energy levels associated with
different electron spin states, which results in a change in the frequency or frequencies of magnetic
resonance.

The spin state of an NV centre in diamond for example can be changed by a single
microwave photon, which can then be detected using an optical detector due to the spin-dependent
fluorescence of the NV~ centre. It is relatively routine to measure single optical photons, whereas
single microwave photons cannot currently be detected with room temperature equipment because the
energy of a microwave photon is over 100,000 times less than that of a single optical photon. Single
microwave photons can be detected with advanced equipment based on superconducting electronics,
but this requires cooling to liquid helium temperature of 4K (or below) which is impractical for large-
scale commercial applications. A detector according to an embodiment of the present invention,
using for example an NV~ centre in diamond, can work efficiently at room temperature (and pressure).

In an embodiment, the detector is used in a communication device, such as a mobile phone or
mobile phone base station. Frequencies currently used most commonly in this context are around 0.9
— 2 GHz. The use of the detector in the base-station could greatly reduce the amount of power that a
mobile phone needs to transmit, due to its increased sensitivity, thus reducing the power consumption
of the device. The extra detection sensitivity would also allow more data to be transmitted.

In an embodiment, the detector 1s used to detect the radiation absorbed or emitted in a
magnetic resonance experiment. For nuclear magnetic resonance (NMR) the frequencies currently
used most commonly are around 0.1 — 1 GHz. For electron paramagnetic resonance (EPR) the
frequencies currently used most commonly are 1 — 100 GHz. The detector can be tuned to be
sensitive to these frequencies by appropriate application of an external magnetic field.

In other embodiments, the detector is used in a radar (including weather radar), WiFi, cordless
telephones, wireless headphones, video senders, walkie talkies, Bluetooth, telemetry, GPS, astronomy
and imaging.

According to an alternative aspect of the invention, there is provided an apparatus for carrying
out nuclear magnetic resonance, comprising: a magnet configured to generate a magnetic field of
equal to or greater than 5T in a test region of the magnet; and a probe comprising a sample receiver
for receiving a sample, the probe being insertable into the magnet so as to position the sample receiver
in the test region, wherein the probe comprises: a substrate comprising a colour centre of a type that

exhibits electron-spin-dependent fluorescence, the colour centre being positioned so as to be directly
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adjacent in use to a sample in the sample receiver; a first coupling system for directing first
clectromagnetic radiation to the colour centre to control the electron spins of the colour centre using
electron paramagnetic resonance and a second coupling system for directing second electromagnetic
radiation to the sample in order to control the nuclear spins of the sample using nuclear magnetic
resonance; and a third coupling system for directing third electromagnetic radiation to and from the
colour centre in order to measure a change in the fluorescence of the colour centre resulting from a
contribution to the magnetic field at the colour centre from one or more nuclei of the sample that are
closest to the colour centre.

Thus, according to this embodiment colour centres are used as the basis for sensitive
magnetometers in a high field NMR system. In an embodiment, the colour centres are used for
single-molecule NMR. In an embodiment, a plurality of the colour centres are used to simultaneously
probe different molecules in a sample of many molecules which may be identical. The different
identical molecules will be oriented differently with respect to their respective detectors, so different
parts of the molecule will be studied by each detector. This approach greatly increases the throughput
of single-molecule NMR experiments.

The invention will be further described by way of example with reference to the
accompanying drawings in which:

Figure 1 depicts an example configuration in which microwave input radiation is directed to a
substrate containing colour centres and the resulting optical fluorescence measured;

Figure 2 depicts an alternative example configuration in which a substrate contains a plurality
of the colour centres and a branched system of wires for directing input radiation to each of the colour
centres;

Figure 3 depicts an example of a resonator for focusing input radiation onto a colour centre;
and

Figure 4 depicts an example of a sample receiver comprising a plurality of colour centres and
associated optical fibres for performing fluorescence measurements.

In the specific example shown in Figure 1, a detector is provided that has a substrate 4, a
coupling device 6 and a spin measurement section 8. The substrate 4 comprises a plurality of colour
centres that are each of a type that exhibits electron-spin-dependent fluorescence. In other
embodiments, a substrate may be provided that has only one colour centre or a plurality of different
substrates may be provided that each comprise one or a plurality of colour centres. The colour centres
may all be of the same type or some or all of them may be of different types. The coupling device 6
is configured to direct an input radiation beam to be detected to the colour centres in the substrate 4.
The coupling device 6 may comprise a waveguide, an antenna, a resonator, one or more reflectors, or
any combination of these, for example. In other embodiments, a coupling device 6 is not provided,

with the substrate 4 being instead directly exposed to the input radiation.
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In an embodiment, the spin measurement section 8 is configured to output a measure of the
phase and/or intensity and/or frequency of the input radiation, based on the fluorescence. In an
embodiment, the spin measurement section 8 is configured to output a measure of the phase and/or
intensity and/or frequency as a function of time. The output may be provided for example by
measuring the rate at which spins are flipped in a given colour centre or in a plurality of colour
centres, for example.

The frequency could be measured by a) having different colour centres which undergo EPR at
different frequencies and/or b) by applying different magnetic fields to tune the EPR resonant
frequency of the colour centres. The different magnetic fields could be applied sequentially to one or
more colour centres and/or the tuning magnetic fields could be kept constant in time but chosen to be
different for different colour centres. The amplitude of the signal could be detected by observing the
nutation rate (Rabi oscillation frequency) of the colour centre spin(s). The intensity can be calculated
from the amplitude. The phase of the signal could be detected by measuring the signal amplitude
relative to the phase of a reference signal applied to the colour centres and using standard methods of
phase-sensitive detection [David M Pozar, Microwave Engineering, John Wiley & Sons; 4th Edition
(2011)].

In an embodiment, a magnetic field control system 15 is provided for controlling the magnetic
field in the region of the colour centre or centres to control the absorption spectrum (i.¢. the magnetic
resonance frequencies) of the colour centre or centres. The magnetic field control system may be
used to make the detector sensitive to one or more frequencies in the range of 1 Hz to 10THz, for
example.

In an embodiment, the detector is used as part of a communication apparatus. In such an
embodiment, the detector may further comprise a demodulator 17 for receiving the output from the
spin measurement section and extracting therefrom information that was modulated onto the input
radiation.

In this particular example, the substrate 4 is provided in the form of a wafer, which has a
thickness in the direction parallel to the input direction of the radiation that is several orders of
magnitude smaller than the dimensions of the substrate perpendicular to the direction of incidence.
This geometry tends to increase the chance that one of the photons to be detected hits the detector
without making it unduly difficult for optical photons to enter and leave the substrate (for the
purposes of measuring the fluorescence — see below). However, other geometries of substrate may be
used.

In the embodiments shown, the spin measurement section 8 comprises an input radiation
source 10 for directing input radiation 12 for fluorescence onto the substrate 4 and detectors 14 for
detecting the resultant fluorescence. In the particular geometry shown fluorescent photons emerge in

all directions so conventional optics such as mirrors (shown schematically as elements 16) could be
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used to collect as many as possible on the detectors 14. Standard techniques such as the use of a
holographic notch and red pass filter could be used to suppress stray light [2].

In an embodiment, the input radiation 12 for fluorescence can be polarised to assist with
suppression of stray light. For example, the colour centres could be excited with linearly polarised
light and some of the detected fluorescence would then be orthogonally polarised with respect to the
excitation, enabling efficient filtering with a polariser. For this polarisation-sensitive detection it is
desirable for the colour centres to be aligned with each other. Lower excitation power has been found
experimentally and theoretically to provide higher contrast and hence greater sensitivity to the
photons to be detected (see pages 17-24 of PhD thesis reference [13]).

Aligning the colour centres with each other also ensures that they behave in the same manner
with respect to the radiation to be detected. This will tend to increase measurement sensitivity.
However, in other embodiments the plurality of colour centres may comprise colour centres having
different orientations. The different orientations would be sensitive to different excitations (i.e.
radiation at different wavelengths), which may increase the range of frequencies of input radiation
that can be detected with high sensitivity. The variation in performance arises due to the different
orientations of the colour centres relative to any external magnetic field. The size of the energy
splitting between different spin states depends on the orientation of the external magnetic field
relative to the orientation of the colour centre.

According to an embodiment, the detector is configured to operate at room temperature,
which is convenient for many applications. However, reducing the temperature of the colour centres
will tend to increase the sensitivity of the optically-detected magnetic resonance (ODMR) process [5],
so would provide an even more sensitive detector. Some applications demand temperatures above
room temperature, which would also be compatible with embodiments of the invention.

In an embodiment, the colour centre is a nitrogen vacancy (NV’) colour centre in diamond.

NV~ colour centres in diamond exhibit electron-spin-dependent fluorescence allowing the
measurement of ODMR [1]. Developing this technique has permitted single NV~ centres to be studied
with high sensitivity [2-4]. In zero magnetic field the frequency needed to drive the magnetic
resonance (also referred to as electron paramagnetic resonance, EPR) transition is 2.88 GHz. In a
magnetic field, the required frequency is around 28 GHz per Tesla of applied magnetic field + 2.9
GHz. By aligning a small external magnetic field such that it opposes the internal crystal field (which
produces the zero-field splitting), frequencies below 2.88 GHz are required to drive EPR. Other ways
to tune this frequency include the application of strain and electric fields. It is possible to tune the
frequency to which the detector is sensitive to anywhere from 1 Hz to 10 THz, both for NV~ colour
centres in diamond, and other colour centres.

Alternative colour centres to the NV in diamond include, but are not limited to:

- other vacancies and vacancy-related centres in diamond [14]

- the silicon-vacancy centres in diamond [15, 16]
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- the NES centre in diamond [4]

- chromium-related centres in diamond [17, 18]

- colour centres in silicon carbide [19]

- colour centres in solids other than diamond including crystals such as quartz and

amorphous solids such as amorphous SiO,

- all of the centres and defects mentioned in the review article by Bridges et al [20] and

the book by Field [21]

- any other centre in a solid, particularly those which have an ODMR signal.

Anywhere that NV centres are referred to in this document, one or more of these alternatives
could be used instead. Furthermore, the use of multiple coupled centres may be more sensitive, so
these could also be used instead of NV™ centres. Anywhere that diamond is referred to, one or more of
these hosts (such as quartz) could be used instead. More than one of these centres could be combined
in the same or different host materials to increase the sensitivity and/or permit detection of more than
ong frequency.

Noise photons which exist at the fluorescence frequency may limit the sensitivity of the
detector. If there are many centres fluorescing and only one of these absorbs a photon to be detected,
then the fluorescence of the other centres may prevent detection. For this reason, it could be
advantageous to use a single centre. However, this approach leads to a greatly reduced dynamic range
(the output signal is only one bit). Additionally, it can be challenging to direct the photons one wants
to detect onto the tiny (atomic scale) colour centre.

Figure 2 is a schematic illustration of a detector which addresses the above issues by
providing a substrate 4 having a plurality of colour centres and a coupling device that is configured to
direct input radiation directly to all of the plurality of colour centres. The provision of a plurality of
colour centres increases the dynamic range, and a coupling device 6 directs incoming radiation
specifically to the plurality of colour centres. In the particular example disclosed, the coupling device
6 comprises an antenna 6C, a coaxial cable 6B and a branched system of wires 6A embedded on or
within the substrate 4. In the embodiment shown, the input radiation will be captured by the antenna
6C, conveyed to the branched system of wires 6A by the coaxial cable 6B and directed to individual
colour centres located at the tips of the branches of the branched system of wires 6A. The tip region
20 of one of the branches is shown in a magnified inset 20. In this embodiment, a single colour centre
22 is provided in the region of the tip with dedicated optics 24 for probing the spin-dependent
fluorescence of the colour centre. The optics 24 may comprise optical excitation and detection
devices and/or lenses to direct the exciting and/or emitted radiation to their respective targets. The
optical excitation and detection could consist of one or more excitation sources (such as a green laser)
which could be split up, for example, to excite all of the different single colour centres (or separate
sources could be used for each of the colour centres or subsets of the colour centres). In an

embodiment, the optical detection comprises one or more detectors for the emitted radiation (such as
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avalanche photo-diodes) to which the signals from all of the different single colour centres could be
routed.

In the embodiment shown in Figure 2, the coupling device 6 comprises a metal wire split into
a system of branches 6A within the substrate 4. This could be achieved using standard lithography
techniques, for example, such as optical or electron-beam lithography. In an embodiment, the wires
may be formed so as to be about 10 microns wide and 100 nm thick, for example. In other
embodiments, different structures (e.g. waveguides) may be formed within the substrate 4 for
directing the input radiation onto the colour centres.

In an embodiment, a resonator 25 is provided, for example as a replacement of a portion of
the wire in each of one or more of the tip regions of the branched structure shown in Figure 2. The
resonator 25 may be of the type illustrated in Figure 3 for example, comprising two parallel,
conducting lines 26 and 28 connected to a conducting loop 27. This design is a variant of the
commonly used loop-gap resonator [6]. The radius of the loop, r, can be chosen to be relatively small
(e.g. 10 microns) so as to concentrate the magnetic field associated with the input radiation as much as
possible onto the atomic-scale colour centre. Using such small sized loops tends to increase the
resonant frequency of the resonator above the resonant frequency of the colour centre (for example, in
the region of about 3GHz for NV™ colour centres in diamond in low magnetic fields), but the
frequency can be brought back down to any desired value by adding extra capacitance. This can be
achieved by increasing the length L of the resonator, for example, or in other ways, such as by putting
in a capacitor of chosen value connecting the two wires 26 and 28. The resonator 25 could be made
with 1, 2 or a multitude of stacked planar structures. The two parallel lines 26 and 28 in Figure 3
could be in the same plane as the loop 27, or stacked on top of each other with a dielectric material in
between. The resonators 25 can be above and/or below the colour centre. The resonators for different
colour centres could be the same, to increase the coupling strength, or different so as to have different
resonant frequencies (thereby increasing the bandwidth of operation of the detector 2).

Academic papers providing further details of the use of such micrometer-scale resonators in a
general sense can be found in references [7-12].

The typically required dimensions of the resonator 25 (involving length scales of the order of
5-10 microns for example) allow convenient fabrication using optical lithography. These length
scales are also convenient having regard to the diffraction limit of visible light for ODMR readout (it
is hard to focus light down to much less than its wavelength), as well as for the skin depths of the
radiation to be detected (e.g. microwaves) in metal (the metal should generally be thicker than the
skin depth to avoid too much of the input radiation power passing right through the metal). However,
in principle any length scale is appropriate.

In an embodiment, the detector is configured for use in an apparatus for performing electron
paramagnetic resonance (EPR) imaging. In such a configuration, the detector is configured to detect

the radiation absorbed or emitted due to EPR in the object being imaged.
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EPR is also known as electron spin resonance (ESR) and electron magnetic resonance (EMR).
Most electron spins have a g-factor of around 2, meaning that the frequency needed to drive EPR is
around 28 GHz per Tesla of magnetic field applied. For the detector 2 to be sensitive to this
frequency, it is required that the magnetic field experienced by the colour centres should be adjusted
to meet the ODMR resonance condition. When the sample is in a large magnetic field of 1 T or more,
this could be achieved simply by placing the colour centres slightly outside of the field-centre of the
magnet used for the EPR.

More generally, it is necessary to be able to detect EPR spectra rather than being restricted to
just one g-factor. This could be achieved by including a magnet coil around the colour centres so as to
change their local magnetic field relative to that at the sample. This coil would tend to also change the
magnetic field at the sample, but by a lesser amount. This error could be removed in the software as
long as it was first measured for a standard sample (with a known g-factor and a small linewidth) as a
function of the magnetic field applied to the NV~ centres. Another approach would be to have such a
standard sample permanently present next to the sample and measure its EPR again when the
magnetic field applied to the colour centres is changed.

For any EPR experiment it is possible for the detection to be performed in transmission
(where the microwaves pass through the sample to the detector) or in reflection (where the
microwaves are reflected from the sample to the detector with or without the aid of a circulator to
reduce the microwaves coming directly to the detector from their source). Embodiments of the
detector could be used with both configurations.

In a continuous-wave EPR experiment one could continuously illuminate the colour centres
with optical light and observe the changes in the fluorescence that occur as the sample absorbs some
of the radiation (¢.g. microwaves) that is impinging on it. The EPR signal would then appear as a
reduced fluorescence because of a reduced intensity of radiation reaching the detector. If a tuned
microwave resonator is used then the absorption of radiation by EPR in the sample may mean that the
resonator is no longer tuned resulting in an increase in radiation reaching the detector. In either case,
the experiment could be performed with chopped or pulsed optical illumination and lock-in or boxcar
fluorescence detection.

To perform a pulsed EPR experiment one could use the free-induction decay (FID) as the
signal by sending in one radiation (¢.g. microwave) pulse to the sample and measuring the radiation
emitted by the sample. To avoid the unwanted signal due to the strong driving pulse of radiation, one
could send in the optical-frequency photons to the colour centres to refresh them during (and/or for a
short time after) the driving pulse. For this application it is desirable for the colour centres to refresh
fast, on a timescale of ns. As NV™ centres do not refresh as fast as this, one may prefer other centres
such as the silicon-vacancy centres [15, 16] or the vacancy-related defects [14]. To further avoid the
unwanted signal due to the strong driving pulses one could use a spin echo sequence whereby two

pulses separated by a time ¢ produce an echo which is emitted from the sample after a time of
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approximately 7 following the second pulse. The colour centres have time to refresh in this time period
of 1.

Any EPR experiment, including those in reference [22] could be performed with a detector
according to an embodiment of the invention replacing the detection techniques used previously.

NMR experiments are performed more frequently than EPR because unpaired nuclear spins
are more common than unpaired electron spins. Magnetic resonance imaging (MRI) is a popular
example of NMR. Embodiments of the detector can be used for detecting NMR in a similar way to the
EPR case described above. For a given magnetic field, the resonant frequency for NMR tends to be
around 1000 times lower than for EPR. The magnetic field applied to the sample in an NMR
experiment is generally kept constant, in contrast to many EPR experiments.

The sensitivity of prior art detectors for the lower-frequency radiation (100-1000 MHz) used
in NMR experiments is generally even worse than for current microwave detectors (used for EPR for

example). This is due to the lower energy of MHz photons than GHz photons:

Photon energy = /2 v (1)

where # is Planck’s constant (6.626 x107* Js) and v is the frequency of the radiation. The gain in
sensitivity over existing detectors may therefore be even larger at these lower frequencies. Detecting
these lower frequencies with NV~ centres for example, would use a (preferably aligned) magnetic field
of around 50 mT to access the anti-crossing between the ms= 0 and m,= -1 states of the electron spin
triplet ground state (see Figure 3A in reference [3]).

These MHz frequencies are currently used extensively for radio and they benefit from long
distance transmission because the long wavelengths are not heavily disturbed by hills and buildings or
absorbed too strongly by water vapour in the air. However, the enhanced sensitivity possible using a
detector according to an embodiment of the invention could make them suitable for new applications
such as mobile phones and indeed any of the other applications mentioned in this application. In an
embodiment, a mobile phone and/or base station comprises a detector according to an embodiment of
the invention that is tuned to detect input radiation of less than 700 MHz, preferably less than 500
MHz.

In the embodiments described above, the detector is configured to detect radiation having a
frequency corresponding to the EPR frequencies of the colour centres involved. As discussed, these
frequencies are dependent on the applied magnetic field. This allows the frequency sensitivity to be
tuned so as to be appropriate to particular applications. However, the sensitivity to magnetic field can
also be exploited directly by using the colour centres as sensitive magnetometers.

According to an embodiment, this effect is exploited to provide a detector (acting as a
magnetometer) for use in single-molecule NMR following references [23] and [24]. In contrast to the

application to NMR discussed above, where the detector was configured to detect radiation associated
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with nuclear magnetic resonances, in the present embodiment a colour centre is used directly to detect
a change in magnetic field at the colour centre caused by the magnetism (spin) of one or more nuclei
that are brought into close proximity with the colour centres. The change in magnetic field is detected
by monitoring a change in the EPR characteristics of the colour centre (¢.g. by monitoring the
variation in fluorescence as a function of the frequency of applied microwave radiation.

In an embodiment, in order to speed up sampling of the different NMR resonances, the
sample is subjected to a high magnetic field (e.g. > 5T, preferably >10T, 15T, 20T or 25T). The
higher the applied magnetic field the greater the separation between different NMR resonances (the
less these resonances will overlap spectrally), which allows for example the detector to distinguish
between resonances of different nuclei or nuclei in different environments.

In an embodiment, a sample 32 to be tested is mounted on a probe and inserted into the bore
of a high field magnet. In an embodiment, the sample 32 is mounted or received in a sample receiver
30 that is configured to allow use of colour centres as magnetometers. The sample 32 may for
example be adsorbed, as a dry solid, or may be in solution (but not rotating too quickly compared to
the experimental timescale). An example of such a configuration is shown in Figure 4.

In an embodiment, the sample receiver 30 comprises a substrate 34 comprising a plurality of
colour centres 22 (see lower magnified inset 35, which is a magnified view of a portion of the sample
receiver 30 at the interface between the sample 32 and the receiver 30). Each of the colour centres 22
is provided in close proximity to a different portion of the sample 32. In this way, the colour centres
22 will be influenced by molecules that have various different orientations relative to the colour
centres, which allows the colour centres collectively to sample different nuclei and/or combinations of
nuclei of the molecule under study at the same time. A coupling system 38 may be provided for
directing electromagnetic radiation to the colour centres 22 and to the sample 32 in order respectively
to control the electron spins of the colour centres using electron paramagnetic resonance and the
nuclear spins of the sample using nuclear magnetic resonance. The coupling system 38 may be
referred to as a combination of a “first coupling system” (for directing electromagnetic radiation to
control the spins of the colour centres) and a “second coupling system”™ (for directing electromagnetic
radiation to control the nuclear spins), which may be integrated into a single coupling system (as
shown) or may be separate coupling systems. In this particular embodiment, a plurality of optical
fibres 36 are provided in the sample receiver 30 for the purposes of individually probing the
fluorescence of each of the different colour centres 22. The optical fibres 36 may be considered as
part of a third coupling system. The upper magnified inset 37 depicts a magnified top view of a
portion of the substrate receiver 30 and shows how the colour centres 22 can be provided in a two-
dimensional array with dedicated loop-gap resonators 40 associated with each of the different colour
centres 22. It is understood that each of the colour centres 22 in the two-dimensional array shown in
the inset 37 will have its own optical fibre 36 positioned beneath for probing the spin state of the

colour centre 22 using fluorescence.
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The approach of this embodiment allows single-molecule NMR experiments to be performed
sensitively and efficiently (quickly).

The desirable static magnetic ficld for NMR is as high as possible to get more spectral
resolution, but is currently limited to between 20 and 30 T by the cost of making high-field
superconducting magnets. At these magnetic fields of 5 to 30 T, the frequency needed to excite the
clectron spins becomes high: 140 to 850 GHz. This frequency region is technologically inconvenient,
but accessible with modern equipment. It is very convenient for making small loop-gap resonators
with r ~ 50 um scale, as no extra capacitance is needed, allowing L ~ 0.

In an embodiment, the optical fibres 36 have a diameter of 100 um. Allowing one per colour
centre, this would leave room for over 1000 single-molecule colour centre NMR spectrometers to be
squeezed into a standard 4 mm diameter chip. Such a chip would fit into existing NMR spectrometers,
simply by replacing the NMR probe (the magnets and consoles cost more than the probes). All of the
colour centre spectrometers in the array would experience the same static magnetic field and RF field
(a lower frequency for exciting the nuclear spins) because their homogeneity across several mm is
standard practice in commercial NMR. The superconducting magnet would not need to be as
homogeneous as existing NMR magnets as the sample in each experiment would be on the molecular
scale over which the magnetic field would look very homogeneous in comparison with the mm-scale
samples currently used. In one experiment, a sample would cover the 4 mm scale chip and NMR
information about 1000 molecular orientations would come out simultaneously. Each of the colour
centre spectrometers would see only the part of the molecule closest to it: the colour centre would
only see 1-5 nuclei that are the closest to it, but these are coupled to others in the molecule which
could be probed by sending in NMR pulses to find the resonances. Analysing this information with
dedicated software would allow the puzzle pieces to be put together revealing the full shape of the

molecule.

As indicated above, the detectors may be tuned to be sensitive to frequencies in the broad
range of 1Hz to 10THz (although in other embodiments the invention may find use outside this
range). However, in practice, the majority of applications will fall in the range 1MHz to 2 THz and,

within this, the most preferred frequency range is 100MHz to 10GHz.
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CLAIMS

1. A detector, comprising:

a substrate arranged to receive an input radiation to be detected and comprising a colour
centre of a type that exhibits electron-spin-dependent fluorescence; and

a spin measurement section for probing the spin state of the colour centre using fluorescence,

thereby detecting input radiation that is such as to change the spin state of the colour centre.

2. A detector according to claim 1, wherein the spin measurement section is configured to output
a measure of the phase, amplitude, intensity and/or frequency of the input radiation based on the

fluorescence.

3. A detector according to any of the preceding claims, wherein the detector comprises a

plurality of the colour centres in the same or different substrates.

4, A detector according to any of the preceding claims, further comprising a coupling device for

directing the input radiation to the colour centre.

5. A detector according to claim 4, wherein the coupling device comprises one or more of the

following: a waveguide, an antenna, a resonator.

6. A detector according to claim 4 or 5, wherein the coupling device is configured to direct the
input radiation along a plurality of different paths, each leading to a different colour centre or group of

colour centres.

7. A detector according to any claim 6, wherein the coupling device comprises an antenna
connected to a wire or waveguide that branches into a plurality of sub-branches, the plurality of sub-

branches defining the plurality of different paths.

8. A detector according to any of the preceding claims, wherein the coupling device comprises a

loop-gap microwave resonator.
9. A detector according to any of the preceding claims, wherein the detector comprises a

plurality of colour centres and the coupling device comprises a plurality of microwave resonators,

cach configured to couple the input radiation to a different one or group of colour centres, wherein
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two or more of the microwave resonators are configured to have different resonant frequencies in

order to increase the bandwidth of the detector.

10. A detector according to any of the preceding claims, further comprising a magnetic field
control system for controlling the magnetic field in the region of the colour centre or centres to control

the frequency or frequencies of input radiation to which the colour centre or centres are sensitive.

11. A detector according to any of the preceding claims, further comprising a demodulator for
receiving the output from the spin measurement section and extracting therefrom information that was

modulated onto the input radiation.

12. A detector according to any of the preceding claims, wherein the spin measurement section
comprises an optical excitation device configured to generate fluorescence of the colour centre or

centres and a detection device for detecting the fluorescence.

13. A communication apparatus, comprising:
a receiver configured to receive an electromagnetic signal having input information to be
received modulated thereon, wherein:

the receiver comprises a detector according to any of the preceding claims.

14. A communication apparatus according to claim 13, further comprising a transmitter

configured to transmit an electromagnetic signal modulated with output information to be transmitted.

15. A communication apparatus according to claim 13 or 14, wherein the detector is tuned to

detect input radiation at a frequency of less than 700 MHz.

16. An apparatus for performing nuclear magnetic resonance, comprising a detector according to
any of claims 1-12 configured to detect the radiation absorbed or emitted due to nuclear magnetic

resonance in the object being studied.

17. An apparatus for performing electron paramagnetic resonance, comprising a detector
according to any of claims 1-12 configured to detect the radiation absorbed or emitted due to electron

paramagnetic resonance in the object being studied.

18. An apparatus for carrying out nuclear magnetic resonance, comprising:
a magnet configured to generate a magnetic field of equal to or greater than 5T in a test region

of the magnet; and
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a probe comprising a sample receiver for receiving a sample, the probe being insertable into
the magnet so as to position the sample receiver in the test region, wherein the probe comprises:

a substrate comprising a colour centre of a type that exhibits electron-spin-dependent
fluorescence, the colour centre being positioned so as to be directly adjacent in use to a sample in the
sample receiver;

a first coupling system for directing first electromagnetic radiation to the colour centre to
control the electron spins of the colour centre using electron paramagnetic resonance;

a second coupling system for directing second electromagnetic radiation to the sample in
order to control the nuclear spins of the sample using nuclear magnetic resonance; and

a third coupling system for directing third electromagnetic radiation to and from the colour
centre in order to measure a change in the fluorescence of the colour centre resulting from a
contribution to the magnetic field at the colour centre from one or more nuclei of the sample that are

closest to the colour centre.

19. An apparatus according to claim 18, wherein:

the probe comprises a plurality of the colour centres.

20. An apparatus according to claim 19, wherein:
the third coupling system comprises a plurality of optical fibres, each of the plurality of
optical fibres being configured to direct the third electromagnetic radiation to and from a different one

of the plurality of colour centres.

21. A method of performing nuclear magnetic resonance on a sample, comprising:

subjecting the sample to a magnetic field of equal to or greater than 5T;

directing first electromagnetic radiation onto the sample to manipulate the nuclear spin state
of the sample using nuclear magnetic resonance;

directing second electromagnetic radiation onto the sample to manipulate the electron spin
state of a colour centre located directly adjacent to the sample, the colour centre being of a type that
exhibits electron-spin-dependent fluorescence;

directing third electromagnetic radiation to and from the colour centre in order to measure a
change in the fluorescence of the colour centre resulting from a contribution to the magnetic field at

the colour centre from one or more nuclei of the sample that are closest to the colour centre.
22. A method according to claim 21, wherein:

a plurality of the colour centres are provided directly adjacent to the sample, with the first and

second electromagnetic radiation being directed onto all of the colour centres; and
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the method comprises directing the third electromagnetic radiation independently to each of
the colour centres in order independently to measure a contribution to the fluorescence of that colour
centre due to a contribution to the magnetic field from one or more nuclei of the sample that are

closest to that colour centre.

23. A detector, apparatus or method according to any of the preceding claims, wherein one or
more of the colour centres comprises one of the following: a vacancy centre in diamond, a vacancy-
related centre in diamond, a silicon-vacancy centre in diamond, an NES8 centre in diamond, a
chromium-related centre in diamond, a colour centre in silicon carbide, a colour centre in a solid other

than diamond.

24, A detector, apparatus or method according to claim 23, wherein the colour centre is a nitrogen

vacancy colour centre in diamond.

25. A detector, apparatus or method according to any of the preceding claims, wherein the colour

centre is a silicon-vacancy centre in diamond.

26. A detector or apparatus arranged and configured to operate substantially as hereinbefore

described with reference to and/or as illustrated in the accompanying figures.

27. A method substantially as hereinbefore described with reference to and/or as illustrated in the

accompanying figures.
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This International Searching Authority found multiple (groups of)
inventions in this international application, as follows:

1. claims: 1-5, 10, 12, 17, 23-27

Detector for detecting, via electron-spin-dependent
fluorescence of a colour centre, input radiation that is
such as to change the spin state of the colour centre.
This invention has no special technical features.

2. claims: 6, 7

The 2nd invention has the special technical feature that the
input radiation is detected by means of a coupling device
that is configured to direct the input radiation along a
plurality of different paths, each leading to a different
colour centre or group of colour centres.

This invention solves the problem of increasing the dynamic
range of the detector (see page 6, lines 15-25 of the
description).

3. claim: 8

The 3rd invention has the special technical feature that a
loop-gap microwave resonator is used for coupling the input
radiation to the colour centre.

This invention solves the problem of concentrating the
magnetic field associated with the input radiation as much
as possible onto the atomic-scale colour centre (see page 7,
lines 10-15 of the description).

4, claim: 9

The 4th invention has the special technical feature that the
detector comprises a plurality of colour centres to which
the input radiation is coupled by means of a plurality of
microwave resonators at least two of which are tuned to
different resonance frequencies.

This invention solves the problem of increasing the
bandwidth of the detector (see page 7, lines 23-25 of the
description).

5. claims: 11, 13-15

The 5th invention has the special technical feature that a
detector according to the 1lst invention is specifically used
in a receiver of a communication apparatus for receiving
information modulated onto an electromagnetic signal.

This invention solves the problem of increasing the
sensitivity (and thereby reducing the power requirements) of
a communication apparatus (see, e.g., page 2, lines 19-23 of




International Application No. PCT/ GB2014/ 052289
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the description).

6. claims: 16, 18-22

The 6th invention has the special technical feature that the
detector according to the 1lst invention is specifically used
for performing nuclear magnetic resonance by measuring a
change in the electron-spin-dependent fluorescence of the
colour centre resulting from a contribution to the magnetic
field at the colour centre from one or more nuclei of a
sample positioned close to the colour centre.

This invention solves the problem of increasing the
detection sensitivity of NMR measurements (see, e.g., page
9, lines 11-21 of the description).
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