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METHOD FOR RESOLVING NATURAL SENSOR AMBIGUITY FOR DNV
DIRECTION FINDING APPLICATIONS

CROSS-REFERENCE TO RELATED PATENT APPLICATIONS

[0001] The present application is related to co-pending U.S. Application No.  / , filed
January 21, 2016, titled “APPARATUS AND METHOD FOR RECOVERY OF THREE
DIMENSIONAL MAGNETIC FIELD FROM A MAGNETIC DETECTION SYSTEM”, which

is incorporated by reference herein in its entirety.

BACKGROUND

[0002] The present disclosure generally relates to the field of magnetometers, such as methods

and systems for resolving the natural ambiguity of diamond nitrogen vacancy magnetic sensors.
SUMMARY

[0003] Some embodiments relate to a system. The system may comprise a nitrogen vacancy
(NV) diamond material comprising a plurality of NV centers; a magnetic field source; a radio
frequency (RF) excitation source configured to provide RF excitation to the NV diamond
material; an optical excitation source configured to provide optical excitation to the NV diamond
material; an optical detector configured to receive an optical signal emitted by the NV diamond
material; and a controller. The controller may be configured to control the RF excitation source
to provide pulsed RF excitation to the NV diamond material, and determine a sign of the
magnetic field vector at the NV diamond material based on a received light detection signal from
the optical detector. The controller may be configured to control the optical excitation source to
provide continuous wave optical excitation to the NV diamond. The controller may be further
configured to identify Lorentzian peaks in a received light detection signal from the optical

detector as a function of RF excitation frequency. The controller may be configured to determine
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a sign of the magnetic field vector based on an equilibration time for a pair of the identified
Lorentzian peaks.

[0004] Other embodiments relate to a system. The system may comprise a magneto-optical
defect center material; a magnetic field source; a radio frequency (RF) excitation source
configured to provide RF excitation to the magneto-optical defect center material; an optical
excitation source configured to provide optical excitation to the magneto-optical defect center
material; an optical detector configured to receive an optical signal emitted by the magneto-
optical defect center material; and a controller. The controller may be configured to control the
RF excitation source to provide pulsed RF excitation to the magneto-optical defect center
material, control the optical excitation source to provide optical excitation to the magneto-optical
defect center material, and determine a sign of the magnetic field vector at the magneto-optical
defect center material based on a received light detection signal from the optical detector. The
controller may be configured to control the optical excitation source to provide continuous wave
optical excitation to the magneto-optical defect center material. The controller may be further
configured to identify Lorentzian peaks in a received light detection signal from the optical
detector as a function of RF excitation frequency. The controller may be configured to determine
a sign of the magnetic field vector based on an equilibration time for a pair of the identified
Lorentzian peaks.

[0005] Other embodiments relate to a system. The system may comprise a nitrogen vacancy
(NV) diamond material comprising a plurality of NV centers; a magnetic field source; a radio
frequency (RF) excitation source configured to provide RF excitation to the NV diamond
material; an optical excitation source configured to provide optical excitation to the NV diamond
material; an optical detector configured to receive an optical signal emitted by the NV diamond
material; and a controller. The controller may be configured to determine a first equilibration
time for a first peak of a Lorentzian pair based on a received light detection signal from the
optical detector, determine a second equilibration time for a second peak of the Lorentzian pair
based on a received light detection signal from the optical detector, and determine a sign of the
magnetic field vector at the NV diamond material based on the first equilibration time and the

second equilibration time. The controller may be configured to assign a positive spin state to the
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peak of the Lorentzian pair with the longer equilibration time. The first equilibration time and the
second equilibration time may be determined by measuring the time to reach 60% of a
normalized equilibrium intensity after the beginning of an RF pulse, wherein the normalized
equilibrium intensity is determined based on the intensity in the absence of the RF pulse and the

equilibrium intensity in the presence of the RF pulse.
BRIEF DESCRIPTION OF THE DRAWINGS

[0006] FIG. 1 illustrates one orientation of a NV center in a diamond lattice.

[0007] FIG. 2 is an energy level diagram illustrates energy levels of spin states for the NV
center.

[0008] FIG. 3 is a schematic illustrating a NV center magnetic sensor system.

[0009] FIG. 4 is a graph illustrating the fluorescence as a function of applied RF frequency of
an NV center along a given direction for a zero magnetic field and a non-zero magnetic field.
[0010] FIG. 5 is a graph illustrating the fluorescence as a function of applied RF frequency for
four different NV center orientations for a non-zero magnetic field.

[0011] FIG. 6 is a schematic illustrating a NV center magnetic sensor system according to
some embodiments.

[0012] FIG. 7 is graphs illustrating the fluorescence as a function of applied RF frequency of
four different NV center orientations for a magnetic field applied in opposite directions to the
NV center diamond material.

[0013] FIG. 8 is a graph illustrating the fluorescence intensity as a function of time for a NV
center diamond material with a pulsed RF excitation.

[0014] FIG. 9is a graph illustrating the fluorescence as a function of applied RF frequency of
four different NV center orientations for a magnetic field applied in opposite directions to the
NV center diamond material, with a Lorentzian pair being identified in the graph.

[0015] FIG. 10 is a graph illustrating the fluorescence intensity as a function of time for a NV
center diamond material for a pulse of RF excitation.

[0016] FIG. 11 is a graph illustrating the normalized fluorescence intensity as a function of

time for a pair of Lorentzian peaks of a NV center diamond material.
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[0017] FIG. 12 is a graph illustrating the time to 60% of the equilibrium fluorescence as a
function of RF frequency for a negative and positive magnetic bias field applied to a NV center

diamond material.
DETAILED DESCRIPTION

[0018] It is possible to resolve a magnetic field vector from a diamond nitrogen vacancy
magnetic field sensor. The method of determining the sign of the magnetic field vector resolved
by the DNV magnetic field sensor described herein may resolve a natural ambiguity of the
magnetic field sensor with regard to the sign of the vector. The ability to resolve the sign of the
resolved magnetic field vector expands the applications in which the DNV magnetic field sensor

may be employed.

NV center. its electronic structure, and optical and RF interaction

[0019] The nitrogen vacancy (NV) center in diamond comprises a substitutional nitrogen atom
in a lattice site adjacent a carbon vacancy as shown in FIG. 1. The NV center may have four
orientations, each corresponding to a different crystallographic orientation of the diamond lattice.
[0020] The NV center may exist in a neutral charge state or a negative charge state.
Conventionally, the neutral charge state uses the nomenclature NV°, while the negative charge
state uses the nomenclature NV, which is adopted in this description.

[0021] The NV center has a number of electrons including three unpaired electrons, each one
from the vacancy to a respective of the three carbon atoms adjacent to the vacancy, and a pair of
electrons between the nitrogen and the vacancy. The NV center, which is in the negatively
charged state, also includes an extra electron.

[0022] The NV center has rotational symmetry, and as shown in FIG. 2, has a ground state,
which is a spin triplet with *A, symmetry with one spin state mg = 0, and two further spin states
mg=+1, and mg=-1. In the absence of an external magnetic field, the mg=+1 energy levels are
offset from the mg = 0 due to spin-spin interactions, and the mg = +1 energy levels are
degenerate, i.e., they have the same energy. The mg = 0 spin state energy level is split from the

ms = £1 energy levels by a energy of 2.87 GHz for a zero external magnetic field.
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[0023] Introducing an external magnetic field with a component along the NV axis lifts the
degeneracy of the mg = £1 energy levels, splitting the energy levels mg =+1 by an amount
2gugBz, where g is the g-factor, pg is the Bohr magneton, and Bz is the component of the
external magnetic field along the NV axis. This relationship is correct to a first order and
inclusion of higher order corrections is a straightforward matter and should not affect the
computational and logic steps in the systems and methods described below.

[0024] The NV center electronic structure further includes an excited triplet state °E with
corresponding mg = 0 and mg = *1 spin states. The optical transitions between the ground state

3 A, and the excited triplet °E are predominantly spin conserving, meaning that the optical
transitions are between initial and final states which have the same spin. For a direct transition
between the excited triplet °E and the ground state *A,, a photon of red light is emitted with a
photon energy corresponding to the energy difference between the energy levels of the
transitions.

[0025] There is, however, an alternate non-radiative decay route from the triplet °E to the
ground state A, via intermediate electron states, which are thought to be intermediate singlet
states A, E with intermediate energy levels. Significantly, the transition rate from the mg = +1
spin states of the excited triplet °E to the intermediate energy levels is significantly greater than
that from the m, = 0 spin state of the excited triplet °E to the intermediate energy levels. The
transition from the singlet states A, E to the ground state triplet *A, predominantly decays to the
m; = O spin state over the mg = +1 spin states. These features of the decay from the excited
triplet °E state via the intermediate singlet states A, E to the ground state triplet A, allows that if
optical excitation is provided to the system, the optical excitation will eventually pump the NV
center into the ms = O spin state of the ground state *A,. In this way, the population of the m; =0
spin state of the ground state >A, may be “reset” to a maximum polarization determined by the
decay rates from the triplet °E to the intermediate singlet states.

[0026] Another feature of the decay is that the fluorescence intensity due to optically
stimulating the excited triplet °E state is less for the ms =1 states than for the mg = 0 spin state.
This is so because the decay via the intermediate states does not result in a photon emitted in the

fluorescence band, and because of the greater probability that the mg = +1 states of the excited
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triplet °E state will decay via the non-radiative decay path. The lower fluorescence intensity for
the mg = +1 states than for the mg = O spin state allows the fluorescence intensity to be used to
determine the spin state. As the population of the mg = +1 states increases relative to the mg =0

spin, the overall fluorescence intensity will be reduced.

NV center, or magneto-optical defect center, magnetic sensor system

[0027] FIG. 3 is a schematic illustrating a NV center magnetic sensor system 300 which uses
fluorescence intensity to distinguish the mg = +1 states, and to measure the magnetic field based
on the energy difference between the mg = +1 state and the m = -1 state. The system 300
includes an optical excitation source 310, which directs optical excitation to an NV diamond
material 320 with NV centers. The system 300 further includes an RF excitation source 330
which provides RF radiation to the NV diamond material 320. Light from the NV diamond may
be directed through an optical filter 350 to an optical detector 340.

[0028] The RF excitation source 330 may be a microwave coil, for example. The RF
excitation source 330 when emitting RF radiation with a photon energy resonant with the
transition energy between ground mg = O spin state and the mg = +1 spin state excites a transition
between those spin states. For such a resonance, the spin state cycles between ground mg = 0
spin state and the ms = +1 spin state, reducing the population in the mg = 0 spin state and
reducing the overall fluorescence at resonance. Similarly resonance occurs between the mg = 0
spin state and the mg = -1 spin state of the ground state when the photon energy of the RF
radiation emitted by the RF excitation source is the difference in energies of the mg = O spin state
and the mg= -1 spin state. At resonance between the mg = 0 spin state and the mg = -1 spin state,
or between the mg = O spin state and the mg = +1 spin state, there is a decrease in the
fluorescence intensity.

[0029] The optical excitation source 310 may be a laser or a light emitting diode, for example,
which emits light in the green, for example. The optical excitation source 310 induces
fluorescence in the red, which corresponds to an electronic transition from the excited state to the
ground state. Light from the NV diamond material 320 is directed through the optical filter 350

to filter out light in the excitation band (in the green for example), and to pass light in the red
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fluorescence band, which in turn is detected by the detector 340. The optical excitation light
source 310, in addition to exciting fluorescence in the diamond material 320, also serves to reset
the population of the mg = 0 spin state of the ground state °A; to a maximum polarization, or
other desired polarization.

[0030] For continuous wave excitation, the optical excitation source 310 continuously pumps
the NV centers, and the RF excitation source 330 sweeps across a frequency range which
includes the zero splitting (when the mg = +1 spin states have the same energy) photon energy of
2.87 GHz. The fluorescence for an RF sweep corresponding to a diamond material 320 with NV
centers aligned along a single direction is shown in FIG. 4 for different magnetic field
components Bz along the NV axis, where the energy splitting between the mg = -1 spin state and
the mg = +1 spin state increases with Bz. Thus, the component Bz may be determined. Optical
excitation schemes other than continuous wave excitation are contemplated, such as excitation
schemes involving pulsed optical excitation, and pulsed RF excitation. Examples, of pulsed
excitation schemes include Ramsey pulse sequence, and spin echo pulse sequence.

[0031] In general, the diamond material 320 will have NV centers aligned along directions of
four different orientation classes. FIG. 5 illustrates fluorescence as a function of RF frequency
for the case where the diamond material 320 has NV centers aligned along directions of four
different orientation classes. In this case, the component Bz along each of the different
orientations may be determined. These results along with the known orientation of
crystallographic planes of a diamond lattice allows not only the magnitude of the external
magnetic field to be determined, but also the direction of the magnetic field.

[0032] While FIG. 3 illustrates an NV center magnetic sensor system 300 with NV diamond
material 320 with a plurality of NV centers, in general the magnetic sensor system may instead
employ a different magneto-optical defect center material, with a plurality of magneto-optical
defect centers. The electronic spin state energies of the magneto-optical defect centers shift with
magnetic field, and the optical response, such as fluorescence, for the different spin states is not
the same for all of the different spin states. In this way, the magnetic field may be determined
based on optical excitation, and possibly RF excitation, in a corresponding way to that described

above with NV diamond material.
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[0033] FIG. 6is a schematic of an NV center magnetic sensor 600, according to some
embodiments. The sensor 600 includes an optical excitation source 610, which directs optical
excitation to an NV diamond material 620 with NV centers, or another magneto-optical defect
center material with magneto-optical defect centers. An RF excitation source 630 provides RF
radiation to the NV diamond material 620. The NV center magnetic sensor 600 may include a
bias magnet 670 applying a bias magnetic field to the NV diamond material 620. Light from the
NV diamond material 620 may be directed through an optical filter 650 and an electromagnetic
interference {(EMI} filter 660, which suppresses conducted interference, to an optical detector
640. The sensor 600 further includes a controller 680 arranged to receive a light detection signal
from the optical detector 640 and to control the optical excitation source 610 and the RF
excitation source 630.

[0034] The RF excitation source 630 may be a microwave coil, for example. The RF
excitation source 630 is controlled to emit RF radiation with a photon energy resonant with the
transition energy between the ground mg = O spin state and the mg = +1 spin states as discussed
above with respect to FIG. 3.

[0035] The optical excitation source 610 may be a laser or a light emitting diode, for example,
which emits light in the green, for example. The optical excitation source 610 induces
fluorescence in the red, which corresponds to an electronic transition from the excited state to the
ground state. Light from the NV diamond material 620 is directed through the optical filter 650
to filter out light in the excitation band (in the green for example), and to pass light in the red
fluorescence band, which in turn is detected by the optical detector 640. The EMI filter 660 is
arranged between the optical filter 650 and the optical detector 640 and suppresses conducted
interference. The optical excitation light source 610, in addition to exciting fluorescence in the
NV diamond material 620, also serves to reset the population of the mg = 0 spin state of the
ground state °A, to a maximum polarization, or other desired polarization.

[0036] The controller 680 is arranged to receive a light detection signal from the optical
detector 640 and to control the optical excitation source 610 and the RF excitation source 630.
The controller may include a processor 682 and a memory 684, in order to control the operation

of the optical excitation source 610 and the RF excitation source 630. The memory 684, which
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may include a nontransitory computer readable medium, may store instructions to allow the
operation of the optical excitation source 610 and the RF excitation source 630 to be controlled.
[0037] According to some embodiments of operation, the controller 680 controls the operation
such that the optical excitation source 610 continuously pumps the NV centers of the NV
diamond material 620. The RF excitation source 630 is controlled to continuously sweep across
a frequency range which includes the zero splitting (when the mg = £1 spin states have the same
energy) photon energy of 2.87 GHz. When the photon energy of the RF radiation emitted by the
RF excitation source 630 is the difference in energies of the mg = 0 spin state and the mg=-1 or
ms = +1 spin state, the overall fluorescence intensity is reduced at resonance, as discussed above
with respect to FIG. 3. In this case, there is a decrease in the fluorescence intensity when the RF
energy resonates with an energy difference of the mg = O spin state and the mg = -1 or mg =+1
spin states. In this way the component of the magnetic field Bz along the NV axis may be
determined by the difference in energies between the mg = -1 and the mg =+1 spin states.

[0038] As noted above, the diamond material 620 will have NV centers aligned along
directions of four different orientation classes, and the component Bz along each of the different
orientations may be determined based on the difference in energy between the mg = -1 and the m,
= +1 spin states for the respective orientation classes. In certain cases, however, it may be
difficult to determine which energy splitting corresponds to which orientation class, due to
overlap of the energies, etc. The bias magnet 670 provides a magnetic field, which is preferably
uniform on the NV diamond material 620, to separate the energies for the different orientation

classes, so that they may be more easily identified.

Natural ambiguity of NV center magnetic sensor system

[0039] The NV center magnetic sensor that operates as described above is capable of resolving
a magnetic field to an unsigned vector. As shown in FIG. 7, due to the symmetry of the peaks for
the mg = -1 and the my = +1 spin states around the zero splitting photon energy the structure of
the DNV material produces a measured fluorescence spectrum as a function of RF frequency that
is the same for a positive and a negative magnetic field acting on the DNV material. The

symmetry of the fluorescence spectra makes the assignment of a sign to the calculated magnetic
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field vector unreliable. The natural ambiguity introduced to the magnetic field sensor is
undesirable in some applications, such as magnetic field based direction sensing.

[0040] In some circumstances, real world conditions allow the intelligent assignment of a sign
to the unsigned magnetic field vector determined from the fluorescence spectra described above.
If a known bias field is used that is much larger than the signal of interest, the sign of the
magnetic field vector may be determine by whether the total magnetic field, cumulative of the
bias field and the signal of interest, increases or decreases. If the magnetic sensor is employed to
detect submarines from a surface ship, assigning the calculated magnetic field vector a sign that
would place a detected submarine above the surface ship would be nonsensical. Alternatively,
where the sign of the vector is not important a sign can be arbitrarily assigned to the unsigned
vector.

[0041] It is possible to unambiguously determine a magnetic field vector with a DNV magnetic
field sensor. The method of determining the signed magnetic field vector may be performed with
a DNV magnetic field sensor of the type shown in FIG. 6 and described above. In general, the
recovery of the vector may be achieved as described in co-pending U.S. Application No.
/. filed January 21, 2016, titled “APPARATUS AND METHOD FOR RECOVERY
OF THREE DIMENSIONAL MAGNETIC FIELD FROM A MAGNETIC DETECTION
SYSTEM?”, which is incorporated by reference herein in its entirety.

[0042] As shown in FIG. 2, the energy levels of the mg = -1 and the mg = +1 spin states are
different. For this reason, the relaxation times from the excited triplet states CE) to the excited
intermediate singlet state (A) for electrons with the mg = -1 and the mg =+1 spin states are not
the same. The difference in relaxation times for electrons of mg = -1 and the mg =+1 spin states
is on the order of picoseconds or nanoseconds. It is possible to measure the difference in
relaxation times for the electrons with the mgs = -1 and the mg = +1 spin states by utilizing pulsed
RF excitation such that the inequality in the relaxation times accumulates over a large number of
electron cycles, producing a difference in observed relaxation times on the order of
microseconds.

[0043] As described above, the application of RF excitation to the DNV material produces a

decrease in fluorescence intensity at the resonant RF frequencies for the mg = -1 and the mg=+1
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spin states. For this reason, at RF frequencies that excite electrons to the mg = -1 and the mg = +1
spin states, an equilibrium fluorescence intensity will be lower than the equilibrium fluorescence
intensity in the absence of the applied RF excitation. The time it takes to transition from the
equilibrium fluorescence intensity in the absence of RF excitation to the equilibrium
fluorescence intensity with the application of RF excitation may be employed to calculate an
“equilibration time.”

[0044] An “equilibration time” as utilized herein refers to the time between the start of an RF
excitation pulse and when a predetermined percentage of the equilibrium fluorescence intensity
is achieved. The predetermined amount of the equilibrium fluorescence at which the
equilibration time is calculated may be about 20% to about 80% of the equilibrium fluorescence,
such as about 30%, 40%, 50%, 60%, or 70% of the equilibrium fluorescence. The equilibration
time as shown in FIGS. 8, 10 and 11 is actually a decay time, as the fluorescence intensity is
actually decreasing in the presence of the RF excitation, but has been inverted for the sake of
clarity.

[0045] A shown in FIG. 8, the fluorescence intensity of the DNV material varies with the
application of a pulsed RF excitation source. When the RF pulse is in the “on” state, the
electrons decay through a non-fluorescent path and a relatively dark equilibrium fluorescence is
achieved. The absence of the RF excitation, when the pulse is in the “off” state, results in a
relatively bright equilibrium fluorescence. The transition between the two fluorescence
equilibrium states is not instantaneous, and the measurement of the equilibration time at a
predetermined value of fluorescence intensity provides a repeatable indication of the relaxation
time for the electrons at the RF excitation frequency.

[0046] The difference in the relaxation time between the electrons of the mg = -1 and the mg =
+1 spin states may be measured due to the different RF excitation resonant frequencies for each
spin state. As shown in FIG. 9, a fluorescence intensity spectra of the DNV material measured as
a function of RF excitation frequency includes four Lorentzian pairs, one pair for each
crystallographic plane of the DNV material. The peaks in a Lorentzian pair correspond to a ms =

-1 and a mg = +1 spin state. By evaluating the equilibration time for each peak in a Lorentzian
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pair, the peak which corresponds to the higher energy state may be identified. The higher energy
peak provides a reliable indication of the sign of the magnetic field vector.

[0047] The Lorentzian pair of the fluorescence spectra which are located furthest from the zero
splitting energy may be selected to calculate the equilibration time. These peaks include the least
signal interference and noise, allowing a more reliable measurement. The preferred Lorentzian
pair is boxed in FIG. 9.

[0048] A plot of the fluorescence intensity for a single RF pulse as a function of time is shown
in FIG. 10. The frequency of the pulsed RF excitation is selected to be the maximum value for
each peak in the Lorentzian pair. The other conditions for the measurement of an equilibration
time for each peak in the Lorentzian pair are held constant. As shown in FIG. 11, the peaks of the
Lorentzian pair have an equilibration time when calculated to 60% of the equilibrium intensity
value that is distinguishable. The RF pulse duration may be set such that the desired percentage
of the equilibrium fluorescence intensity is achieved for each “on” portion of the pulse, and the
full “bright” equilibrium intensity is achieved during the “oft” portion of the pulse.

[0049] The equilibrium fluorescence intensity under the application of the RF excitation may
be set by any appropriate method. According to some embodiments, the RF excitation may be
maintained until the intensity becomes constant, and the constant intensity may be considered the
equilibrium intensity value utilized to calculate the equilibration time. Alternatively, the
equilibrium intensity may be set to the intensity at the end of an RF excitation pulse. According
to other embodiments, a decay constant may be calculated based on the measured fluorescence
intensity and a theoretical data fit employed to determine the equilibrium intensity value.

[0050] The peak in the Lorentzian pair that exhibits the higher measured equilibration time is
associated with the higher energy level electron spin state. For this reason, the peak of the
Lorentzian pair with the longer equilibration time is assigned the mg = +1 spin state, and the
other peak in the Lorentzian pair is assigned the mg = -1 spin state. The signs of the peaks in the
other Lorentzian pairs in the fluorescence spectra of the DNV material as a function of RF
frequency may then be assigned, and the signed magnetic field vector calculated.

[0051] To demonstrate that the equilibration time of each peak in a Lorentzian pair does indeed

vary with magnetic field direction, the equilibration time for a single peak in a Lorentzian pair
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was measured under both a positive and a negative magnetic bias field which were otherwise
equivalent. As shown in FIG. 12, a real and measurable difference in equilibration time was
observed between the opposite bias fields.

[0052] The method of determining a sign of a magnetic field vector with a DNV magnetic
sensor described herein may be performed with the DNV magnetic field sensor shown in FIG. 6.
No additional hardware is required.

[0053] The controller of the magnetic field sensor may be programmed to determine the
location of peaks in a fluorescence spectra of a DNV material as a function of RF frequency. The
equilibration time for the peaks of a Lorentzian pair located the furthest from the zero field
energy may then be calculated. The controller may be programmed to provide a pulsed RF
excitation energy by controlling a RF excitation source and also control an optical excitation
source to excite the DNV material with continuous wave optical excitation. The resulting optical
signal received at the optical detector may be analyzed by the controller to determine the
equilibration time associated with each peak in the manner described above. The controller may
be programmed to assign a sign to each peak based on the measured equilibration time. The peak
with the greater measured equilibration time may be assigned the mg =+1 spin state.

[0054] The method of assigning a sign to a magnetic field vector described above may also be
applied to magnetic field sensors based on magneto-optical defect center materials other than
DNV.

[0055] The DNV magnetic field sensor described herein that produces a signed magnetic field
vector may be especially useful in applications in which the direction of a measured magnetic
field is important. For example, the DNV magnetic field sensor may be employed in magnetic
field based navigation or positioning systems.

[0056] The embodiments of the concepts disclosed herein have been described in detail with
particular reference to preferred embodiments thereof, but it will be understood by those skilled
in the art that variations and modifications can be effected within the spirit and scope of the

described concepts.
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WO 2017/127085 PCT/US2016/014330

WHAT IS CLAIMED IS:

1. A system comprising:
a nitrogen vacancy (NV) diamond material comprising a plurality of NV centers;
a magnetic field source;
a radio frequency (RF) excitation source configured to provide RF excitation to the NV
diamond material;
an optical excitation source configured to provide optical excitation to the NV diamond
material;
an optical detector configured to receive an optical signal emitted by the NV diamond
material; and
a controller configured to:
determine a first equilibration time for a first peak of a Lorentzian pair based on a
received light detection signal from the optical detector,
determine a second equilibration time for a second peak of the Lorentzian pair
based on a received light detection signal from the optical detector, and
determine a sign of the magnetic field vector at the NV diamond material based

on the first equilibration time and the second equilibration time.

2. The system of claim 1, wherein the controller is configured to assign a positive

spin state to the peak of the Lorentzian pair with the longer equilibration time.

3. The system of claim 1, wherein the first equilibration time and the second
equilibration time are determined by measuring the time to reach 60% of a normalized
equilibrium intensity after the beginning of an RF pulse, wherein the normalized equilibrium
intensity is determined based on the intensity in the absence of the RF pulse and the equilibrium

intensity in the presence of the RF pulse.

4. A system, comprising:

a nitrogen vacancy (NV) diamond material comprising a plurality of NV centers;
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a magnetic field source;
a radio frequency (RF) excitation source configured to provide RF excitation to the NV
diamond material;
an optical excitation source configured to provide optical excitation to the NV diamond
material;
an optical detector configured to receive an optical signal emitted by the NV diamond
material; and
a controller configured to:
control the RF excitation source to provide pulsed RF excitation to the NV
diamond material, and
determine a sign of the magnetic field vector at the NV diamond material based

on a received light detection signal from the optical detector.

5. The system of claim 4, wherein the controller is configured to control the optical

excitation source to provide continuous wave optical excitation to the NV diamond.

6. The system of claim 4, wherein the controller is further configured to identify
Lorentzian peaks in a received light detection signal from the optical detector as a function of RF

excitation frequency.

7. The system of claim 6, wherein the controller is configured to determine a sign of
the magnetic field vector based on an equilibration time for a pair of the identified Lorentzian

peaks.

8. A system, comprising:

a magneto-optical defect center material,

a magnetic field source;

a radio frequency (RF) excitation source configured to provide RF excitation to the
magneto-optical defect center material;

an optical excitation source configured to provide optical excitation to the magneto-
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optical defect center material;
an optical detector configured to receive an optical signal emitted by the magneto-optical
defect center material; and
a controller configured to:
control the RF excitation source to provide pulsed RF excitation to the magneto-
optical defect center material,
control the optical excitation source to provide optical excitation to the magneto-
optical defect center material, and
determine a sign of the magnetic field vector at the magneto-optical defect center

material based on a received light detection signal from the optical detector.

9. The system of claim 8, wherein the controller is configured to control the optical
excitation source to provide continuous wave optical excitation to the magneto-optical defect

center material.

10.  The system of claim 8, wherein the controller is further configured to identify
Lorentzian peaks in a received light detection signal from the optical detector as a function of RF

excitation frequency.

11.  The system of claim 10, wherein the controller is configured to determine a sign
of the magnetic field vector based on an equilibration time for a pair of the identified Lorentzian

peaks.

-16-



WO 2017/127085 PCT/US2016/014330
1/9

1 “
oy, - |
=Y % :
E %, :
P 7 4
m.=-1 T W é
3 g 4
. AN #
N -
L i .
% % %
LY \ |
A
A
Y o
D
s (Y
=0 W A
] L
% %
LY
AT
%
L
L
%
L
L
L
L
L
A\
(Y
A
i »AE
—x
{
- o
#
#
#
#
&
#
#
#
#
&
#
#
#
¥
#
;
&
i
#
y
#
#
¥
&
&
#
;
#
=t Y r |
: . Y : e Optical transition
% . o i :
; e e (0Pt palh
287 GHz A,
.
.




WO 2017/127085

310 =

optical excitation

PCT/US2016/014330

2/9

M0~

aptical

BOUNCE

detector

- Zerg magnetic feld

4

Flugmescence {Arbitrary Uinits)

¥

RF freq (GHz)

Fluoreacence (Arbitrary Units)

H’a
‘;

;{“‘5‘ f"”"» f”“\ (/"‘%
/ TR
vy %}f | [

|
ij i”
!

280

e
| I

305

I i | I
285 240 285 300

RF freq (GHz)

FIG. 5



PCT/US2016/014330

WO 2017/127085

3/9

9 Ol

=01N0s
uoyeyoxs eando

mw@\%

0£9-

3

i0a8)8p
[eando

o

AU

108589014 |

¥89

JB{jOuUos

89



PCT/US2016/014330

WO 2017/127085

4/9

X :-fzm%
A =
(zHO) baid mw \ / h
. . . . . 1 2 P N R b’ N
£ 567 67 687 82 62 L2 | VA )
-rod "
AN
(HETEAN
_. H
w1 &
o B
(1111 &
(ZHO) ba1s MW A - _
€ S67 67 G872 82 SLT LT 7 .
............... \\ FN
s\

winJads painspa

(UUEE

uolDJUBLIQ [PISAID

uoldalig pjald g

SUBSTITUTE SHEET (RULE 26)



PCT/US2016/014330

WO 2017/127085

5/9

8 Ol

(s)awiy

v.lGl

wnuqgiinbg

[t

W] UOoIRIqI[INDT  mempe

LL'SL

9.6l

GLGl

g

€L Gl

750

Ajsuajuj




PCT/US2016/014330

WO 2017/127085

6/9

601 X

916t700°0- :A
60%Xg96°¢ :X

€St0°0 :A
60XEL6°¢ X

|

6 9OI4
(zH) Aouanbaiq pmw
S6°¢C 6'¢ G8'¢ 8°¢C SL'C

86VL0°0- A
60XrSL°¢ X ;

uig MW UDAIO D 10} SBS|Nd NO SS0420 winippadg abbiaAy

¢00-

¢00

700

900

800

L0

¢lo

Alisjusjut

SUBSTITUTE SHEET (RULE 26)



PCT/US2016/014330

WO 2017/127085

7/9

861

Gl

ISLGL

340 os
~ NO ssjr

ind—
ind

0l Ol

(s)awiy
9SGl

GGl Gl PGL Gl

120°0-

1€0°0

v0°0

{900

800

1’0

¢lo

%

suaju

W

A



PCT/US2016/014330

WO 2017/127085

8/9

Ll "Old

p-Ob X (s) swiL
Gl 0l G

i i i

%09 0} SWI] ==
- aNjeA %09----

anjeA wnugljinbg —
Mead "zjualo by —
- | Medd "ZjualoT] Yo —

SpUoo9sS GO-98Z =1V |

3
o

©
o

slied UBIZJUa107 JO} SIsSAjeuy awl] asiy %09

(‘que) Aususjuj



PCT/US2016/014330
9/9

WO 2017/127085

¢l 9Old

(zHO)b214 MIN
88.¢ l8l7 968.°C 6GL'2 6.2 €612 2612 1622 Gl'Z
S L3 ‘ M W

seig aAlISOd -
0zt 1y
ov L,
SAIISOd
09} o
3 3
o
o8- : los 2
\\\\\\ 8
00L- 4001 &
—_—
)
, ) o
0z 5 HozL =
=W =
R
annebsN L\,
09Lf : 1091
08l 081
seig aajebap m | |
00c™==%cic ®8c/¢ I8[¢ 96T S6l¢ Vel¢ €8l¢ LT 18l¢ 00c

‘Inba 9,00 0} Bul SU SYedd Jied UBlZUI0T



INTERNATIONAL SEARCHAREPVORT

International application No.
PCT/US2016/014330

A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - GO1R 33/02 {2016.01)
CPC - GO1R 33/02 (2016.02)

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)

IPC(8) - GO1N 24/00; GO1R 33/32, 33/26, 33/20, 33/06, 33/028, 33/022, 33/02 (2016.01)
CPC - GO1N 24/006, 24/00; GO1R 33/26, 33/32, 33/20, 33/06, 33/028, 33/022, 33/02 (2016.02)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
USPC: 324/260, 244.100, 244, 228, 207.220, 207.210, 207.130; 331/157, 94.100 (keyword delimited)

Orbit, Google Patents, Google Scholar

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

Search terms used: magnetic, detect, nitrogen vacancy, NV, hyperfine, optical, RF, radio frequency, controller, gradient, orientation,
diamond, direction, sign, field, equilibration, pulse, fluorescent, intensity

C. DOCUMENTS CONSIDERED TO BE RELEVANT

(02.04.2015) entire document

Category* Citation of document, with ind_ication, where appropriate, of the relevant passages Relevant to claim No.
X US 2015/0192532 A1 (CLEVENSON et al) 09 July 2015 (09.07.2015) entire document 4-6, 8-10
;- -1-3 7.1
Y US 2007/0247147 A1 (XIANG et al) 25 Oc(_ober 2007 {25.10.2007) entire document 1-3,7, 11
A US 2012/0019242 A1 (HOLLENBERG et al) 26 January 2012 (26.01.2012) entire document 1-11
A US 2015/0090033 A1 (THE REGENTS OF THE UNIVERSITY OF CALIFORNIA) 02 April 2015 |1-11

I:I Further documents are listed in the continuation of Box C.

D See patent family annex.

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“O” document referring to an oral disclosure, use, exhibition or other
means

“P”  document published prior to the international filing date but later than

the priority date claimed

“T”  later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“¥Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

07 March 2016

Date of mailing of the international search report

29 MAR 2016

Name and mailing address of the ISA/

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, VA 22313-1450

Facsimile No. 571-273-8300

Authorized officer
Blaine R. Copenheaver

PCT Helpdesk: 571-272-4300
PCT OSP: 571-272-7774

Form PCT/ISA/210 (second sheet) (January 2015)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - claims
	Page 16 - claims
	Page 17 - claims
	Page 18 - drawings
	Page 19 - drawings
	Page 20 - drawings
	Page 21 - drawings
	Page 22 - drawings
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - wo-search-report

