wo 2014/018548 A2 |11 0FV0 00O A O A

(43) International Publication Date

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

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

=

\

30 January 2014 (30.01.2014)

WIPOIPCT

(10) International Publication Number

WO 2014/018548 A2

(51

eay)

(22)

(25)
(26)
(30)

1

(72

74

International Patent Classification:
G21G 1/00 (2006.01)

International Application Number:
PCT/US2013/051714

International Filing Date:
23 July 2013 (23.07.2013)

Filing Language: English
Publication Language: English
Priority Data:

61/674,786 23 July 2012 (23.07.2012) US
Applicant: UNIVERSITY OF WASHINGTON

THROUGH ITS CENTER FOR COMMERCIALIZA-
TION [US/US]; 4311 11th Avenue NE, Suite 500, Seattle,
WA 98105 (US).

Inventors: SIDLES, John, A.; 4532 48th Ave. NE,
Seattle, WA 98105 (US). JACKY, Jon; 8334 22nd Ave.
NW, Seattle, WA 98117 (US). GARBINI, Joseph, L.;
12324 Riviera Place North East, Seattle, WA 98125 (US).
PICONE, Rico; 2020 NE 89th St., Apt. 108, Seattle, WA
98115 (US).

Agent: CHEN, Yean-nian, W.; McDonnell Boechnen Hul-
bert & Berghoff LLP, 300 South Wacker Drive, Suite
3100, Chicago, IL 60606 (US).

(81) Designated States (uniess otherwise indicated, for every

kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
Bz, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:

without international search report and to be republished
upon receipt of that report (Rule 48.2(g))

(54) Title: METHOD AND SYSTEM FOR CONCENTRATING MAGNETIZATION OF NUCLEAR SPINS

(57) Abstract: Apparatuses and methods are provided for concentrating the magnetization of nuclear spins within a body, in one ap -
paratus, a body having an electron spin moments and nuclear spin moments may subject to a polarizing magnetic field and a gradient
magnetic field, such that a space-varied distribution of magnetic resonant frequencies of respective electron spin moments in the
body is induced. The body may then be subject to a time-varying magnetic field configured to induce a spatial gradient of the elec -
tron spin magnetization such that concentrations of nuclear spin magnetization are induced. The body may be contigured to receive a
biological sample such that a concentration of nuclear spin magnetization may diftuse into the biological sample. The apparatus may
further include a sensor configured to detect nuclear spin magnetization within the biological sample.
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METHOD AND SYSTEM FOR CONCENTRATING MAGNETIZATION
OF NUCLEAR SPINS

CROSS-REFERENCE TO RELATED APPLICATION
[} This apphication claims the benefit of U.S. Provisional Application No. 61/674,786,
filed July 23, 2012, which is incorporated herein by reference in ils entirety.

STATEMENT OF GOVERNMENT LICENSE RIGHTS
621 This subject matter of the present application was made possible with the support of
the United States Army Rescarch Office (ARC) Multidisciplinary University Research
Tnitiative (MURIT} under comtract #W91INF-05-1-0403. The U.8. Government has certain
rights in the invention.

BACKGROUND

1631 In physical science disciplines, such as that of quantum mechanics and particle
physics, a spin magnetic moment may be defined as the magnetic moment induced by the
spin of clementary particles, such as an electron or a mucleus of a nuclear particle. In this
condext, “spin” may be a non-classical property of clementary particles, because classically,
the "spm” of a material chject may be defined as the fotal orbital angular momentum of
constituents of the material object about a rotational axis of the material object. Elementary
particles however, may be conceived as points, and may therefore not have an axis to "spin”
about.
1641 The magnetic moment induced by the spin of the clomentary particle may be
defined in terms of an electric current and the arca enclosed by a loop of the electric corrent.
Since angular momentum corresponds to rotational motion, the magnetic moment may be
related to the orbital angular momentum of the charge carriers constifuting the current.
Further, in magoetic materials, atomic and molecular dipoles may have magoetic moments
due to the spin of clementary particles constitating the magnetic material i addition o any
guantized orbital angular momentum present. In fact, in some cases an clementary particle
may not necessarily have electric charge to have a spin magoetic moment. For instance, a
neutron, despite being electrically neutral, may have a non-zero magnetic moment due to an
imternal quark stroctore of the neutron.
[85] In the context of the present application, clectron spin may refer to an intrinsic
angilar momentum of an electron, and a nuclear spin may refer to an angular momentum of

the nuclens of a nuclear particle, as briefly discussed above.
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SUMMARY

[86] In one aspect, an apparatus is provided. The apparatus includes a body having
nucicar spin moments and electron spin moments within at least a portion of the body. The
apparatus also melades a magnetic device configured to provide a static magnetic field within
the portion of the body. The static magnetic ficld is configured to (a) cause a nuclear spin
magnetization carried by respective pairs of the nuclear spin moments to be substantiaily
patrwise conserved, (b) substantially align the clectron spin moments with & direction of the
static magnetic field, and (¢} mduce a space-varied distribution of magnetic resonance
frequencies of respective clectron spin moments. The apparatus forther includes an
alternating-ficld magnet configured 1o provide a time-varying magnetic field across the
portion of the body. The time-varying magnetic field is configured to induce a spatial
gradient in a local magnetization of the respective clectron spin moments such that
concentrations of the muclear spin magnetizations carried by respective pairs of the nuclear
spin moments are spatially varied according to the spatial gradient in local magnetization of
the respective electron spin moments..

1671 In another aspect, a first method is provided. The first method mvolves applying a
static magnetic ficld across at least a portion of a body to {a) cause a nuclear spin
magnetization carried by respective pairs of the nuclear spin moments to be substantially
pairwise conserved, (b} substantially align the electron spin moments with a direction of the
first maguetic field, and {c} induce a space-varied distribution of magnetic resonance
frequencies of respective electron spin moments. The first method also involves activating an
alternating-field magnet to provide a3 time-varying magnetic field across at least the portion of
the body. The time-varying magnetic field is configured to induce a spatial gradient in local
maguetizations of the electron spin moments such that concentrations of the ruclesr spin
magnetizations carried by respective pairs of nuclear spin moments in at least the portion of
the body are spatially variable according to the spatial gradient in local magnetization of the
respective clectron spin momends..

1681 In a further aspect, a non-fransitory computer readable medium is provided. The
non-transitory computer readable medium has stored thercon instructions executable by a
computing device to perform fumctions. The finctions include detecting a space-varied
distribution of magnetic resonance frequencies of clectron spin moments in at least a portion
of 4 body, and determining a ime-varying magnetic field based on the detected space-varied
distribation of magnetic resonance frequencies of electron spin moments. The time-varying
magnetic field is configored to induce a spatial gradient in local magnetizations of the

2
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clectron spin moments such that concentrations of nuclear spin magnetizations in the body
are spatially varied according to the spatial gradient in local maguetization of the respective
clectron spin moroents. The functions also include activating an alternating-field magnet to
provide the time-varying magnetic field across at least the portion of the body.
691 In yet another aspect, a second method is provided. The second method mvolves
detecting a space-varied distribution of magnetic resonance frequencies of clectron spin
moments in at least a portion of a body, and determining a time-varying maguoetic ficld based
on the detected space-varied distribution of magnetic resonance frequencies of electron spin
momenis. The time-varying magoetic field is configured to induce a spatial gradicent in local
maguetizations of the electron spin moments such that concentrations of nuclear spin
magnetizations in the body are spatially varied according to the spatial gradient in local
magnetization of the respective electron spin moments. The sccond method also mvolves
activating an alternating-ficld magnet to provide the time-varying magunetic field across at
feast the portion of the body.

BRIEF DESCRIPTION OF THE DRAWINGS
[81¢] FIGURE 1A 5 a block diagram of a first cxample apparatus for concentrating
maguetization of nuclear spins, in accordance with an example cmbodiment.
[#11] FIGURE 1B is a block diagram of a sccond example apparatus for concentrating
magnetization of nuclear spins, in accordance with an example embodiment.
1#12] FIGURE 2A is a {lowchart depicting a first example method for concentrating
magnetization of nuclear spins, in accordance with an exanpie embodiment.
[613] FIGURE 2B s a flowchart depicting a second example method for concentrating
magaetization of nuclear spins, in accordance with an exampic cmbodiment.
[#14] FIGURE 3 is a computer-readable medium, in accordance with an example
embodiment.

DPETAILED DESCRIPTION

1#35]  The present application is directed to apparatuses and processes for magnetizing
substances and, in particular, magnetizing substances by inducing a separatory spatial
transport of spin magnetization within the substances.

816} A, OVERVIEW OF SEPARATORY MAGNHTIZATION TRANSPORT

[817]  This overview section provides a general discussion of principics within the context
of quantum physics applicable towards the concept of separatory magnetic transport.
Embodiments for the mmplementation and practical application of separatory magnetic

transport can be found in the following section.

(5]
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[818]  Separatory magnetic transport is a process by which fransport of magnetic spin

2

moments through spin-spin interactions is such that the ratio of “up” spins to “down” spins in
some region is further from uwity than occurs from external maguetic ficlds. In other words,
separatory magnetic transport may nvolve local concentration of magnetization. In the
presence  of spatially-varying magnetic fields, separatory magnetic transport locally
concentrates magnetization when two magnetic spin species are present, one of which has a
focally non-equilibrinm spatial gradient.

[889]  Dhscussions of theory, methods, and apparatus associated with separatory transport
processes of quantities other than spin magnetization may include the following: “Reciprocal
Relations in lireversible Processes™ by Lars Onsager (1931); “The Theory of the Separation
of Isotopes by Statistical Methods™ by Paul A, M. Dirac (circa 1941); “The Application of
COmsager’s Reciprocal Relations to Thermoelectric, Thermomagnetic, and Galvanomagnetic
Effects” by Herbert B, Callen (1948, The Theory of Isotope Separation as Applied to the
Large Scale Production of U7 by Karl Coben (1951); “Onsager’s Pancake Approximation
for the Fluid Dynamics of a Gas Centrifuge” by Houston 3. Wood and I, B. Morton (1980);
“Tsutope Separation by Distillation: Design of a Carbon-13 Plant” by Berthus Boston
Mclnteor (1980);, Unified Separation Science by 1. Calvin Giddings (1991); Transport

=
/
/

Phenomena, by R, Byron Bird, Warren E. Stewart, and Edwin N. Lightfoot (2007); and “The
Futore of Scawater Desalination: Encrgy, Technology, and the Environment” by M.
Ehmelech and W. A, Phillip (2011},

28]  The discussions in the above-mentioned publications cover different separatory
transport concepts, including for example:

1. segparation of less massive hydrocarbon molecules (such as benzene) from
molecules of velative greater mass (such as keresenc) by separatory transport within
fractional distillation towers;

2. separation of less massive nuclear isctopes {such as 235U or 12C) from
relatively more massive nuclear isctopes {(such as 238U or 13Cy;

3. separation of clectric charge, so as to vicld a useful clectric voltage different,
by application of a temperatare gradient (i.c., thermoclectric power generation);

4. separation of heat, so as to yicld a useful temperature differential, by
application of an cleciric voltage difference (i.c., thermoelectric heating/cooling); and

5. transportation of water molecules  separatively  from  cationic/anionic
molecules (i.e., salt molecules) so as to yield fresh water and brine outflow from a scawater

inflow.
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[821]  In some of the above-mentioned examples, the separatory spatial fransport may not
perfecily conserve the trausported quantity. For imstance, separated uranium isctopes may
decay radicactively. Thus, it may be desirable that substantial separation oceur on a timescale
comparable fo, or shorter than, the nataral timescale of decay of the separated quantity. Exact
conservation of the quantity to be separatively trapsported may not, however, be essential to
the utility of the separatory transport.

122}  The above-mentioned exaroples may be thermodynamically similar such that 2
product of a respective separatory transport may be spatially concentrated and purified. As a
result of the conceniration and purification, a thermodynamic entropy density of the product
may decrease relative to the feedstock, However, the laws of thermodynamics require that the
decrease in spatially-localized entropy be compensated elsewhere by a local increase in
entropy, such that the aggregate entropy increases. In some cases, the required global entropy
increase may be associated with an entropic cost of sustaining spatisl gradients in
thermodynamic potentials. In the above-mentioned examples of separatory transport, the
externally applied potential gradients for sustaining the separatory transport, and for
concomitantly acting 1o increase the global entropy may include spatial gradients variable in
temperature, pressure, centrifugal force regarded as a gravity potential gradicnt, and gradiends
m electric potential associated to an applied clectric field.

[#23]  The general thermodypamic principles by which the above-mentioned examples
may accomplish separatory spatial transport may be mathematically represented by equations

[Eq01] - [Eq39] shown in Tables 1 - 7.
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i824]  In addition 1o the understanding of thermodynamic principles relating to separatory
spatial transport, separatory spatial transport of spin magnetization within a substance may
also involve general concepis of magnetic spin dynamics.
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[825]  Dhscussions of theory, methods, and apparatus associated with spin dynamics may
inchade the following: Principles of Magnetic Resonance, by Charles Slichter (1989);
“Mechanical Detection of Magnetic Resonance” by . Rugar,C. S. Yannon, and J. A, Sidles
{1992y, US Patent No. 5,266,856 — “Mechanical Detection and Imaging of Magnetic
Resonance by Magnetic Moment Modulation;” and “Practical Recipes for the Model Order
Reduction, Dynamical Simmuilation, and Compressive Sampling of Large Scale Open Quantum
Systems” by J. AL Sidles, J. L. Garbini, L. E. Harrell, A, O. Hero, J. P. Jacky, J. R. Malconb,
A. G. Norman, and A, M. Williamson {2009). Concepts of spin dynamics discussed in the
above mentioned publications may include, for cxample:

1. total energy of a spin system is substantially conserved;

2. amagnetic moment of the spin system is substantially conserved;
3. dynamics of the spin system is substantially Hamiltonian; and

4. magnetization in slices of spin-bearing substance can be substantially aliered
by radiofrequency irradiation.
1626]  Further, concepts relating to “hyperpolarizing” nuclear spins are discussed in US
Patent No. 7,351,402 “Polarizing Agents for Dynamic Nuclear Polarization;” and “Quantum
Mechanical Theory of Dynamic Nuclear Polarization in Solid Dielectrics,” by Hu KanNian,
G.T. Debelouchina, A. A. Smith, and Robert Griffin (2011}, In one example,
hyperpolarization methods may be implemented to polarize noclear magnetic moments by
clectron-to-nuclear transfer of magnetic moments. The discussed hyperpolarization methods,
however, differ from separatory magnetization transport mechanisms discussed below, in
which the electron-to-nuclear spin polarization transfer may not be desired, while the total
nuclear spin moment may be substantially conserved, and may be concenirated by transport
into spatially localized regions. Further, the above-mentioned publications related to concepis
of hyperpolarization do not discuss spatial thermodynamical potential gradients.
[#27]  The theory of separatory magnetic transport, as suggested in [Eq34], indicates that
the thermodynamical potential gradients may be necessary for the sustainment of separatory
transport currents. Accordingly, embodiments discussed below for tmplementing separatory
magnetization transport involve clements for generating such thermodynamical potential
gradients. Additional elements for implementing separatory magnetization trapsport in view
of the equations shown above in Tables 1 — 7 are also discussed below.
[B28]  In one example, implementation of separatory magnetization fransport may mvolve
{(i.} a body comprising noclear spin moments and clectron spin moments within at lcast a
portion of the body, (it} a2 magnetic device configured to provide a static magnetic field
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within the portion of the body, wherein the static magnetic field is configired to (a) cause a
nuclear spin magnetization carried by respective pairs of the nuclear spin moments to be
substardially pairwise conserved, (b} substantially align the electron spin moments with &
direction of the static magnetic field, and (¢} induce a space-varied distribution of magnetic
resonance frequencies of respective electron spin moments, and (i1} an alternating-field
magnet configured o provide a time-varying maguetic field across the portion of the body,
wherein the time-varying maguoetic fickd is configured to induce a spatial gradient in & local
magnetization of the respective electron spin moments such that concentrations of the naclear
spin magnetizations carried by respective pairs of the nuclear spin momenis are spatially
varied according to the spatial gradient in the local magnetization of the respective electron
Spin Moments.

[#28]  The relationship between the special variation of the nuclear spin magnetization and
the spatial gradient in the local magnetization of the respective clectron spin moments are
consistent with the concepts of separatory magnetization transport discussed herein. Tn other
words, the special variation of the nuclear spin magnetization may be dependent on,
proportional, and/or differentially related to the spatial gradient 1n the local magnetization of
the respective electron spin moments. Other relational concepts and definitions may also be
possible.

[#38]  In operation, the implementation of separatory magnetization transport may mvolve
(i.) applying a static magnetic ficld across at least a portion of a body to {a) cause a nuclear
spin magnetization carried by respective pairs of the nuclear spin moments to be substantially
patrwise conserved, (b) substantially align the electron spin moments with a divection of the
first magnetic ficld, and (¢) nduce a space-varied distribution of magnetic resonance
frequencies of respective eloctron spin moments, and (1L} activating an alicrnating-ficld
magnet to provide a time-varying magnetic field across at least the portion of the body,
wherein the time-varying magnetic field is configired to indoce a spatial gradient in local
magnetizations of the clectron spin moments such that concentrations of the nuclear spin
magnetizations carricd by respective pairs of the nuclear spin moments i at [east the portion
of the body are spatially variable according to the spatial gradient in the local magnetization
of the respective electron spin moments.

[831]  Separatory magoetization transport, as suggested above, and as will be funther
discussed below, invoelves locally concentrating nuclear magnetization. The nuclear and
electron spin magnetization may be described by the time-dependent spatial density [Eqgisl
The continuity cquation of the First Law of Thermodynamics may govem the flow of the
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time-dependent spatial density [EqlS] by means of the transport corrent, as shown by [Eql7],
[Eg31], and [Eq34].

[832)  In particular, the expression for the tramsport current [Hg34] depends on two
components: the gradient of the thermodynamic potential as shown by [Eq208], and Onsager’s
kinetic cocflicients as shown by [Eq23]. The gradient of the thermodynamic potential {Eq20]
provides imsight into implementation of {a} the nuclear spin moments and electron spin
moment, {b) the pelarizing magnetic field, (¢} the gradient magnetic field, {d} application of
the polarizing magnetic field, and (¢} application of the gradient magnetic field through the
thermodynamic potential {Eq20] itself, for which a threc-dimensional basis reflects
corresponding three substantially conserved quanditics of spin interaction energy, ruclear spin
moment, and electron spin moment, Furthermore, the actualization of a gradient {as shown by
[Eq01] and [Eq06]) of the thermodynamic potential may n this example be dependent on the
application of the gradicent magnetic field to induce an electron spin magnetization gradient
(and the thermodynamic potontial gradicnt according 1o [Eq20], thereby creating an entropic
imbalance) in the solid body, and the application of the depolarizing magnetic ficld across the
sofid body.

{833  In the Onsagor-Zicgler matrix ansatz [Eq39], Unsager’s kinetic coctficients {Hq23]
may be related to the thermometric structure [HEg221 via the OZMA coefficient [Eq24], and
the Omnsager-Ziegler wmatrix ansatz [Eq39] may enswwre that the Second Law of
Thermodynamics is respected. Thus, given s local entropy density [Eql6] that respects the
Third Law of Thermodynamics [Eq36] (possibly obtained by numerical frajectory integration
via the BLOCKS relations [Eq371)

P

all the laws of thermodynamics may naturally be
assimilated into the separatory transport theory.

[634]  Through the coupling of the Omsager-Ziegler matrix ansatz [Eg39], the
thermodynamic potential [Eq20] may drive the transport current [Eq34], which as suggested
above describes the flows of electron spin magnetization and nuclear spin magnetization. The
resulting flow of ¢lectron spin magnegtization and nuclear spin magoctization may
accordingly result in the local concentration of nuclear spin magnetization.

1638]  For theoretical insight and fonction design guidance, if a physically reasonable
model of the entropy function {as shown by [Eq33]) can be postulated, and the diffusion rates
of the system are comparable by reasonable postulation, the OZ matrix ansatz {as shown by
[Eg39]) may provide rapid numerical simulations, and in some cases closed-form

descriptions, of transport phenomena.
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[836]  Om the other hand, for improved stmulation accuracy of separatory magnetization
transport, with reduced regard for computational cost, thermodynamic functions of entropy
and free encrgy (as shown by [Eq3371) may be derived according to the BLOCKS relations {as
shown by [Eg37]), and Onsager transport coefficients may be determined from the time-
dependence of the BLOCKS covariance according to Omnsager’s regression method
referenced above.

1837} In summary, tmplementation of scparatory magnetization transport may invelve
clements of (1) a spin-containing substance and (2} a magnetic polarizing ficld acting jointly
to prodoce a thormodynamic poiential {as shown by [Eq20]), and a gradient magnetic ficld
and a depolarizing magnetic ficld acting jointly to produce a gradient in the thermodynamic
potential of [Hq34]. In the presence of the thermodynamic potential gradient produced, the
Zeroth through Third Laws of Thermodynamics may ensure the existence of a controlied
flow of maguctization that may be beneficial in various applications, such as medical
maging.

1638] B EXAMPLE EMBODIMENTS FOR SEPARATORY MAGNETIZATION

TRANSPORT

[83%) (i) First Example Apparatus

[B48]  In Hght of the discussions above relating to separatory magnetization tfransport,
embodiments including apparatoses and methods are provided. Figare 1A is a block diagram
of a first example apparatus 100 for concentrating magnetization of nuclear spins, n
accordance with an example embodiment. As shown, the apparatus 100 includes a body 101,
a magnetic device 102, and an alternating-field magnet 106.

[841]  As indicated above, the body 101 may inclode nuclear spin moments and clectron
spin moments within at least a portion of the body 101, In other words, the body 101 may
melade any substance with magnetically unpaired electrons. In one example, the body may
be a solid body of paramagnetic substance. In other words, the body 101 may be a substance
with magnetically unpaired cloctron spins, or a solid dielectric matrix including polarizing
agents whose molecules include one or more paramagnetic conters,

1642]  For mstance, the body 101 may include polystyrene doped with 2,2-diphenyl-1-
picrylhydrazle (DPPH) to any suitable concentration, such as a concentration of aboot 3
percent. In this instance, the DPPH may provide magnetically-unpaired electron spin
moments to the sample, and the polysiyrene may contribute to the muclear spin moments in
the substance. In  another instance, the body 101 may include nitroxide
2,2,6,6 tetramethylpiperadine-1-oxyl. In a further imstance, the body 101 may nclude 4-
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hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl. Other suitable examples of the body may exist.
[843]  In onc cxample, the body 101 may have dimensions of about 100um by 100um by
10um. Other sizes and shapes of the body may also be possible. In one case, the dimensions
of the body 101 may be constrained due 1o a size of the apparatus 100, In another case, the
dimensions of the body 101 may be sufficiently large such that a static magnetic field 103
provided by the magoetic device 102 across a portion of the body 101 varies across the
portion of the body 101, In one example, the apparatus 100 may have dimensions of abowt §
mun by 5 mm by 1 mm, or any other suitable dimensions. In some cases, the apparatus 100
may be contained within a cryostatic container that may have dimensions of about 100cm by
10 cnt by 10 om, or any other suitable dimensions.

[844]  Also as mndicated above, the magnetic device 102 may be configured to provide a
static magnetic field, such as the static magnetic field 103 within the portion of the body 106
In one example, the static magoetic ficld may be configured to {8} cause z nuclear spin
magnetization carried by respective pairs of the nuclear spin moments to be substantially
pairwise conserved, (b) substantially align the clectron spin moments with a direction of the
static magnetic field, and (¢} induce a space-varied distribution of magnetic resonance
frequencies of respective electron spin moments.

[845]  The alignment of the electron spin moments with the divection of the static magnetic
ficld may be doe to a polarizing magnetic field component of the static magnetic ficld, while
the space-varied distribution of magnetic resonance frequencies of respective electron spin
moments may be due to a gradient maguetic ficld component of the static magnetic ficld. The
patrwise conservation of the muclear spin magnetization may be due to the polarizing
magaetic ficld component or a combination of both the polarizing magnetic ficld component
and the gradient magnetic ficld component. As discussed previously, magnetic interactions
between the nuclear spin moments and electron spin moments in the body 101 and the
magnetic ficlds from the magoetic device 1062 are such that the Zeroth, First, Second, and

~
‘
7

third Laws of thermodynamics are respected, as described in Tables 1-7, and particulasly
equations [30], [34], {351, and [36]. The thermodynamical laws are consonant with the
separatory magnetization transpott that is described in the tables, particularly by equations
[30] and [34].

[846] The maguetic device 102 may include one or more permanent magnets of any
ferromagnetic material, such as nickel, iron, cobalt, or rare-carth metal allovs 1o provide the
static magnetic field 103. In one example, the permanent magnet may nchide samarium-

cobalt. Other examples of suitable materials for the permanent magnet may exist,
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{847  In one case, the magnetic device may include a first magnetic subdevice and a
sccond magnetic subdevice. The first magnetic subdevice may be configured to provide 2
first magnetic field component of the static magnetic field 103 to (a) cause a nuclear spin
magnetization carried by respective pairs of the nuclear spin moments to be substantially
pairwise conserved, (b} substantially align the electron spin moments with a direction of the
static magnetic ficld. In this case, the first magnetic subdevice may be a static maguoet, and
the first maguoetic ficld component of the static magnetic field 103 may be a polarizing
magnetic ficld.

[848]  in another case, the second magnetic subdevice may be configured to provide a
second magnetic field component of the static magnetic field 103 to induce a space-varied
distribution of magnetic resonance frequencies of respective electron spin moments. fn this
case, the second magnetic field component of the static magnetic field 103 may be a gradient
magnetic field.

1#4%9)  Similar to the body 101, the size of the magnetic device 102 may be of any size
suitable for the apperatus. In one example, the magnetic devicel02 may be a permanent
magnet that i3 6 mm across. A suitable magnitude of the static magnetic field 103 provided
by the maguetic device 102 may vary depending on the concentrations of clectron spin
moments and nuclear spin moments in the body 101,

[#58]  In one case, the magnetic device102 may be selected and/or configured such that a
magnitude of the static magnetic field 103 is sufficient to cause the magnctic momernts in the
body 101 1o be substantially pairwise counserved throughout the portion of the bedy. In one
example, if the concentration of spin moments in the body 101 s about 5%, the magnitude of
the static magnetic ficld 103 may be at fcast 58 mT. In another example, the magnitude of the
static magnetic field 103 may be as high as around 10 T, In one cxample, a distance between
the magnetic device 102 and the body 101 within the apparatus 100 may be determined
according to the magnitude of the static magnetic field 103 and the size and shape of the body
101, For instance, the distance may be determined such that the magnetic ficld permeates at
feast a desired portion of the body 101.0Other examples of magnitudes of the magnetic field
103 may exist as well.

[#51]  As mentioned above and as shown in Figure LA, the magnetic device 102 may be
configured to provide the static magnetic field 103. In one case, the static magnetic field 103
may be a static, temporally invariant magnetic field. In one example, the static magnetic field
103 may include two magnetic field components, inchiding a polarizing magnetic field
component and a gradient magnetic field component. In one case, the magnetic device 102
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may tnclade a magnet configured to provide a polarizing magnetic field, and another magnet
configured to provide a gradient magnetic ficld.

[652])  The orientation of the magnetic device 102 may be such that the north-south polar
axis 15 perpendicular to a “bowl-shaped” region of the body 101 where nuclear magnetization
may concentrate as a result of magnetization flow. As shown in Figure 1A, the north-south
polar axis may in some cases be parallel o a nearest edge of the body 101, In one case, the
north-south poles of the magnetic device 102 may be reversed from what is shown in Figure
1A, Also shown s a plurality of uniform magnetic field strengths 104, In one example,
cleciron and nuclear magnetic moments in the body 101 along once of the plurality uniform
maguetic ficld strengths 104 may be subjected to iderdical magnetic field strengths.

[853]  In onc example, the magnetic device 102 may be affixed to a cantilevered beam (not
shown). The cantilevered beam may be configured to provide a means of measuring
concentrated nucicar magnetization within the body 101, or may simply be configured {o
provide 2 mechanical structure to which the magnetic device 102 may be affixed. In one case,
any motion of the cantilever may not contribute essentially to the orientation and/or
magnitude of the static magnetic field 103 provided by the magnetic device 102, Dimensions
of the cantilever beam may be determined according 1o size Hmitations of the apparatus 100,
such that the cantilever beam fits within the apparatus. In one example, the cantilever 105
may have a length of about 320 micrometers and a thickness of about 0.5 micrometer. Gther
examples of the size of cantilever 105 may cxist as well. In one example, the distance
hetween the magnetic device 102 and the body 161 may be sbout 1 nm rangiog up to 1 ram.
Cther distances may alse be possible.

[634]  As also suggested above, the alternating-field magnet 106 may be configured to
provide a time-varying magnetic field 107 across the portion of the body 101, wherein the
time-varying magnetic field 107 may be configured to induce a spatial gradient in a local
magnetization of the respective clectron spin moments such that concentrations of nuclear
spin magnetizations carried by respective pairs of nuclear spin moments in the body 101 are
spatially varied according to the spatial gradient in the local magnetization of the respective
clectron spin moments. In ove example, the time-varying magnetic field 107 may be a
depolarizing magnetic ficld. In one embodiment, the alternating-ficld magnet 106 may be a
radio-frequency cotl that is constructed of any clectrically conducting material, such as
copper. In one example, the alternating-field magnet 106, such as the radio-frequency cotl
may not have any magoetic material and may therefore not inherently possess any magnetic
characteristics. However, the altornating-ficld magnet 106 may be configured to produce the
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time-varying magnetic field 107 when an alternating clectric current is passed through the
alternating-field magnet. In the context of the apparatus 100, the radio frequency coil may be
configured to be activated by an alternating current such that the spatial gradient in the local
magnetizations of the electron spin moments in the body 101 is dependent on a frequency of
the akernating current.

[#35]  In onc example, the time-varying magnetic field 197 may have radio-frequencies
according to the magnetfic resonance condifion ox = Ve - 8(r), where wyr 15 the angular
frequency of the time-varying magnetic field 107, v. 18 the gyromagnetic ration for the
cleciron spins (a physical constant), and 8{(r} is the magnetic ficld strength 104 of the static
magunetic ficld 103 at at a spatial location » in the body 101, As indicated above, the surfaces
of the plurality of uniform magnetic ficld strengths 104 show representative “shices”™ or
surfaces of uniform magnetic field strength, and thus meet the resonance condition for a
specific depolarizing magnetic ficld angular frequency o Accordingly, specific “shices” of
the body 101 may be affected by the time-varying magnetic ficld 167. A wide range of
depelarizing magnetic ficld angular frequency o may be used for the purposes of the present
application. For instance, an example range of depolarizing magnetic ficld angular frequency
®r may be from bundreds of megahertz to bundreds of gigahertz. In one oxample, the
depolarizing magnetic field angular frequency oy may be within a range of 1 10 10 GHz.
[#56]  In operation, the magnetic device 102 may be configured to first provide the static
magnetic field 103 prior to the altcrnating-ficld magaet 106 providing the tme-varying
magnet ficld 107, As suggested above, the presence of the static magnetic field 103 may
cause both the electron spin moments and the nuclear spin magnetic moments in the body
101 to become polarized such that the moments are wholly or at least partially aligned with
maguetic ficld lines of the magnetic field 103, Due to spatial variance of the magoitude of the
static magnetic field 103 across the body 101, the electron spin magnetic moments produce
an electron spin magnetization {magnetic moment per unit volume) that varies throughout the
body 101, Similarly, varying nuclear spin magnetization across the body 101 may result from
the polarizing of nuclear spin maguoetic moments.

1857}  After a period of time, the electron spin magnetic moments and nuclear spin
magnetic moments in the body 101 affected by the presence of the static magnetic field 103
may reach equilibriom. The period of time may depend on the material of the body 181 and
the strength of the static magnetic ficld 103 across the body 101, In one example, the period

of time is about 1 second.
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[658]  After the period of time, the alternating-field magnet 106 may be activated to
produce the time-varying maguoetic field 107 to tiradiate at least a portion of the body 101
where the nuclear spin magnetic moments and clectron spin magnetic moments are at least
substantially aligned with the static magnetic field 103, As indicated above, the alternating-
ficld magnet 106 may be a radio-frequency coil that may be activated by passing an
altcrnating current through the radio-frequency coil. Depending on the form of the alternating
current, electron spin magnetic moments in at least the portion of the body 101 may be cither
depolarized or inverted. In either case, a nop-cquilibrium spatial gradient in the local
magaetization of the clectron spin moments may be induced. In one example, the electron
spin momends in at least the portion of the body 101 may be sclected for trradiation by
choosing the frequency of the depolarizing field o, such that the resonance condition may be
met at the magnetic field strength B(») corresponding o the spatial position » of the at least
portion of the body 101 relative to the alternating-ficld magnet 106, In other words, as
indicated above, the time-varying magnetic ficld 107 may be configured to induce a spatial
gradient n a local magnetization of the respective clectron spin moments such that
concentrations of nuclear spin magnetizations carried by respective pairs of nuclear spin
moments in the body 101 are spatially varied according to the spatial gradient in lecal
magnetization of the respective electron spin moments.

[#58]  As discossed previously, separatory magnetic transport may involve local
concentration of maguoetization. In the presence of spatially-varying magnetic ficlds,
separatory magnetic fransport locally concentrates magunetization when two magnetic spin
species are present, one of which has a locally non-equilibrivam spatial gradient. In the
operation of the apparatus 100 shown in Figure 1A, both clectron spin magnetic moments and
nucicar spin maguoetic moments arc present in the body 101, the static magnetic ficld 103 is
spatially-varving, and a non-equilibrium spatial gradient in the local magnetization of the
electron spin magnetic moments may be indaced by trradiating the body 101 with the time-
varying maguoetic field 107, As soch, nuclear spin maguctization may be concentrated in at
feast the portion of the body 101 according to scparatory magnetization tramsport. The
concentration of spin magnetization may vary depending on several parameters, such as the
gradient and magnitudes of the static magnetic field 103 across at least the portion of the
body 101 and characteristics of the spin moments in the body 101

[#68] (3. Sccond Example Apparatus

{61}  in addition to the apparatus 100 discussed above, alternative embodiments derived
from the apparatus 100 may also be implemented to apply the concepis of scparatory
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magnetization transport described in the previous section.

[862]  Figure 1B is a block diagram of a second cxample apparatus 150 for concentrating
maguetization of nuclear spins, in accordance with an example embodiment. As shown, the
apparatus 130 may include a body 151, a magnetic device including a superconductor coil
159 and a superconducting material 152, and an alternating-ficld magnet 156. The body 151
may be similar to the bedy 101 of the apparatus 100 shown 1o Figure 1A

[663]  In onc cxample, the magoetic device may be similar to the magunetic device 102 of
the apparatas 100 deseribed above in commection to Figuwre 1A, In this case, the
superconductor coil 159 may be the first magnetic subdevice, and the superconducting
material 152 (in combination with the superconductor coll 159) may accordingly be the
seccond magnetic subdevice. As shown, each of the elements of the apparatus 150 may be
contained within the saperconducting coil 159, As such, the superconducting coil 159 may be
configured to produce 8 uniform magnetic ficld 155 across the entire apparatus. In one case,
the vniform maguoetic ficld 155 may be a polarizing magnetic ficld. The superconducting coil
159 as shown n Figure 1B is meant to be representative only. One having ordinary skill in
the art will appreciate that the superconducting cotl 159 may be oriented any direction
suitable for providing the uniform magnetic ficld 155 discussed herein.

[B64]  inthis case, the superconducting material 152 may be positioned adjacent to, but not
necessarily i contact with the boedy 151, As shown, the superconductor material 152 may
include vortices configured to modify the oniform magnetic ficld 155 to induce the space-
varied distribution of magnetic resonance frequencies of respective clectron spin moments. In
other words, the vortices of the superconductor material 152 may be configared to funnel the
polarizing magnetic ficld 153, thereby producing a gradicnt magnetic field 153 across the
body 151,

[#865]  The apparatus 150, as shown m Figure 1B may also include an alternating-field
magnet 156 configured to provide a time-varying magnetic field 157, In one example, the
body 151, and the alternating-ficld magnet 156 may be configured similarly as that of the
body 101 and altcrnating-ficld magnet 106 of the apparatus 100 of Figure 1A discussed
above. In this case, the time-vary magnetic field 157 may alse be a depolarizing magnetic
field.

[866]  While the apparatus 150 may include a superconducting coil configured to provide
the polarizing magnetic field 153, and the superconductor 152 may be configured to produce
the gradient magnetic field 153 by fumneling the polarizing magnetic field 155 through
vortices of the superconductor 152, other configurations for providing the polarizing
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magnetic field 155 and gradient magnetic field 153 may also be possible. For mstance, a
static magnet or permancnt magnet similar to that of described above in connection with the
maguetic device 102 of the apparatus 100 of Figure 1A may be configured to provide the
gradient magnetic field 153, while the superconducting coil may be configured to provide the
polarizing magnetic field 155, In one example, dimensions of the superconducting material
may be any suitable dimension, such as about 100wm by 100um by 10um, and diameters of
the vortices may be of any suitable diameters, such as about 5 nm.

{867  in operation, the apparatus 150 may be configured to concentrate noclear
magaetization in at least a portion of the body 151 similar to that described above in
reference 1o the apparatus 100 shown in Figore 1A, according to the concept of separatory
magnetization transport. As suggested previously, the concept of separatory magnetization
transport may be utilized in a variety of applications, such as that of medical imaging.

1#68]  In onc example, the apparatus 150 may be configured to receive a biological sample
154 on a location of the body 151, As such, the biological sample 154 may also be subject to
the same polarizing magnetic field 155 such that the nuclear and Gf applicable) electron spin
magnetic moments of the biclogical sample may become polarized by the polarizing
maguetic field 155,

[868]  In this case, the alternating-field magnet 156 may be configured to provide a time-
varying magnetic field 157 to concentrate nuclear spin magnetizations at substantially the
focation of the biological sample 134 on the body 151 such that the nuclear spin
magnetizations within the body causes diffusion of nuclear spin magnetizations in the
biological sample 154

[@7¢] In onc cxample, for the application of imaging the biological sample 154, the
apparatus 150 may also include a sensor 158 configured to detect the concentrated nuclear
spin magnetization in the biological sample 154, In one case, the sensor 158 may be a multi-
pass cell magnetometer sensor configured to detect biomagnetic signals from the biological
sampic 154 in a medical imaging application.

71} (ui) Fist Exanple Method

1872)  In addition to the apparatuses 100 and 150 discussed above in commection to Figures
1A and 1B, different processes and methods may be implemented to apply the concepts of
scparatory magnetization transport utilizing apparatuses similar to those of apparatuses 100
and 150.

[#73]  Figure 2A shows a first example flow diagram for concentrating magnetization of
nuclear spins, in accordance with at least some embodiments described hercin, Method 200
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shown i Figure 2A presents an embodiment of a method that could be used in connection
with the apparatus 100 and 150 shown in Figores 1A and 1B, respectively. Method 200 may
include one or more operations, fimetions, or actions as iHustrated by one or more of blocks
202-204. Although the blocks are illustrated in sequential order, these blocks may alse be
performed in parallel, and/or in a different order than those described herein. Alse, the
various blocks may be combined into fewer blocks, divided into additional blocks, and/or
removed based upon the desived implementation.

[@74]  in addition, for the method 200 and other processes and methods disclosed hergin,
the flowchart shows functionality and operation of one possible implementation of present
embodiments. o this regard, cach block may represent a module, 2 segment, or a portion of
program code, which mclades one or more instructions executable by a processor for
mmplementing specific logical functions or steps i the process. The program code may be
stored on any type of computer readable medium, for cxample, such as a storage device
ncluding a disk or hard drive. The computer readablie medivm roay include nown-transitory
computer readable mediim, for example, such as computer-readable media that stores daia
for short periods of time like register memory, processor cache and Random Access Memory
{(RAM). The computer readable medium may also include non-transitory media, such as
secondary or persistent long term storage, like read only memory (ROM), optical or maguetic
disks, compact-dise read only memory (CD-ROM), for example. The computer readable
media may also be any other volatile or non-volatile storage systems. The computer readable
medium may be considered a computer readable storage medivm, for example, or a tangible
storage device. In addition, for the method 200 and other processes and methods disclosed
herein, each block in Figure 2A may represent circuitry that is wired to perform the specific
logical functions in the process.

[878]  As shown, block 202 of the method 200 may involve applying a static magnetic
ficld across at least a portion of a body. In conmection with the apparatuses 100 and 150
discussed above, the body may be the body 101 or 151, and the static magnetic field may
nclude a polarizing magnetic ficld and a gradient magnetic field. As such, the static magnetic
field may be configured to (a) cause a nuclear spin magnetization carried by respective pairs
of the muclear spin moments to be substantially pairwise conserved, (b) sobstantially align the
cleciron spin moments with a direction of the first magnetic field, and (¢) induce a space-
varied distribution of magnetic resonance frequencies of respective electron spin moments.
i#76]  Accordingly, the static magnetic ficld may be provided by a magnetic device such
as for example, the magnetic device 102 of the apparatos 100. In this case, the magnetic
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device 102 may be controlable via a computing device to provide a suitable static magnetic
field to achieve the desired nuclear spin magnetization, alignment of electron spin moments,
and space-varied distribution of magnetic resonance frequencics of respective clectron spin
monent.

877 As described above in connection with the magnetic device 102, applying a static
magnetic field across at feast a portion of the body may further imvolve applying a first
magnetic ficld component of the static magnetic ficld and applying a second magnetic field
component of the static magnetic field. In this case, applying the first magnetic field
component of the static magnetic field may (a) causc the nuclear spin magnetization carried
by respective pairs of the nuclear spin eoments 1o be substantially pairwise conserved and
{b) substantially align the electron spin moments with a direction of the static magnetic field.
Accordingly, applying the sccond magnetic field component of the static magnetic ficld may
induce a space-varied distribution of magnetic resonance frequencies of respective clectron
spin Ioments.

(6781 Referring back to the method 200, block 204 of the method 200 may involve
activating an aliernating-ficld magnet to provide a time-varying magnetic field across at least
the portion of the body. In comnection with the apparatus 100 discussed above, the
alternating-field magnet may be the alternating-field magnet 106, and the time-varying
magnetic field may be time-varying magnetic field 107, As sach, the time-varying magnetic
ficld may be configured to induce a spatial gradient in the local magnctizations of the
clectron spin moments such that concentrations of nuclear spin magnetizations camried by
respective pairs of nuclear spin moments in at least the portion of the body are spatially
variable according to the spatial gradicnt in the local magnetization of the respective electron
spin moments. As with the case of the ahernating-ficld magnet 106 of the apparatus 100, the
alternating-field magnet mclode a radio-frequency coil such that activating the alternating-
ficld magnet to provide a time-varying magnetic field across at least the portion of the body
may involve applying an alternating current {0 the radio-frequency coil in which the spatial
gradicnt in local magnetizations of the clectron spin moments i the body may be dependent
on a frequency of the alternating current. As with the case of the magnetic device, the
alternating-field magnet may be controllable via a computing device to provide a time-
varying magnetic ficld to induce the desired spatial gradient in local magnetizations of the
electron spin moments.

[#78]  {(iv.) Second Example Method

N3
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[886]  Figure 2B shows a sccond example flow diagram for concentrating magnetization of
nuclear spins, in accordance with at least some embodiments described herein. Method 240
shown in Figure 2B presents an cmbodiment of a methoed that could be used in connection
with the apparatus 100 and 150 shown i Figures 1A and 1B, respectively. Methed 250 may
mclade one or more operations, functions, or actions as ilkustrated by one or more of blocks
252-256. Although the blocks are illustrated in sequential order, these blocks may also be
performed in parallel, and/or i a different order than those described herein. Also, the
various blocks may be combined into fower blocks, divided into additional blocks, and/or
removed based upon the desired implementation.

[881)  As shown, block 252 of the method 250 may mvolve detecting & space-varied
distribution of magnetic resonance frequencies of electron spin moments in at least a portion
of a body. In comection with the apparatus 100 of Figure 1A, block 252 may involve
detecting the effects of the static magnetic ficld 103 on the electron spin moments in the body
101,

1682] At block 254, the method 250 may involve determining a time-varying magnetic
field based on the detected space-varied distribution of maguoetic resonance frequencics, such
that the time-varying magnetic ficld may induce a spatial gradicnt in local maguetizations of
the electron spin moments such that concentrations of nuclear spin magnetizations carried by
respective pairs of noclear spin moments in the body are spatially varied according to the
spatial gradient in the local magnetization of the respective cleciron spin moments.

1683) A block 256, the method 250 may fnvolve activating an  aliornating-ficld magnet
such as the alternating magnet 106 to provide the time-varying magnetic field across at least
the portion of the body. As suggested above, the time-varying magnetic field may induce a
spatial gradient in local magnetizations of the clectron spin momends such that concentrations
of miclear spin magnetizations in the body are spatially varied.

[884]  In one cxample, the ahernating-ficld magnet may be controllable via a computing
device to provide a time-varying magnetic field to induce the desired spatial gradient in focal
magnetizations of the clectron spin moments. In this case, the computing device may further
be configured to detect or receive data indicating space-varied distribution of magnetic
resonance frequencies of electron spin moments in at feast a portion of a body as discussed in
connection to block 252, and subsequently determine the time-varying magnetic ficld based
on the detected or received data as discussed in connection to block 254,

[#8%]  Further, similar to that discussed in connection with apparatus 150 of Figure 1B, a
biological sample may be positioned at 2 location on the body. In this case, activating an
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alternating-ficld magnet to provide 8 time-varying magnetic field across at least the portion of
the body as described in block 256 may further ivoive concentrating nuclear spin
magnetizations at substantially the location of the biological sample on the body such that the
nuclear spin magoetizations within the body causes diffusion of nuclear spin magnetizations
n the biological sample. In this case, the computing device may further be configuved to
receive from a sensor data indicating nuclear spin magnetization detected in the biclogical
saropic. In one examaple, the seusor may be the sensor 158 of the apparatus 150 of Figure 18,
16861 {v.} Example Computer Readable Medium

[887]  As indicated above, in some ecmbodiments, the disciosed mothods may be
implemented by computer program isstructions cncoded on a pon-transitory computer-
readable storage media in 8 machine-readable format, or on other non-transitory media or
articles of mamifacture. Figiwe 3 is a schematic illustrating a conceptual partial view of an
example computer program product that includes a computer program for cxecuting a
computer process on a computing device, arranged according to at least some embodiments
presented herein,

[688]  In onc embodiment, the example computer program product 300 may be provided
using a signal bearing medivm 302, The signal bearing medium 302 may inchlude one or more
programming instructions 304 that, when executed by one or more processors may provide
functionality or portions of the functionality described with respect to Figores 2ZA and 2B. In
some examples, the signal bearing medium 302 may cucompass a non-transitory computer-
readable medium 306, such as, but got limited to, a hard disk drive, a Compact Disc (CD), a
Digital Video Disk (DVD), a digital tape, memory, ete. In some implementations, the signal
bearing medivm 307 may encompass a compuier recordable mediun 308, such as, bui not
timited to, memory, read/write (/W) CDs, R/W DVDs, ete. In some implementations, the
signal bearing medium 302 may encompass a conmmunications medium 310, such as, but not
Hmited to, a digital and/or an analog communication medium {¢.g., a fiber optic cable, a
waveguide, a wired communications hink, a wireless communication link, ¢tc.). Thus, for
cxaraple, the signal bearing mediinn 302 may be conveyed by a2 wireless form of the
communications medivmm 310.

[689] The one or more programming instructions 304 may be, for example, computer
executable and/or logic implemented instructions. In some examples, a processing vnit of
computing device may be configured to provide various operations, functions, or actions in

response to the programmming instructions 304 conveyed to the processing unit by one or more
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of the computer readable medium 306, the computer recordable medium 308, and/or the
communications medium 310,

[69¢]  The noun-transifory conputer readable medmm could also be distributed among
multiple data storage clements, which could be remotely located from cach other. The
computing device that executes some or all of the stored mstractions could be a computing
device such as any of those described above. Alternatively, the computing device that
exccutes some or all of the stored nstructions could be another computing device, such as a
server.

[@s1] C. CONCLUSION

(892} While various aspects and embodiments have been disclosed herein, it should be
understood that the embodiments are example embodiments and are described n connection to
jost some of many possible applications. Accordingly, it should alse be understood that other
aspects and embodiments are also possible. The various aspects and embodiments disclosed
herein are for purposes of ilustration and arc not intended to be Hmiting, with the frue scope

and spirit being indicated by the following claims.
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CLAIMS

We Claim:

1. A apparatus comprising:

a body comprising nuclear spin moments and electron spin moments within at least a
portion of the body:

a magnetic device contigured to provide a static magnetic field within the portion of
the body, wherein the static magnetic field s configured to (2} cause a nuclear spin
magnetization carricd by respective pairs of the nuclear spin moments to be substantially
pairwise conserved, (b} substantially align the clectron spin mooments with a dircction of the
static magnetic ficld, and (¢} induce a space-varied distribution of magnetic resonance
frequencies of respective electron spin moments; and

an alternating-ficld magnet configured to provide a time-varying magnetic ficld across
the portion of the body, wherein the time-varying maguoetic field is configured to induce a
spatial gradient in a local magnetization of the respective electron spin moments such that
concenirations of the nuclear spin magnetizations carried by respective pairs of the nuclear
spin moments are spatially varied according to the spatial gradient in local magnetization of

the respective electron spin moments.

2. The apparatus of claim 1, wherein the magnetic device comprises a first magnetic
subdevice and & sccond magnetic subdevice, wherein the first magnetic subdevice is
configured to provide a first magnetic field component of the static magnetic field to

{(a) cause the nuclear spin magnetization carried by respective pairs of the nuclear spin
moments 1o be substantially pairwise conserved and (b) substantially align the clectron spin
moments with a direction of the static magnetic field, and wherein the second magnetic
subdevice is configured to provide a second magnetic field component of the static magnetic
ficld to induce a space-varied distribution of magnetic resonance frequencies of respective

clectron spin rooments.

3. The apparatus of claim 2, wherein the first magnetic subdevice comprises a

superconducting coil configured to produce a uniform maguetic field across the apparatus.

4. The apparatus of claim 3, wherein the seccond magnetic subdevice comprises a
superconductor material comprising vortices configured to modify the uniform magnetic ficld
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to indoce the space-varied distribution of magnetic resonance frequencies of respective

cleciron spin moments.

5. The apparatus of any one of claims 1 — 4, wherein the body comprises a substance

with magnetically anpaired electrons.

6. The apparatus of any one of claties 1 — 5, wherein the magnetic device comprises a

permanent magnet.

7. The apparatus of any one of claims 1 — 6, wherein the static maguetic ficld has a

magnitude within a range of about 50 wmT to about 10 T.

8. The apparatus of any one of claims 1 —~ 7, wherein the body is configured o receive a
biclogical sample at a location on the body, and wherein the alteruating-field magnet is
contigured to concentrate nuclear spin magnetizations at substantially the location of the
biclogical sample on the body such that the nuclear spin magnetization within the body

causes diffusion of nuclear spin magnetizations in the biclogical sample.

9. The apparatus of claim 8, further comprising a sensor, wherein the sensor is

configured to detect nuclear spin magnetization in the biological sample.

10. The apparatus of claim 9, wherein the sensor is a multi-pass cell magnetometer sensor
configured to detect biomagnetic signals from the biclogical sample in a medical imaging

application.

11 The apparatus of any one of claims 1 10, wherein the alterpating-field magnet
comprises a radio-frequency coil, and wherein the radio frequency coil s configured to be
activated by an alternating corrent such that the spatial gradient in local magnetizations of the

clectron spin moments is dependent on a frequency of the alternating current.

12. The apparatus of any one of claims 1~ 11, wherein the static magnetic field is
configured to provide a magnetic field magnitude sufficient to cause the nuclear spin

magnetization {0 be substantially pairwise conserved throughout the portion of the body.
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13 A method comprising:

applying a static maguetic ficld across at least 8 portion of a body to (a) causc a
nucicar spin magnetization carried by respective pairs of the nuclear spin moments to be
substantially pairwise conserved, (b) substantially align the electron spin moments with a
direction of the first magnetic field, and (¢) indoce a space-varied distribution of magnetic
resonance frequencies of respective electron spin moments; and

activating an alternating-ficld magnet to provide a time-varying magnetic ficld across
at least the portion of the body, wherein the time-varying magnetic ficld is configared to
induce a spatial gradient in local magnetizations of the clectron spin moments such that
concentrations of the nuclear spin magnetizations carried by respective pairs of nuclear spin
moments in at least the portion of the body are spatially variable according to the spatial

gradient in focal magnetization of the respective electron spin moments.

14, The method of claim 13, wherein applying a static reagnetic ficld across at least a
portion of the body comprises:

applying s first magoetic ficld component of the static magnetic field to () cause the
nucicar spin magnetization carried by respective pairs of the nuclear spin moments to be
substantially pairwise conserved and (b) substantially align the electron spin moments with a
dircction of the static magnetic field; and

applying a sccond magnetic ficld component of the static magnetic field to induce a
space-varied distribution of maguetic resonance frequencies of respective cleciron spin

moments.,

15, The method of claim 13 or 14, wherein the alternating-field magnet comprises 2
radio-frequency coil, and wherein activating an alternating-field magoet o provide a time-
varying magnetic field across at least the portion of the body comprises:

applying an alternating cusrent to the radio-frequency coil, wherein the spatial
gradicnt in local maguetizations of the electron spin mmoments 18 dependent on a frequency of

the alternating current.

16, A non-transitory compuier readable medium having stored thercon insiructions
exccutable by a computing device to cause the computing device to perform functions
comprising:

detecting a space-varied distribution of magnetic resonance frequencies of electron
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spin moments in at least a portion of a body;

determining a time-varying magnetic ficld based on the detected space-varied
distribution of maguoetic resonance frequencies of electron spin moments, wherein the time-
varying maguoetic field is configured to induce a spatial gradient in local magnetizations of
the electron spin moments such that concentrations of nuclear spin magnetizations in the
body are spatially varied according to the spatial gradient in local magnetization of the
respective clectron spin moments; and

activating an alternating-ficld magnet to provide the time-varying magnetic field

across at least the portion of the body.

17, The non-transitory computer readable mediom of ¢laim 16, wherein the space-varied
distribation of magnetic resonance frequencies of electron spin moments in at least the

portion of the body is induced by a siatic magnetic field provided by 2 magnetic device.

18, The non-transitory computer readable medivm of elaim 16 or 17, wherein a biological
samplie is positioned at 3 location on the body, and wherein activating an alternating-field
maguet to provide a time-varying maguoetic fickd across at least the portion of the body
comprises:

concentrating nuclear spin magnetizations at sebstantially the location of the
biclogical sample on the body such that the nuclear spin magnetizations within the body

cause diffusion of nuclear spin magoetizations in the biological sample.

19,  The non-transitory computer readable medium of ¢laim 18, wherein the functions
further comprise:
receiving from a sensor data indicating nuclear spin magnetization detected in the

biclogical sample.
20.  The von-transitory compuier readable medium of claim 19, wherein the sensoris a
multi-pass cell magnetometer sensor configured to detect biomagpetic signals from the

biological sample in a medical imaging application.

21 A method comprising:

(%)
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detecting the space-varied distribution of magnetic resonance frequencies of the
cleciron spin moments in at least a portion of 8 body;

determining a time-varying maguetic ficld based on the detected space-varied
distribution of magoetic resonance frequencies of electron spin moments, wherein the time-
varying magnetic field is configured to mduce a spatial gradient in local magnetizations of
clectron spin moments such that concentrations of nuclear spin magnetizations in the body
are spatially varied according to the spatial gradient in local magnetization of the respective
electron spin moments; and

activating an alternating-ficld maguet to provide the time-varying magnetic field

across at least the portion of the body.

(V%)
(42
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