20147047177 A2 NI 00 I 010 RO A 0

<

W

(43) International Publication Date

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

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

=

\

(10) International Publication Number

WO 2014/047177 A2

27 March 2014 (27.03.2014) WIPOIPCT
(51) International Patent Classification: (81) Designated States (uniess otherwise indicated, for every
GO2F 1/33 (2006.01) A61B 5/1455 (2006.01) kind of national protection available): AE, AG, AL, AM,
21) International Apolication Number: AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
@1 TInternational Application Number: CT/US2013/060402 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,
(22) International Filing Date: HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KN, KP, KR,
18 September 2013 (18.09.2013) KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
B . MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
(25) Filing Language: English OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
(26) Publication Language: English SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, T™M,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
(30) Priority Data: ZW.
13/623,703 20 September 2012 (20.09.2012) Us
(84) Designated States (uniess otherwise indicated, for every
(71) Applicant: ELWHA LLC [US/US]; 11235 SE 6th Street, kind of regional protection available). ARIPO (BW, GH,
Suite 200, Bellevue, Washington 98004 (US). GM, KFE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
(72) Inventors: BAYM, Michael H.; 12 Remington St., Apt. UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
. TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
206, Cambridge, Massachusetts 02138 (US). HYDE, Rod-
. . . EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
erick A.; 9915 - 161st Avenue N.E., Redmond, Washing-
. MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
ton 98052 (US). KARE, Jordin T.; 908 15th Ave. East,
. TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN, GQ, GW,
Seattle, Washington 98112 (US). WOOD, Lowell L., Jr.; KM, ML, MR, NE, SN, TD, TG)
989 112th Avenue NE #2310, Bellevue, Washington ? ? T T T ’
98004 (US). Published:
(74) Agents: STEWART, John C. et al.; 11235 SE 6th Street, —  without international search report and to be republished

Suite 200, Bellevue, Washington 98004 (US).

upon receipt of that report (Rule 48.2(g))

(54) Title: FOCUSING ELECTROMAGNETIC RADIATION WITHIN A TURBID MEDIUM USING ULTRASONIC MODULA -
TION

100
j/

145 7

FIG. 1

(57) Abstract: The present disclosure provides various systems and methods for focusing electromagnetic radiation (EMR) within a
diffusion medium, such as a turbid medium. A diffusion medium is irradiated with EMR. The EMR may be modulated by an acous -
tical wave focused on a focus volume within the diffusion medium. The EMR may be modulated by a beat frequency or other func-
tion of multiple focused acoustical waves. The EMR may be modulated at a harmonic of a fundamental frequency of one or more
acoustical waves. A filter may filter the emerging EMR to remove all but specifically modulated EMR scattered from the focus
volume. The modulated EMR may be focused and/or used for various purposes, including imaging. In some embodiments, the mod -
ulated EMR may be reflected and/or amplified by a phase conjugating mirror. Furthermore, in some embodiments, acoustical phase

conjugation may be used to focus an acoustical wave on a focus volume.
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if an Application Data Sheet (ADS) has been filed on the filing date of this
application, it is incorporated by reference herein. Any applications claimed on the ADS
for priority under 35 U.5.C. §§ 118, 120, 121, or 365{c), and any and all parent,
grandparent, great-grandparent, etc. applications of such appilications, are also
incorporated by reference, including any priority claims made in those applications and
any material incorporated by reference, (o the extent such subject matter is not

inconsistent herewith.
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T. Kare, and Lowell L. Wood, Jr. as inveniors, filed 20 September 2012 with allorney
docket no. 0810-004-001-000000, is related 1o the present application.

United States Patent Application No. 13/623,717, entitled FOCUSING
ELECTROMAGNETIC RADIATION WITHIN A TURBID MEDIUM USING
ULTRASONIC MODULATION, naming Michae!l H. Baym, Roderick A, Hyde, Jordin
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TECHNICAL FIELD
[80601] This disclosure relates o modulating electromagneltic radiation (EMR)
scattered within a diffusion medium, such as a turbid medium, using uitrasonic
vibrations {0 modulate the EMR. Additionally, this disclosure relates to phase

conjugation of EMR and/or acoustical waves.

SUMMARY
[6602] In various instances it may be useiful to focus electromagnetic radiation (EMR)
within a diffusion medium, such as a twrbid medium that scatters the EMR. Various
systems and methods for focusing EMR within a diffusion medium are provided herein.
In some embodiments, a focus volume within a diffusion medium is vibrated using an
ulfrasonic acoustical wave. The diffusion medium is irradiated with EMR and the EMR
that scatters from the focus volume is modulated (i.e., shifted or tagged) by a function of
the frequency of the acoustical wave. A detector or receiver may then receive the
moduiated EMR from the focus volume. In some embodiments, EMR modulated by a
harmonic of the frequency of the acoustical wave may be detected.
[60603] Insome embodiments, the received modulated EMR may be reflected and/or
amplified back into the diffusion medium using a phase conjugating mirror. The
reflected EMR may follow a turbid path through the diffusion medium to arrive at the
focus volume. The phase conjugated EMR may be received andfor detecled after re-
emerging from the diffusion medium. In some embodiments, the modulated EMR
and/or the phase conjugated EMR may be used o image the focus volume, aclivate a
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drug within the focus volume, provide a therapeutic service, measure a flow rate,
measure an absorption rate, and/or otherwise be used.

100041 Acoustical waves focused on the focus volume may be diffused within the
diffusion medium. In some embodiments, acoustical waves scattered from the focus
volume within the diffusion medium may be reflected and/or amplified using an
acoustical phase conjugating mirror. The phase conjugated acoustical waves may
improve focus and/or the intensity of vibration with a focus volume. EMR scattered from
the focus volume may be filtered and/or phase conjugated.

168051 In some embodiments, multiple acoustical waves may be used to moduiate
the EMR within the focus volume at a function of the frequency of a first acoustical wave
and a second acoustical wave. In some embodiments, the EMR gcattered from the
focus volume may be detected and/or filtered that is at a beat frequency of two or more
acoustical waves.

[0606] In some embodiments, EMR may be spectroscopically encoded along a scan
line by vibrating a plurality of focus volumes within a diffusion medium each ata
different acoustical frequency. In some embodiments, the received modulated EMR
may then be used to determine the location along the scan line from which it was
received. The received modulated EMR may be filtered, reflected, and/or ampilified
using a phase conjugating mirror.

106071 In some embodiments, EMR may be focused on an interface between layers
of a layered diffusion medium. For example, a region of a layer, such as a surface
between two lavers, may be vibrated using an ultrasonic acoustical wave, EMR
scattered from the vibraled region may be modulated by the vibrations. The modulated
EMR from the region may be received, fillered, and/or otherwise ulilized. For example,
an image of the interface between layers may be generated using the filtered modulated
EMR from the surface between two layers. In some embodiments, a laver of the
diffusion medium may include printed text on a surface that may be imaged using the

systems and methods described herein.

BRIEF DESCRIPTION OF THE DRAWINGS
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10808] FIG. 1 illustrates electromagnetic radiation (EMR) irradiating a focus volume
vibrated using a focused acoustical wave within a diffusion medium.

10009] FIG. 2 Hlustrates EMR scaltered by the focus volume modulated at the
acoustical frequency and received via a phase conjugating mirror,

108101  FiG. 3 illustrates an imaging device configured (o receive modulated light
scattered from the vibrating focus volume.

08111  FiG. 4 illustrates a drug distributed throughout a diffusion medium and
activated only within a focus volume using a phase conjugating mirror to reflect
modulated EMR.

10612) FiG. 5 llustrates a focus volume within a diffusion medium being intensely
radiated with EMR using a phase conjugating mirror {o reflect modulated EMR.

18613] FiG. 6 lllustrates the usage of an in-line photo multiplier used in conjunction
with a phase conjugating mirror in an acoustically encoded optical focusing system.
[0014] FiG. 7 Hustrates an embodiment of a phase conjugating mirror including
pumping beams to generate an amplified reflection of the acoustically encoded EMR.
[0015] FIG. 8 llustrates an embodiment of an acoustically encoded optical focusing
system configurad to utilize EMR modulated at an Nth harmonic of the acoustical wave.
[0616] FiG. O llustrates an exemplary graphical illustration of the power spectrum of
the fundamental frequency and a second harmonic of an acoustical wave.

100171  FIG. 10 illustrates multiple focus volumes within a diffusion medium, gach
vibrating at a different frequency using a focused acoustical wave.

00181 FIG. 11A lllustrates a focused acoustical wave scattered from a focus volume
within a diffusion medium.

[0019] FIG. 118 lliustrates an acoustical wave scattered from the focus volume being
reflected by an acoustical phase conjugating mirrer back {0 the focus volume,

00207 FIG. 12A lllustrates two focused acoustical waves used to modulate EMR
within a focus volume of a diffusion medium.

[0021] FIG. 128 lliustrates a first acoustical wave and a second, focused acoustical
wave modulating EMR within a focus volume of a diffusion medium.

10022] FIG. 12C illustrates EMR modulated by two focused acoustical waves

refiected by a phase conjugaling mirror.
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106231 FiG. 13 illusirates a graphical representation of a beat frequency of two
acoustical waves.

10024] FIG. 14 Hliustraies EMR modulated by an acoustical wave focused on a layer
of a multi-layered diffusion medium.

10625] FiG. 15 jllusirates a flow chart of a method for focusing EMR using phase
conjugation of harmonically modulated EMR.

[60626] FiG. 16 illustraies a flow chart of a method for focusing an ultrasonic wave
using acoustical phase conjugation.

108271  FiG. 17 illustrates a flow chart of a method for focusing EMR modulated using

a plurality of acoustical waves.

DETAILED DESCRIPTION
[6628] Invaricus situations, it may be desirable o probe, image, and/or otherwise
interact with diffusion media, such as turbid media, in a non-invasive manner.
Electromagnetic radiation {(EMR), such as infrared light, may be able to penetraie the
diffusion medium. However, due to the turbidity of the diffusion medium, it may not be
adequately focused within the diffusion medium o generate images, provide light
therapy, and/or otherwise interact with a focus region within the diffusion medium.
[6029] According to various embodiments, a focus volume within a diffusion medium
may be vibrated using a focused acoustical wave. For example, one or more ultrasonic
transducers may be used o focus an acoustical wave on a focus volume within a turbid
medium. The one or more acoustical waves may vibrate the focus volume at an
intensity or frequency detectably greater and/or different than other portions of the
diffusion medium. The diffusion medium may be irradiated with EMR. For example, a
laser may be used to irradiate the diffusion medium with EMR having a relative narrow
bandwidth.
[6030] The EMR may experience random scattering due o the turbidity of the
diffusion medium. A receiver may receive the diffused EMR scaltered from the diffusion
medium, including modulated EMR frequency shifted by a function of the frequency(ies)
of the one or more acoustical waves. A filter may be used to remove EMR at the

original, unmodulated frequency. The filtered modulated EMR may be representative of
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EMR scattered from the focus volume. The filiered modulated EMR may be used, for
example, to image the focus volume within the diffusion medium.

10831] In some embodiments, the fillered modulated EMR may be reflected by a
phase conjugating mirror back into the focus volume. A phase conjugaling mirror may
reflect the filtered modulated EMR and return it back through the diffusion medium to
the focus volume. The phase conjugated EMR may travel the same turbid path through
the diffusion medium to arrive at the focus volume. However, g high perceniage of the
phase conjugated EMR will arrive at the focus volume since the phase conjugated EMR
will fraverse its original path in reverse.

10632] EMR scattered from the focus volume may be shifted (upward or downward)
by the frequency of an acoustical wave. In addition, some of the EMR scattered from
the focus volume may be shifted by a harmonic of the freguency of an acoustical wave.
The intensity of the EMR shifted by a harmonic of the frequency of the acoustical wave
may be greatest where the intensity of the acoustical wave is greatest. Accordingly, the
harmonically modulated EMR from the focus volume may represent EMR scattered
from the focus volume. The signal-to-noise ratio of the harmonically modulated EMR
scattered from the focus volume (as opposed to other locations within the diffusion
medium) may be higher for the second harmonic of the acoustical wave than the
fundamental frequency of the acoustical wave. Increased signal-to-noise ratios andlor
tighter focuses may be obtained using the second, third, fourth, ..., Nth harmonics in
place of or in addition to the fundamental frequency of the acoustical wave. The
received EMR scattered by the focus volume may be filtered to exclude all but the EMR
modulated at any one or more harmonic of the fundamental frequency of an acoustical
wave.

[6833] An acoustical wave focused on the focus volume may be scattered by the
turbid medium. Receiving acoustical waves scattered from the focus volume and
reflecting them back to the focus volume using acoustical phase conjugation may allow
for a higher intensity acoustical wave within the focus volume and/or a tighter focus
volume.

10034] As previously described, any number of acoustical waves may be used to

vibrate the focus volume within the diffusion medium. For exampie, two acoustical
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waves — a first acoustical wave and a second acoustical wave — may be used to vibrate
the focus volume. In various embodiments, one or both of the first and second
acoustical waves may be a focused acoustical wave focused on the focus volume.
EMR scaitered from the focus volume may be frequency shifted by a funclion of the
frequency of the first acoustical wave and the freguency of the second acoustical wave;
the frequency shift from either wave may be upwards or downwards in freguency. In
some embodiments, a receiver may receive, potentially in conjunction with a filter, EMR
scattered from the focus volume shifted by a difference of the frequencies of the first
and second acoustical waves, shifted by a sum of the freguencies of the first and
second acoustical waves, shifted by a beat frequency of the first and second acoustical
waves, andfor shifted by another function of the first and second acoustical waves.
18635] Insome embodiments, the Tocus volume may include a continuous plurality of
focus volumes along a scan line within a diffusion medium. Each of the focus volumes
may be vibrated at a unigue acoustical frequency, beginning at a first frequency at a first
end of the scan line and ending at a second frequency at a second end of the scan line.
in some embodiments, the plurality of focus volumes may be a continucus elongated
focus volume vibrated at a first freguency at a first end of the elongated focus volume
and transifioning to a second frequency at a second end of the scan line using &
plurality of frequencies of acoustical waves. In some embodiments, acoustical
diffraction may be used to obtain a plurality of unigue freguencies aiong the scan line by
diffracting one or more acoustical waves.

108361 Insome embodiments, one or more acoustical waves may be pulsed, chirped,
frequency modulated, amplitude modulated, and/or phase modulated. Acoustical
maoduiation may allow for time-stamps {0 be associated with received modulated EMR.
Using velocity of EMR and/or acoustical waves within the diffusion medium and the time
stamps associated with the EMR may allow for imaging of specific regions or focus
volumes of the diffusion medium.

108371 In conjunction with any of the embodiments described herein, the EMR
scattered from the focus volume and/or the phase conjugated EMR scattered from the
focus volume may be analyzed to determine the absorption rate of the EMR in

hemuoglobin within the focus volume in order o calculate a blood oxygenation within the
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focus volume. Similarly, the received EMR and/or the received phase conjugated EMR
may be used to determing neuronal activity within a brain, such as via the use of
continuous wave functional near-infrared (INIR) imaging spectroscopy, frequency
domain fNIR imaging spectroscopy, time-resolved NIR imaging spectroscopy, and/or
other spectroscopic analysis of diffusion mediums.

10638] Additionally, the received EMR and/or the received phase conjugated EMR
may be used to determine a characteristic of a motion of a fluid within a focus volume.
The received EMR and/or the received phase conjugated EMR may be used to
generate an image of the focus volume and/or activate a drug within the focus volume.
In some embodiments, the phase conjugated EMR may be amplified relative to the
amplitude of the filtered modulated EMR, such as by using a laser amplifier or using a
pumping beam to create an energy build-up in a non linear standing wave in a phase
conjugating mirror.

[6638] In any of the embodiments described herein, the frequency of one or more
acoustical waves may be between 200 kilohertz and 100 megahertz. An acoustical
wave may be generated using a transducer, such as a piezoelectric transducer, a
magnetostrictive transducer, a mechanical transducer, and/or an opto-acoustical
fransducer. The focused acoustical wave used in conjunction with any of the various
embodiments described herein may comprise a high-intensity focused ultrasonic wave.
An acoustical wave may be focused using an acoustical lens, a phased array of
ultrasonic transducers, and/or a curved surface of an ultrasonic transducer. In various
embodiments, e.g., o improve the frequency discrimination of acoustically encoded
EMR, the frequency bandwidth of the EMR used may be less than that of the acoustical
frequency. In embodiments involving a plurality of focus volumes vibrated at different
acoustical frequencies, the frequency bandwidth of the EMR used may be less than the
difference in acoustical frequencies used to vibrate nearby focus volumes.

(68401 The EMR may be generaled using any of a wide variety of EMR sources,
including a laser, a superluminescent diode, an ultrashort pulsed laser, and/or a
supercontinuum laser. The frequency bandwidth of the EMR may include frequencies
between 600 nanometers and 1000 nanometers, ultraviolet frequencies, visible light

frequencies, infrared frequencies, and/or other frequencies useful for imaging, providing
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an EMR therapy, detection, analysis, and/or another function. The EMR may be swept
from an initial frequency o a final frequency. The EMR may be pulsed, amplitude
modulated, frequency modulaled, and/or continuously emitted.

[0641] EMR scattered from the focus volume and received by a receiver may be
filtered as described herein. The filtered EMR may be phase conjugaied using a phase
conjugating mirror back to the focus volume. The phase conjugating mirror may ulilize
four-wave mixing and/or any of a wide variety of electrical, electro-optical, and/or
mechanical phase conjugating mirrors. The phase conjugated EMR fransmitied back to
the focus volume may be amplified, phase shifted, and/or freguency shiffed prior to
entering the diffusion medium. For example, an acousto-optical modulator, an electro-
optical modulator, and/or another modulation device may be used to modify the phase
conjugated EMR.

108421 The diffusion medium may comprise any of a wide varisty of turbid mediums,
including human tissue, organic tissue, inorganic tissue, inorganic compounds, layered
diffusion mediums, volumelric optical memory, and/or other turbid mediums. In some
embodiments, an acoustical wave may be focused on an interface or surface between
two layers of a diffusion medium. EMR scattered from the focus region may be used (o
generate an image of a surface of an embedded laver. In some embodiments, the
surface of the layer may contain printed text. in such embodiments, the text and/or the
EMR may be selected such that the material forming the layers is transparent (o the
EMR while the text is opague.

108431 Some of the infrastructure that can be used with embodiments disclosed
herein is already available, such as general-purpose computers, computer programming
tools and techniques, digital storage media, and communication networks. A computing
device may include a processor such as a microprocessor, a micrecontroller, logic
circuitry, or the like. The processor may include a special purpose processing device
such as application-specific integrated circuits (ASIC), programmable array logic (PAL),
programmable logic array (PLA), a programmabile {ogic device (PLD), field
programmable gate array (FPGA), or ancther cusiomizable and/or programmable
device. The computing device may also include a machine-readable storage device

such as non-volatile memory, static RAM, dynamic RAM, ROM, CD-ROM, disk, tape,
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magnetic, optical, flash memory, or other machine-readable storage medium. Various
aspects of certain embodiments may be implemented using hardware, software,
firmware, or a combination therecf.

(00441 The embodiments of the disclosure will be best understood by reference to the
drawings, wherein like parts are designated by like numerals throughout. The
components of the disclosed embodiments, as generally described and illustrated in the
figures herein, could be arranged and designed in a wide variety of different
configurations. Furthermore, the features, structures, and operations associated with
one embodiment may be applicable to or combined with the features, structures, or
operations described in conjunction with another embodiment. In other instances, well-
known structures, materials, or operations are not shown or described in detail {o avoid
obscuring aspects of this disclosure.

[6045] Thus, the following detailed description of the embodiments of the systems
and methods of the disclosure is not intended {o limit the scope of the disclosure, as
claimed, but is merely representatlive of possible embodiments. In addition, the steps of
a method do not necessarily need to be executed in any specific order, or even
sequentially, nor do the steps need to be executed only once.

[0046] FIG. 1 Hlustrates a system 100 for focusing EMR within a diffusion medium.
As illustrated, a light source 105 is used {o irradiate a diffusion medium 110 with EMR
115. The EMR 115 scatters within the diffusion medium 110, Atleast a portion of the
EMR 140 may exit the diffusion medium 110 and be received by a receiver 145, A
transducer 130 may be configured o generate an ultrasonic acoustical wave 135. The
transducer 130 may be configured to focus the ultrasonic acoustical wave 135 on a
focus volume 120 within the diffusion medium 110

160471 The light source 105 may irradiate the diffusion medium 110 with EMR 115 at
a frequency or frequency bandwidth, f. The EMR 115 scattered from the focus volume
120, where the intensity of the ullrasonic acoustical wave 135 is greatest, may be
modulated by the frequency, f,, of the ultrasonic acoustical wave 135. Thatis, the
frequency of the EMR 115 scailfered from the focus volume 120 may be shifted by +£,.
Accordingly, EMR 140 emerging from the diffusion medium may include modulated

EMR. The receiver 145 may be configured to receive the modulated EMR. In some

10
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gmbodiments, a filler (not shown in FIG. 1) may be configured (o filter out the EMR at
the original frequency, £, leaving only the modulated EMR scattered from the focus
volume 120.

(06481 The modulated EMR scattered from the focus volume 120 may be used o
generate an image of the focus volume 120, detect a blood oxygenation within the focus
volume 120, determine a fluid flow within the focus volume 120, provide an EMR
therapy 1o the focus volume 120, burn the focus volume 120, activate a drug within the
focus volume 120, determing neuronal activity within a focus volume 120 in a brain,
and/or provide another function as described hereain.

[80649] The dimensions and relative sizes of the diffusion medium, the focus volume,
the scattered EMR, and the focused acoustical wave may not be to scale in the figures
and are intended for liusirative purposes only. Additionally, in the illustrated
embodiments, the EMR is shown as entering one side of a diffusion medium and being
received on another side of the diffusion medium. In practice, the EMR may irradiate
the diffusion medium from one or more locations and from one or more angles. H will be
appreciated that the EMR may scatler from the diffusion medium, including from the
focus volume and exit the diffusion medium at any ocation. Accordingly, a detecior,
receiver, and/or filter may be configured {0 detedt, receive, and/or filter EMR emitied
from any of the surfaces of the diffusion medium. For example, a receiver may
substantially surround the diffusion medium in order {o receive EMR emitted from any
location.

100507 FIG. 2 Hlustrates systermn 200 configured 1o focus EMR on a focus volume 220
within a diffusion medium 210 using a phase conjugating mirror 260. As illustrated, a
light source 205 may irradiate the diffusion medium 210 with EMR 215, The EMR 215
may scatter within the diffusion medium 210, An ultrasonic transducer 230 may
generate an ullrasonic acoustical wave 235 focused on the focus volume 220, EMR
215 scattered from the focus volume 220 may be modulated by the frequency, £, of the
ultrasonic acoustical wave 235.

[6051] EMR 240 emerging from the diffusion medium 210 may inciude EMR at an
original radiation frequency, f, and at a modulation frequency £ Nf,;, where N is a non-

zero integer. The EMR at the radiation frequency, f, may be filtered. In some

11
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gmbodiments, the modulated EMR at a frequency(ies), 7.+ Nf,, may be received by a
receiver 245. A beam splitter 250 may be used to direct some or all of the modulated
EMR emerging from the diffusion medium 210 to a phase conjugating mirror 260.
Phase conjugated EMR 255 may then be direclted back into the diffusion medium 210.
The phase conjugated EMR 255 may follow the same turbid path in the reverse
direction back to the focus volume 220 and again emerge from the diffusion medium
210. The phase conjugated EMR 255 scatiered from the focus volume 220 may then
be received by the receiver 245.

108521 Again, the relative locations of the light source 205, the phase conjugating
mirror 260, the beam splitter 250, and the receiver 245 are for illustrative purposes only.
For example, the phase conjugated EMR 255 scatltered from the focus volume 220 may
emerge from the diffusion medium 210 from substantially the same location the original
EMR 215 entered the diffusion medium 210. Accordingly, it may be useful to have a
recaiver(s), light source(s), phase conjugating mirror(s}, and/or other system
components that substantially envelope the diffusion medium 210, substantiaily
envelope a portion of the diffusion medium 210, and/or are stralegically located relative
to locations where EMR is anticipated to enter and/or emerge from the diffusion medium
210.

[6053] Because the phase conjugated EMR 255 comprises phase conjugated EMR
generated from EMR 240 scatfered and frequency shified from the focus volume 220,
the phase conjugated EMR 255 emerging from the diffusion medium 210 can be
assumed (o have been scattered substantially from the focus volume 220, By receiving
the phase conjugated EMR 255 emerging from the diffusion medium 210 after being
scattered from the focus volume 220, any number of analyses may be performed.
[6054] For example, the received phase conjugated EMR 255 may be used {0
calculate a blood oxygenation within the focus volume 220, determine neuronal activity
within a portion (the focus volume 220} of a brain (the diffusion medium 210), a
characteristic of a motion of a fluid within the focus volume 220, generate an image of
the focus volume 220, active a drug within the focus volume 220, provide EMR therapy
to the focus volume 220, burn the focus volume 220, and/or provide another funclion.

According o various embodiments, using the EMR known to have been scattered from

12
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the focus volume, a system may utilize continuous wave fNIR imaging spectroscopy,
frequency domain TNIR imaging speciroscopy, time-resolved INIR imaging
spectroscopy, and/or other spectroscopic analysis that would otherwise be unusable
due to the wrbid nature of the diffusion medium 210.

10855] FiG. 3 illustrates an example of a system 300 in which an imaging device 375
is configured to generate an image of the focus volume 320 using modulated EMR 340
and/or phase conjugated EMR 355 scattered from the focus volume 320, Inthe
Hiustrated embodiment, a light source 305 may irradiate the focus volume 320 within the
diffusion medium 310. An ultrasonic transducer 330 may generate an ultrasonic
acoustical wave 335 focused on the focus volume 320, EMR 315 scatiered from the
focus volume 320 may be modulated by the frequency, f, of the acoustical wave.
[80656] EMR 340 emerging from the diffusion medium may include EMR at an original
radiation frequency, 1, and at a modulation frequency f. £ Nf,, where N is a non-zero
integer. The EMR at the radiation frequency, f, may be removed via a filter. In some
embodiments, the modulated EMR 340 at a frequency(ies), f,  Nf,, may be received by
a receiver 345, A beam splitter 350 may be used {o direct some or all of the modulated
EMR 340 emerging from the diffusion medium 310 {0 a phase conjugating mirror 360,
Phase conjugated EMR 355 may then be directed back into the diffusion medium 310,
The phase conjugated EMR 355 may follow the same turbid path in the reverse
direction back o the focus volume 320 and again emerge from the diffusion medium
31Q. The phase conjugated EMR 355 scatiered from the focus volume 320 may then
be received by the receiver 345,

[6057] In addilion, a beam splitter 365 may be configured to direct some (or all at a
selective time interval(s)) of the modulated EMR 340 and/or the phase conjugaied EMR
370 scattered from the focus volume 320 o the imaging device 375, The system 300
may use the imaging device 375 {0 generate an image of the focus volume 320,

[6058] In some embodiments, the beam splitter 350 and/or the receiver 345 may be
omitted. In such an embodiment, EMR 315 may enter the diffusion medium 310 and be
scattered. Some of the EMR 315 may be scatltered by or within the focus volume 320.
The portion of the EMR 315 scattered by the focus volume 320 may be modulated by £
Nf.. The modulated EMR 340 emerging from the diffusion medium 310 may be
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separated, filtered, and/or otherwise distinguishead from the EMR 340 emerging from the
diffusion medium 310 al the original radiation frequency, . A portion of the modulated
EMR 340 may be directed toward the imaging device 375, A portion of the modulated
EMR 340 may be directed toward the phase conjugating mirror 360.

10859] The phase conjugaied EMR 355 generaled by phase conjugating mirror 360
may be amplified, intensified, phase shifted, frequency shifted, modulated, and/or
otherwise manipulated and transmiifed via a reverse turbid path through the diffusion
medium 310 back o the focus volume 320. The phase conjugated EMR 355 may be
scattered by the focus volume 320 and ultimately received, al least in part, by the
imaging device 375. The imaging device 375 may be configured {o generate an image
of the focus volume 320 using the modulated EMR 340 and/or the phase conjugaled
EMR 355 scattered by the Tocus volume 320. Again, the illustrated locations of the
various components of the system 300 are merely exemplary, as are the paths of the
EMR inside and outside of the diffusion medium 310.

166607 FiG. 4 illustrates a system 400 in which amplified phase conjugated EMR 440
is used {o seleclively activate drugs 480 within a focus volume 420 of a diffusion
medium 410, As dllustrated, a light source 405, such as a laser, may be used {0
frradiate a diffusion medium 410. A medication or other drug 480 may be distributed
throughout the diffusion medium 410 in an inactive state. The drug 480 may be
configured to be selectively activated by EMR of a particular frequency and/or intensity.
168611 The EMRE 415 oulput by the light source 405 may be configured o not activate
the drug 480 within the diffusion medium 410, The EMR 415 may scatter within the
diffusion medium 410, A transducer 430 may generate a focused ultrasonic acoustical
wave 435 focused on the focus volume 420 within the diffusion medium 410, The EMR
415 that scatters from the focus volume 420 may be modulated by a function of the
frequency of the ulirasonic acoustical wave 435. The EMR 440, including EMR
modulated at the funclion of the frequency of the ullrasonic acoustical wave 435, may
gmerge from the diffusion medium 410.

160621 Notillustrated in FIG. 4, in some embodiments a filter may be used to filter out
the EMR at the originally emitted frequency. The modulated EMR 440 that emerges

from the diffusion medium 410 may be reflected by a phase conjugating mirror. The
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phase conjugated EMR 441 may traverse the turbid path through the diffusion medium
410 back to the focus volume 420, In some embodiments, the phase conjugaled EMR
441 may be amplified by a laser and/or by a standing wave within the phase conjugating
mirror. In such embodiments, the intensity of the phase conjugating EMR 441 that is
scatlerad from the focus volume 420 may be sufficient {0 seleclively aclivate the drug
480 within the focus volume 420, while not activating the drug 480 outside of the focus
volume 420. Alternatively or additionally, the frequency of the phase conjugated EMR
441 may be adjusted to a frequency adapted (o activate the drug 480 within the focus
volume 420, while not activating the drug 480 outside of the focus volume 420.

10663] FIG. 5 illustrates a system 500 in which phase conjugation of modulated EMR
is used {o provide an EMR therapy to a focus volume 520 within a diffusion medium
510. As illustrated, a light source 505, such as a laser, may be used to iradiate a
diffusion medium 510. The EMR 515 output by the light source 505 may nothave a
sufficient intensity or include a correct frequency bandwidth to provide a predetermined
EMR therapy freatment. The EMR 515 may scatter within the diffusion medium 510, A
fransducer 530 may generate a focused ullfrasonic acoustical wave 535 focused on the
focus volume 520 within the diffusion medium 510, The EMR 515 that scatiers from the
focus volume 520 may be modulated by a function of the frequency of the ullrasonic
acoustical wave 535. The EMR 540, including EMR modulated at the function of the
frequency of the ultrasonic acoustical wave 535, may emerge from the diffusion medium
510.

00641 Insome embodiments, a filler may be used to filter out the EMR at the
originally emitted frequency, leaving only EMR scattered from the focus volume 320 and
modulated by the ultrasonic acoustical wave 535, The modulated EMR 540 that
emerges from the diffusion medium 510 may be received by a receiver 545 and/or by a
phase conjugating mirror 580, The phase conjugated EMR 555 may traverse the turbid
path through the diffusion medium 510 back o the focus volume 520, In some
gmbodiments, the phase conjugated EMR 555 may be amplified by a laser and/orby a
standing wave within the phase conjugating mirror 360, In such embodiments, the
intensity of the phase conjugated EMR 555 that returns to the focus volume 520 may be

sufficient {0 provide a desired EMR therapy within the focus volume 520, while not
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providing the EMR therapy within the rest of the diffusion medium 510. Alternatively or
additionally, the frequency of the phase conjugaled EMR 555 may be adjustedto a
frequency suilable for EMR therapy within the focus volume 520, while not providing the
EMR therapy within the rest of the diffusion medium 510,

10065] FIG. ¢ llustrates a system 600 in which phase conjugated EMR 665 is
amplified using a photo-multiplving device 661, such as a laser amplification system.
Similar {o previous embodiments, a light source 605, such as a laser, may be used o
irradiate a diffusion medium 610. The EMR 615 may scatter within the diffusion
medium 610. A transducer 630 may generate a focused ultrasonic acoustical wave 835
focused on the focus volume 620 within the diffusion medium 610. The EMR 615 that
scatters from the focus volume 820 may be modulated by a function of the frequency of
the ultrasonic acoustical wave 635. The EMR 640, including EMR modulated af the
function of the frequency of the ultrasonic acoustical wave 635, may emerge from the
diffusion medium 610

[60866] In some embodiments, a filter may be used o filter cut the EMR at the
originaily emitted frequency, leaving only EMR scattered from the focus volume 620 and
modulated by the ultrasonic acoustical wave 835, The modulated EMR 640 that
emerges from the diffusion medium 610 may be split by a beam splitter 850 and
received by a receiver 645 and/or by a phase conjugating mirror 860. The phase
conjugated EMR 665 may be ampilified using the photo-multiplying device 661, The
amplified phase conjugated EMR 665 may traverse the turbid path through the diffusion
medium 610 back to the focus volume 820.

[6867] FIG. 7 lHusirates a system 700 in which phase conjugated EMR 793 is
amplified by pumping beams in a phase conjugating mirror that create an amplifying
standing wave. Again, a light source 705 may be used o irradiate a diffusion medium
710. The EMR 715 may scatter within the diffusion medium 710. A transducer 730
may generate a focused ultrasonic acoustical wave 735 focused on the focus volume
720 within the diffusion medium 710, The EMR 715 that scatiers from the focus volume
720 may be modulated by a function of the frequency of the ultrasonic acoustical wave
735. The EMR 740, including EMR modulated at the funclion of the frequency of the

ultragonic acoustical wave 735, may emerge from the diffusion medium 710.
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106681 In some embodiments, a filler may be used to filter out the EMR at the
originaily emitted frequency, leaving only EMR scattered from the focus volume 720 and
modulated by the ulirasonic acoustical wave 735. The modulated EMR 740 that
emerges from the diffusion medium 710 may be split by a beam splitter 750 and
received by a receiver 745 and/or by a phase conjugating mirror 790, The phase
conjugating mirror 790 may include two pumping beams 791 and 792 adapted {0
amplity the phase conjugated EMR 793 directed foward the focus volume 720. The
amplified phase conjugated EMR 793 may traverse the turbid path through the diffusion
medium 710 back to the focus volume 720,

[0669] FiG. 8 illusirates a system 800 in which EMR 840 modulated at an Nth
harmonic of a fundamental frequency of an acoustical wave 835 is detected. As
Hiustrated, a light source 805 may be used to irradiate a diffusion medium 810. The
EMR 815 may scatter within the diffusion medium 810. A transducer 830 may generaie
a focused ulfrasonic acoustical wave 835 focused on a focus volume 820 within the
diffusion medium 810. The focused ulirasonic acoustical wave 835 may cause the
diffusion medium 810, and particularly the focus volume 820, o vibrate at a
fundamental frequency of the ultrasonic acoustical wave 835, Where the intensity of the
ultrasonic acoustical wave 835 is greatest (i.e., the focus volume 820), the focus volume
820 may also vibrate at appreciable levels at various harmonics of the fundamental
frequency.

[6070] The EMR 815 scattered by the focus volume 820 may be modulated by a
function of the fundamental frequency of the acoustical wave 835. When detecting the
modulated EMR 815 scattered by the focus volume 820, there may be some “noise”
generated by the modulated EMR 815 scattered by the diffusion medium 810, Some
EMR 815 scattered by the focus volume 820 may be modulated at an Nih harmonic of
the fundamenial frequency of the ulirasonic acoustical wave 835, The signal-io-noise
ratio of the EMR 815 scatied by the focus volume 820 af an Nth harmonic of the
fundamental frequency of the acoustical wave 835 may be greater than the signal-to-
noise ratio of the EMR 815 scattered by the focus volume 820 at the fundamental

freguency of the acoustical wave 835.
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108711  Accordingly, a filter 880 may be configured to fiiler the EMR emerging from the
diffusion medium 810 {o remove the EMR at the original radiation frequency and the
EMR modulated at the fundamental frequency. In some embodiments, the filter 890
may be configured o remove EMR modulated at any number of harmonics. For
gxample, it may be desirable to filier all but the EMR modulated at a third harmonic of
the fundamenial frequency of the acoustical wave 835.

[6672] The harmonically modulated EMR 840 that emerges from the diffusion
medium 810 may ultimately be split by a beam splitter, received by a receiver, and/for
reflected by a phase conjugating mirror, as described herein in accordance with other
embodimenis.

[6673] FIG. 9illustrates an exemplary power spectrum in decibels of an acoustical
wave with a local maximum at a fundamental harmonic and a local maximum at a
second harmonic. Any harmonic may be used in conjunction with the presently
described systems and methods.

[6074] FiG. 10 dlustrates a systemn 1000 in which multiple focus volumes 1021, 1022,
1023, and 1024 are used o modulate EMR 1015, A light source 1005 may be used to
irradiate a diffusion medium 1010, The EMR 1015 may scatter within the diffusion
medium 1010, A transducer 1031 may generate mulliple focused ultrasonic acoustical
waves 1036, 1037, 1038, and 1038 focused on the focus volumes 1021, 1022, 1023,
and 1024 within the diffusion medium 1010. The EMR 1015 that scatlers from the focus
volumes 1021, 1022, 1023, and 1024 may be modulated by a function of the frequency
of the ultrasonic acoustical waves 1036, 1037, 1038, and 1039, respectively. The EMR
1040, including EMR modulated at the function of the various frequencies of the
ultrasonic acoustical waves 1036, 1037, 1038, and 1039, respectively, may emerge
from the diffusion medium 1010,

10875] The modulated EMR 1040 that emerges from the diffusion medium 1010 may
be split by a beam splitter 1030, received by a receiver 1045, and/or reflected by a
phase conjugating mirror 1060. Phase conjugated EMR 1055 may be reflecied back o
traverse the turbid path through the diffusion medium 1010 back to the respective focus
volumes 1021, 1022, 1023, and 1024. In some embodiments, an imaging device may
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be used to image each of the respective focus volumes 1021, 1022, 1023, and 1024
based on the uniguely modulated EMR scaitered from each focus volume.

108761 In some embodiments, the transducer 1031 may be configured (o generate a
single acoustical wave that is then acoustically diffracted o generate gach unique
focused acoustical wave 1036, 1037, 1038, and 1039. Alternatively, the transducer
1031 may be configured o generale a single acoustical wave that is then acoustically
diffracted o generate a continuum of focused acoustical waves beginning at a first
acoustical frequency and ending at a second acoustical frequency, wherein focused
acoustical waves 1036, 1037, 1038, and 1039 are included in the continuum of focused
acoustical waves.

66771 FiG. 11A lllusirates a system 1100 in which a focused acoustical wave 1135 is
scattered from a focus volume 1120 within a diffusion medium 1110, As illustrated, the
systermn 1100 may include a transducer 1130 configured to generate the focused
acoustical wave 1135, The focused acoustical wave 1135 may be at least partially
diffused within diffusion medium 1110, At least some of the focused acoustical wave
1135 may be scatiered from the focus volume 1120 and emerge from the diffusion
medium 1110, Some or all of the focused acoustical wave 1135 scattered from the
focus volume 1120 and emerging from the diffusion medium 1110 may be received by
an acoustical phase conjugating mirror 1160,

[0678] As illustrated in FIG. 118, phase conjugating mirror 1160 may reflect a phase
conjugated acoustical wave 11980 to the focus volume 1120, The phase conjugated
acoustical wave 1190 may be amplified. The phase conjugated acoustical wave 1190
may increase the intensity with which the focus volume is vibrated, thereby increasing
the signal-to-noise ratio of EMR scattered from the focus volume 1120 and detected by
receiver 1145,

10879] Acoustical phase conjugation may be performed using any of a wide variaty of
systems and methods for acoustical phase conjugation. The phase conjugation of
ultrasonic acoustical waves may be performed by the transformation of a wave field
resuiting in the reversal of the propagation of the waves while congerving the initial
spatiai distribution of amplitudes and phases. In ong embodiment, a microprocessor

may be used (o control a malrix of piezoelectric ransducers configured to transmit a
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phase conjugated acoustical wave of a received acoustical wave. Allernatively,
multichannel parametric systems ulilizing reflecting surfaces oscillating at a double-
frequency of the incoming ullrasonic wave may be utilized. In some embodiments,
acoustical phase conjugation may be performed in a crystal by alternating an
glectromagnetic field to control a sound velocity within the crystal. in other
embodimentis acoustical and/or optical phase conjugation may be performed by
leveraging the phonon-plasmon interaction in semiconductors by alternating an electric
field or by a modulated optical pump. Additionally, parametric ultrasonic phase
conjugation in magnetic ceramics may be used {0 produce a, potentially amplified,
phase conjugated ultrasonic acoustical wave.

108801 FiG. 12Aillustrates a system 1200 in which two focused ultrasonic acoustical
waves 1235 and 1236 are used to modulate EMR 1215 within a focus volume 1220 of a
diffusion medium 1210, As illustrated, a light source 1205 may be used to irradiate a
diffusion medium 1210. The EMR 1215 may scatter within the diffusion medium 1210.
A first transducer 1230 may generate a first focused ultrasonic acoustical wave 1235
focused on the focus volume 1220 within the diffusion medium 1210, The first focused
ultrasonic acoustical wave 1235 may cause the diffusion medium 1210, and pariicularly
the focus volume 1220, 1o vibrate at a fundamental frequency of the first acoustical
wave 1235, A second transducer 1232 may generate a second focused ultrasonic
acoustical wave 12306 focused on the focus volume 1220 within the diffusion medium
1210.

10881] At the focus volume 1220, where the first and second ulfrasonic acoustical
waves 1235 and 12386 intersect, the diffusion medium 1210 may vibrate at the
fundamaental frequency of the first acoustical wave 1235, the fundamental frequency of
the second acoustical wave 1238, any harmonic of the fundamental frequencies of the
first and second acoustical waves 1235 and 1236, and any function of the respective
frequencies of the first and second acoustical waves 1235 and 1236, including
harmonics thereof and associated beat frequencies.

(66821 Inone embodiment, some of the EMR 1215 scatiered by the focus volume
1220 may be modulated by a beat frequency of the first acoustical wave 1235 and the

second acoustical wave 1238, Areceiver 1245 may be configured to detect, receive,
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and/or otherwise utlilize EMR 1240 modulated by the beat frequency of the first and
second acoustical waves 1235 and 1236, In some embodiments, a filter may be
configured o remove EMR scatlered from the diffusion medium 1210 that is not
modulated at the beat frequency.

10083] FIG. 12B lliusirates an alternative embodiment, in which a second transducer
1233 generates an unfocused ultrasonic acoustical wave 1237 that is generally diffused
within the diffusion medium 1210. In such an embodiment, all or most of the EMR 1215
scattered from the diffusion medium 1210 may be modulated by a function of the
freguency of the second acoustical wave 1237, The EMR 1215 scattered from the
focus volume 1220 may be modulated by a function of the frequencies, such as a beat
freguency, of the first and second acoustical waves 1235 and 1237,

[0684] FiG. 12C illustrates the systemn 1200 in which a beam splitter 1250 diverts at
least some of the modulated EMR 1240 to a phase conjugating mirror 1260, In the
Hiustrated embodiment, at least some of the EMR 1215 scatiered from the focus volume
1220 may be modulated at a beat frequency of the first and second acoustical waves
1235 and 1238, in some embodiments, a filter may remove unmodulated EMR and
EMR modulated at anything other than one or more specific functions of the frequencies
of the first and second acoustical waves 1235 and 1236, EMR 1240 modulated at the
one or more specific functions of the freguencies of the first and second acoustical
waves 1235 and 1236 may be reflected by the phase conjugating mirror 1260.

[60885] The reflected phase conjugated EMR may retrace a turbid path back to the
focus volume and again be scattered. In some embodiments, the phase conjugated
EMR may retrace the turbid path back to the focus volume in order (o provide an EMR
therapy. In some embodiments, the phase conjugated EMR scattered by the focus
volume may be used o image the focus volume.

[0086] FIG. 13 iliustrates a graphical representation 1300 of a beal frequency 1330 of
two acoustical waves 1310 and 1320, In the simplified graphical representation 1300,
the first wave 1310 and the second wave 1320 are out of phase, such that the local
rminimums and iocal maximums are out of sync. By adding the magnitude of the first

and second waves, a beat wave 1330 can be generaled. The frequency of the beat
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wave 1330 can be visualized with local maximums at markers 1 and 4 and a local
minimum at marker 3.

100871 FIG. 14 Hliusiraies a sysiem 1400 in which EMR 1440 is focused on a focus
region 1420, using ultrasonic modulation by an acoustical wave 1435, ona layerof a
mudti-layered diffusion medium 1410, Ag illustrated, a light source 1405, such as a
laser, may irradiate the diffusion medium 1410 with an EMR 1415, The EMR 1415 may
scatter within the diffusion medium 1410. Some of the EMR 1415 may scatter from the
focus region 1420, such as an interface between layers or a surface of a laver ¢f the
diffusion medium 1410. The EMR 1415 scattered from the focus region 1420 may be
modulated at a function of the frequency of the acoustical wave 1435,

[6888] The modulated EMR 1440 may be diverted by one or more beam splitier 1450
and 1465 to a receiver 1445, an imaging device 1475, and/or a phase conjugating
mirror 1460. The phase conjugating mirror 1480 may reflect the modulated EMR 1440
in reverse through the turbid path back {o the focus region 1420, The phase conjugated
EMR scatiered from the focus region 1420 may then be received by receiver 1445,
imaging device 1475, and/or phase conjugating mirror 1480,

16889 FiG. 15 illustrates a flow chart of a method 1500 for focusing EMRE using
phase conjugation of harmonically modulated EMR. Initially, a focus volume within a
diffusion medium is vibrated at an acoustical frequency using a focused acoustical
wave, at 1510, The diffusion medium is irradiated with EMR at a radiation frequency, at
1520. EMR, including EMR modulated by a function of the acoustical frequency of the
focused acoustical wave scattered from the diffusion medium, I8 received, at 1530. For
example, the EMR scatiered from the focus volume may be modulated at a harmonic,
such as the second or third harmaonic, of the frequency of the acoustical wave.

(60801 A filter may remove EMR at the original radiation frequency and/or EMR
modulated at a harmonic of the acoustical frequency that is not being used for
detection, at 1540, Phase conjugated EMR of the harmonically modulated EMR may be
transmitted, such that the harmonically modulated EMR substantially converges at the
focus volume, at 1550,

10091] FIG. 16 Hllusiraies a fiow chart of a method 1600 for focusing an ultrasonic

wave using acoustical phase conjugation. A focus volume may be vibrated using a first
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acoustical wave al a first acoustical frequency, at 1610, Diffused acoustical waves,
including those scatfered from the focus volume, may be received, at 1620, Acoustical
chase conjugation may be utilized to reflect, and potentially amplify, the acoustical
waves, such that the phase conjugated acoustical waves substantially converge at the
focus volume, at 1630, In such an embodiment, the focus volume may vibrale with
greater intensity at the focus volume than would be possible using only a focused
acoustical wave.

[86892] The diffusion medium may be irradiated with EMR at a radiation frequency, at
1640. The EMR emerging from the diffusion medium may include modulated EMR from
the focus volume modulated at a function of the acouslical frequency, at 1650, In some
embodiments, the received modulated EMR may be reflected using a phase
conjugating mirror, and potentially ampilified, in order {¢ increase the amount of EMR
scattered from the focus volume.

[0683] FiG. 17 illustrates a flow chart of a method for focusing EMR modulated using
a plurality of acoustical waves. A focus volume may be vibrated using a first acoustical
wave at a first acoustical frequency, at 1710, and vibrated using a second acoustical
wave at a second acoustical frequency, at 1720, The diffusion medium may be
irradiated with EMR at a radiation frequency, at 1730, A receiver may receive diffused
EMR scattered from the diffusion medium, including EMR scattered from the focus
volume that is modulated at a function of the frequencies of the first and second
acoustical frequencies, at 1740. In some embodiments, a phase conjugating mirror
may be configured to reflect and/or amplify the modulated EMR, at 1750,

[6094] This disclosure has been made with reference 1o various exemplary
embodiments, including the best mode. However, those skilled in the art will recognize
that changes and modifications may be made to the exemplary embodiments without
departing from the scope of the present disclosure. While the principles of this
disclosure have been shown in various embodiments, many modifications of structure,
arrangements, proportions, elements, malerials, and components may be adapted for a
specific environment and/or operaling requirements without departing from the
principles and scope of this disclosure. These and other changes or modifications are

intended to be included within the scope of the present disclosure.
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10895] The foregoing specification has been described with reference to various
embodimenis. However, one of ordinary skill in the art will appreciate that various
maodifications and changes can be made without departing from the scope of the
present disclosure. Accordingly, this disclosure is to be regarded in an illustrative rather
than a restrictive sense, and all such medifications are intended to be included within
the scope thereof. Likewise, benefils, other advantages, and solutions to problems
have been described above with regard to various embodiments. However, benefits,
advaniages, solutions to problems, and any element(s) thai may cause any benefit,
advantage, or solution to occur or become more pronounced are not {o be construed as
a crilical, a required, or an essential feature or element. The scope of the present

invention should, therefore, be determined by the following claims.
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What is claimed is:

1. A method for focusing electromagnetic radiation, comprising:

vibrating a focus volume within a diffusion medium at a first acoustical frequency,
f2, using a first focused acoustical wave;

vibrating the focus volume within the diffusion medium at a second acoustical
freguency, f, using a second acoustical wave;

irradiating the diffusion medium with electromagnetic radiation aif a radiation
frequency, f; and

receiving diffused electromagnetic radiation scattered from the focus volume,
including modulated electromagnetic radiation from the focus volume at a modulated
frequency that is the radiation frequency, 1, shifted by a funclion of the first acoustical

frequency, f,, and the second acoustical freguency, .

2. The method of claim 1, wherein the second acoustical wave comprises a

focused acoustical wave focused on the focus volume.

3. The method of claim 1, wherein the modulated frequency of the received
modulated slectromagnetic radiation is the radiation frequency, £, shifted by an absoiute
value of a difference belween the first acoustical frequency, f, and the second
acoustical frequency, i, (If; - ), where |f, - )] is a beat frequency of the first acoustical

wave and the second acoustical wave.

4, The method of ¢laim 1, wherein the modulated frequency of the received
modulated electromagnstic radiation is the radiation frequency, £, shifted by the sum of
the first acoustical frequency, f,, and the second acoustical frequency £, (5 + f)).

5. The method of ¢laim 1, wherein the modulated frequency of the received
modulated electromagnetic radiation is the radiation frequency, f, shifted by a funclion
of a harmonic of the first acoustical frequency, Nf;, and the second acoustical

frequency, f, wherg N i an integer with an absolute value greater than 1.
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8. The method of claim 1, wherein the modulated frequency of the received
modulated slectromagnetic radiation is the radiation frequency, 7, shifted by a function
of a harmonic of the first acoustical frequency, Nf,;, and a harmonic of the second

acoustical frequency, M/, where N and M are each a non-zero integer.

7. The method of claim 1, further comprising:

receiving diffused electromagnetic radiation scatiered from the focus volume,
including secondary modulaled electromagnetic radiation from the focus volume at a
secondary modulated frequency that is the radiation frequency, £, shifted by a second

function of the first acoustical wave and the second acoustical wave.

8. The method of claim 1, wherein the source of the first focused acoustical
wave and the source of the second acoustical wave are at an acute angle relative to the

focus volume.

3. The method of claim 1, wherein the second acoustical wave comprises a
focused acoustical wave,

wherein the first focused acoustical wave has a first array factor, such that the
first focused acoustical wave comprises a main iobe and at least one side icbe,

wherein the second focused acoustical wave has a second array factor, such that
the second focused acoustical wave comprises a main lobe and at least one side lobe,

wherein the main lobe of the first focused acoustical wave and the main lobe of
the second focused acoustical wave are configured to overlap within the focus volume,
and

wherein the at least one side lobe of the first focused acoustical wave and the at
least one side lobe of the second focused acoustical wave are configured {o be non-

overlapping.
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10.  The method of claim 1, further comprising:

filtering the received diffused electromagnetic radiation to remove
gleciromagnetic radiation at the radiation frequency . and at modulated frequencies
shifted by a harmonic of the first acoustical frequency, Nf,, and shifted by a harmonic of

the second acoustical frequency, Mi,, where at least one of N and M is zero.

11.  The method of claim 1, further comprising:

determining absorption rates of the modulated electromagnelic radiation in
hemoglobin in the focus volume at a plurality of radiation freguencies; and

calculating a blood oxygenation within the focus volume using the delermined

absorption rates.

12.  The method of claim 1, further comprising:
generating an image of the focus volume using the received modulated

glectromagnetic radiation from the focus volume.

13, The method of claim 10, further comprising:
transmitling phase conjugated electromagnetic radiation of the filtered modulated
glectromagnetic radiation, such that the phase conjugaled slectromagnetic radiation

substantially converges at the focus volume,

14. The method of claim 13, further comprising:

receiving diffused electromagnelic radiation scatiered from the focus volume,
including secondary modulated electromagnetic radiation from the focus volume at a
secondary modulated frequency that is the radiation frequency, 7, shifted by a second
function of the first focused acoustical wave and the second acoustical wave; and

fransmitling secondary phase conjugated electromagnetic radiation of the
received secondary modulated electromagnetic radiation, such that the secondary
phase conjugated electromagnetic radiation substantially converges at the focus

volume.
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15. The method of claim 14, further comprising:

receiving diffused phase conjugated eleclromagnetic radiation modulated at the
modulated frequency and the secondary modulated frequency scatlered substantially
from the focus volume; and

generating an image of the focus volume using the received diffused phase

conjugaled electromagnetic radiation from the focus volume.

16. The method of claim 13, wherein transmitting the phase conjugated
electromagnetic radiation is performed in real-lime using a phase conjugate mirror
(PCM).

17. A system for focusing electromagnetic radiation, comprising:

a first transducer configured to generate a first focused acoustical wave to vibrate
a focus volume within a diffusion medium at a first acoustical frequency, &;

a second transducer configured to generale a second acoustical wave to vibrate
the focus volume within the diffusion medium at a second acoustical freguency,

a light source configured {o irradiate the diffusion medium with electromagnetic
radiation at a radiation frequency, f; and

a receiver configured to receive diffused sleciromagnetic radiation scattered from
the focus volume, including modulated electromagnetic radiation from the focus volume
at a modulated frequency that is the radiation frequency, 1, shifted by a function of the

first acoustical frequency, £, and the second acoustical frequency, .

18. The system of claim 17, wherein the source of the first focused acoustical
wave and the source of the second acoustical wave are at an acute angle relative to the

focus volume,

19,  The system of claim 17, further comprising an imaging device configured
o generate an image of the focus volume using the received modulated

electromagnetic radiation from the focus volume.
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20. The system of claim 17, wherein the electromagnetic radiation has a

frequency bandwidth less than the acoustical frequency, .

21, The system of claim 17, wherein the electromagnelic radigtion has a

frequency bandwidth less than the acoustical freguency, 1.

22.  The system of claim 17, wherein the light source is configured to sweep

the radiagtion freguency, f, between an initial frequency and a final freguency.

23.  The system of claim 17, wherein the focus volume comprises an
elongated focus volume having a first end and a second end,

wherein the first and second transducers are configured to vibrate the elongated
volume, and

wherein the first acoustical frequency, f,, of the elongated volume is configured (o
fransition from a first acoustical frequency, 1y, at the first end of the elongated volume {0
a second acoustical frequency, o, at the second end of the elongated volume, such
that the modulated electromagnstic radiation is shified by a function of unique
acoustical frequency between f,; and £, depending on from where along the elongated

volume the slectromagnetic radiation was scattered.

24, The system of claim Z3. wherein the second acoustical frequency, f, of
the elongated volume is configured o transition from a third acoustical frequency, fi,, at
the first end of the glongated volume to a fourth acoustical frequency, fig, at the second
end of the elongated volume, such that the modulated eleciromagnetic radiation is
shifted by a function of unigue acoustical frequency between f,; and £, depending on

from where along the elongated volume the eleclromagnetic radiation was scattered.

25, The sysiem of claim 23, further comprising an acoustical diffraction
system configured to diffract the focused acoustical wave such thal the acoustical

frequency of the elongated volume transitions from a first acoustical frequency, 4y, al
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the first end of the elongated volume (o a second acoustical frequency, fas, at the
second end of the elongated volume.

26.  The system of claim 17, further comprising:
a blood oxygenation module configured to:
determine absorption rates of the phase conjugated electromagnetic
radiation in hemoglobin in the focus volume at a plurality of frequencies; and
calculate a blood oxygenation within the focus volume using the
determined absorplion rates; and
a transmitter configured o fransmit phase conjugated electromagnetic radiation
of the fillered modulated electromagnetic radiation, such that the phase conjugated

electromagnelic radiation substantially converges af the focus volume.

27.  The system of claim 286, wherein the receiver is further configured to
receive diffused phase conjugated slectromagnetic radiation scattered substantially
from the focus volume, and

wherein the system further comprises an imaging device configured o generate
an image of the focus volume using the received diffused phase conjugated

glectromagnetic radiation from the focus volume.

28.  The sysiem of claim 28, wherein the transmifter comprises a phase
conjugale mirror configured o use a pumping beam (o create an energy bulld up in a
non linear standing wave in order to ampiify the phase conjugated electromagnetic

radiation relative o the amplitude of the filtered moduiated slectromagnetic radiation.

29. The system of claim 28, further comprising:

a frequency shifter configured to shift the frequency of the phase conjugated
glectromagnetic radiation by a function of the first acoustical frequency, f,, and the
second acoustical frequency, £, such that the frequency of the phase conjugated
gleciromagnetic radiation that substantially converges at the focus volume is the
radiation frequency, f.
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30.  The system of claim 28, further comprising:

a frequency shifter configured to shift the frequency of the phase conjugated
glectromagnetic radiation by a calibration frequency, f, such that the frequency of the
phase conjugated eleciromagnetic radiation is useful for electromagnetic radiation

therapy.
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