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(57) Abstract: Embodiments of the invention provide an
imaging system and method using adaptive optics and op-
timization algorithms for imaging through highly scatter-
ing media in oil reservoir applications and lab-based pet-
roleum research. Two-/multi-photon fluorescence micro-
scopy is used in conjunction with adaptive optics for en-
hanced imaging and detection capabilities in scattering
reservoir media. Advanced fluorescence techniques are
used to allow for super-penetration imaging to com-
pensate for aberrations both in and out of the field of in-
terest, extending the depth at which pore geometry can be
imaged within a rock matrix beyond the current capability
of confocal microscopy. The placement of a Deformable
Mirror or Spatial Light Modulator for this application, in
which scattering and index mismatch are dominant aber-
rations, is in an optical plane that is conjugate to the pupil
plane of the objective lens in the imaging system. The in-
vention images stationary and dynamic nanoparticles, sur-
factants, fluid-fluid interfaces and tracers which can be
used to study properties such as diffusion, mobility, adhe-
sion, stickiness and wettability within the 3D structure of
cores and thin sections.
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PCT PATENT APPLICATION

ADAPTIVE OPTICS FOR IMAGING THROUGH HIGHLY SCATTERING MEDIA
IN OIL RESERVOIR APPLICATIONS

BACKGROUND

Field of the Invention

[0001] The present invention generally relates to an imaging system for two-dimensional
(2D) and three-dimensional (3D) imaging through highly scattering media in oil reservoir
applications. In particular, this imaging system uses adaptive optics along with two/multi-
photon microscopy in order to enhance an image quality through scattering media, observe
additives (i.e. tracers, nanoparticles, and fluids) contained within reservoir rock or other

scattering media, and to detect features and characteristics of reservoir rock and fluids.

Description of the Related Art

[0002] Exploratory imaging of regions for oil and gas reserves is important in order to
properly identify and extract hydrocarbons from the ground. A petroleum or oil and gas
reservoir is a subsurface pool of hydrocarbons contained in porous rock formations. Rock
formations trap the naturally occurring hydrocarbons and exploration methods are used to
remove these hydrocarbons for further processing. Visualizing oil/water interfaces,
nanoparticles, and nanoparticle mobility within reservoir rock at the sub-micron scale is a
critical step toward understanding fluid and nanoparticle transport and developing appropriate
models of this mobility at the reservoir scale. The objects of interest are inherently embedded

below the rock surface and within the optically scattering pore structure. Many microscopy
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techniques have been used to image subsurface particles before, but there is a long standing
problem in optical microscopy where when imaging objects of interest through scattering
media, the objects of interest routinely embedded within scattering media or behind thick
surfaces become blurred when they are imaged because the scattering of light obscures and
distorts the image. Visualizing oil/water interfaces, nanoparticles, and nanoparticle mobility
within and not simply at the surface of reservoir rock on the sub-micron scale is a critical step
toward understanding fluid and nanoparticle transport and developing appropriate models of
this mobility in the reservoir scale. When this transport is understood more fully it can be
used to study how best to deliver materials and recover them in order to extract hydrocarbons

efficiently.

[0003] Imaging fluid flow deep inside rock samples provides the most accurate
representation of porous media properties. However, scattering results from imaging below
the surface of the rock because of index mismatch between the solid rock phase and the fluid-
filled pores. The medium is thus optically heterogeneous leading to a large amount of light
scattering. The depth at which the scattering background fully obscures the image is called
the transport-mean-free path (L*). For example, in water-filled limestone, L* is on the order
of 50-60 um. Therefore traditional techniques are limited to imaging the surface or near-
surface flow of the liquid. However, this invention overcomes the limited ability to image the
near-surface flow of liquid through Super-penetration Multi-Photon Microscopy (SP-MPM),
which uses a spatial light modulator (SLM) to optimize the phase of the coherent light
focused on the sample, compensating for scattering and thereby enhancing the two-photon
signal. This optimization can be done at any depth, allowing for imaging deep within the

sample.

[0004] Another problem associated with fluorescent microscopy is that many sub-micron
fluorescent particles embedded either in an oil/water mixture or within rock pores yield few
photons and are therefore difficult to image and characterize. New sophisticated techniques in
two/multi-photon microscopy have recently been developed for semiconductor and biological
imaging and provide the capability to image deeper within highly scattering media. One
example of two-photon fluorescence microscopy (2PM) provides imaging of sub-cortical
structures at a spectral excitation window of 1,700 nm in a mouse-brain. The goal in such
applications is to create an imaging method to counteract wave-front distortions caused by
aberration and random scattering. However this imaging method is limited in its field of view

and is good for smaller imaging applications.
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[0005] The terms two-photon and multi-photon refer to the absorption of two or more
photons of infrared light that are used to excite fluorescence as opposed to the use of single
photon absorption in the visible wavelength range, where the use of infrared light provides a
means to reduce scattering. Until now, however, these new techniques have not been applied
to porous reservoir rock, oil/water interfaces, nanoparticles, tracers contained in produced
fluids or in reservoir rock pieces. Furthermore, these techniques do not include adaptive
optics to correct for image aberrations due to scattering interfaces either away from or in the

field-of-view (FOV).

[0006] Traditionally, Computed Tomography (CT) and Nuclear Magnetic Resonance (NMR)
techniques are used to characterize and image reservoir rock at the millimeter scale or at the
micrometer scale with micro-CT both with and without fluids. Typically, however, when
seeking information about dynamic systems (i.e. fluids, tracers, surfactants, nanoparticles,
polymers, etc.) in real reservoir rock these techniques do not offer the necessary spatial or
temporal resolution required. Other techniques such as optical microscopy (i.e.
epifluorescence, laser scanning confocal microscopy, and total internal reflection
microscopy) offer better spatial and temporal resolution but these techniques are greatly
affected by noise due specifically to optical scattering thus they are mostly limited to use with
transparent, solid and smooth surfaces. Additionally, of these optical techniques, only

confocal microscopy is able to image in 3D.

[0007] In general, confocal microscopy uses laser light and a polished thin section of rock
chip that is vacuum-pressure impregnated with fluorescing epoxy. Scans of the rock chip
measure rteflected or fluorescent light intensity in regularly spaced planes. 3D pore
geometries are analyzed after the images are stacked using 3D visualization software. Many
devices employ a multipoint statistical model in order to image the subsurface region and
employ measured reflection data and noise reduction algorithms to identify noise data in the

retrieved set of images, thereby creating a 3D model of the pore structure.

[0008] Laser scanning confocal microscopy (LSCM) is widely used in the biomedical
community and has proved useful for imaging the pore space of reservoir rocks by filling the
pores of thin sections with cured fluorescently tagged epoxy. Confocal microscopy systems
are commercially available through most microscope vendors and take a series of 2D
fluorescent images at multiple depths that are reconstructed into a 3D rendering of pore
volume. For reservoir rocks, the pores of thin sections (<50 microns) and thick section (<250

microns) are filled with fluorescently tagged epoxy under vacuum and then cured to lock the
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bright fluorescent tags within the pore space. For thin sections (<50 microns) the epoxy can
be imaged with the rock matrix intact but for thicker sections (<250 microns) the rock matrix
must be removed through chemical methods and the epoxy cast is then imaged alone. While
this technique is typically used with mobile fluids in the biomedical community, these fluids
are transparent which would not be the case for crude oil samples and imaging within

reservoir rock.

[0009] Traditional optical microscopy techniques fail to image deep into strongly scattered
reservoir rock in the presence of oil-water mixtures. These techniques also fail to explore the
dynamic motion of nanoparticles, tracers and fluid-fluid interfaces, due largely to the strong
optical scattering of the light encountered at all interfaces of differing optical index,
including, but not limited to variations in the material, variations in the fluids, variations in
the pore walls and debris within any fluids. In addition, LSCM, which can image up to 50
microns within a rock matrix, requires that the pores be filled and cured with fluorescently

tagged epoxy which renders the segment of rock useless for fluid flow purposes.

[0010] A well-known strategy to counteract aberrations makes use of adaptive optics (AO),
as borrowed from astronomical imaging. Adaptive optics consists of inserting an element in
the imaging optics, such as a deformable mirror (DM), which imparts inverse aberrations to
the imaged light, compensating for the aberrations induced by the sample or the microscope
system itself. While the optical problem of astronomy is similar to microscopy, the details of
the system are different: astronomical imaging typically involves sparse, stationary signals
through a dynamic medium such as turbulent atmosphere, as opposed to imaging multiple

moving beads through the static rock pores.

[0011] Placement of the SLM is very important in this kind of microscopy because it can
lead to further benefits in media characterization. Some inventions include that the
continuous mirror or SLM is placed near the objective and not explicitly conjugated to the
aperture. One drawback for placing the optical element out of the pupil plane for out-of-pupil
conjugation is that even though it produces larger fields of view, this design reduces the
number of actuators across the beam. The actuators act to produce a shape that corrects for
the wave-front distortions. If only a few actuators are used, the shape is limited and cannot be

corrected properly.

[0012] More actuators allow for better distortion correction. Another way to combat the

distortion problem is to place the wave-front converting element conjugate to the pupil in
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order to correct the aberrations. The wave-front converting element can be used to correct for
aberrations. Specifically a wave-front converting element in a laser scanning microscope
(LSM) is not placed in a plane conjugate with the pupil in order to improve off-axis
performance, so that loss of light can be minimized and the apparatus can be simplified.
Some inventions include that the continuous mirror or Spatial Light Modulator (SLM) is

placed near the objective and not explicitly conjugated to the aperture.

[0013] Specifically, adaptive optics in the form of a Kilo-DM wave-front corrector from
Boston Micro-machines is also currently being used in the industry, which can be
programmed to provide for specific optical corrections. The adaptive optics reconstruct a
complete diffraction limited wide-field wave front in order to correct the image aberrations.
Also, combining high and low resolution data using laser scanning fluorescence microscopy
(LSFM) provides further advantages in imaging subsurface material. By combining high
resolution LSFM scans with CT scans, larger volumes of rocks are captured to create a fuller

picture of the porous material.

[0014] Some imaging devices provide for excitation in a target material by absorbing two
photons. Fluorophores are excited by a conventional laser operating at twice the single-
photon excitation wavelength. For power efficiency, a pulsed laser is used instead of a
continuous wave laser. A dichroic mirror filters the fluorescence onto a photomultiplier tube
or alternative fluorescent detector, and scanning mirrors sweep the focal spot across the
sample (beam-scanning). Some implementations keep the focal spot stationary and instead
use motorized stages to sweep the sample through the focal spot (sample-scanning). The
fluorescence at each transverse position is recorded and processed to form the image. The
main benefit of adaptive optics is the correction of aberrations that derive from the
heterogeneous refractive index structure of the rock that is being imaged. The refractions
from optical index variations lead to aberrations that affect the resolution and contrast of the
image. These aberrations vary among different rock structures and so correcting them in real
time is important for different rock formations. Furthermore, imaging at different depths
tends to provide more scattering and aberrations and the techniques described herein go to

enhancing these images to track and image fluid, tracer, and nanoparticle flow.

[0015] There is a need to develop systems and methods for using two/multi-photon
fluorescence microscopy in conjunction with adaptive optics including deformable mirrors
for enhanced imaging and detection capabilities in reservoir media. There is also a need to

use advanced fluorescence techniques to allow for super-penetration imaging in conjunction

5.



WO 2016/141339 PCT/US2016/021004

with adaptive optics to compensate for aberrations both in and out of the field of interest
beyond the current technologies in the field of confocal microscopy. The invention enables
imaging of dynamic and stationary nanoparticles, surfactants, fluid-fluid interfaces and
tracers which can be used to study properties such as diffusion, mobility, adhesion, stickiness,
and wettability within the 3D pore structure of cores and thin sections. Furthermore, larger
volumes of fluid will be sampled thus improving the detection of tracers and nano-particles at

the well-site.

SUMMARY OF THE INVENTION

[0016] Accordingly, embodiments of the invention have been made to provide a Super-
Penetration Multi-Photon Microscope (SP-MPM) using a pupil-conjugate Spatial Light
Modulator (SLM) to modify the phase of the coherent light focused into the sample. After an
initial scan of the rock sample from the laser, the system calculates the optimum wave-front
phase map using an optimization algorithm. The optimum wave-front phase map is then

applied to the signal returned to the SLM to create an optimum image.

[0017] According to at least one embodiment of the invention, there is provided a SP-MPM
system which images static and mobile beads on the far side of 30-um rock sections. A single
layer of nanometer to micron sized fluorescent beads is deposited on a glass slide and imaged
using an 880 nm laser at 1 frame-per-second (fps). The fluorescent light is filtered by a
dichroic mirror onto a Thorlabs PMT-TIA60. Two galvanometric mirrors are used for
scanning. A segmented deformable mirror such as a 1020 segmented BMC kilo SLM, is used

to adjust the phase in the pupil plane.

[0018] According to at least one embodiment, there is provided a Coherent Ti-Sapphire laser

that is focused onto the sample using a .8NA W, 20mm WD 3mm Nikon Objective.

[0019] According to at least one embodiment, the two-photon spread function (PSF) can be
about 300nm. Beads behind 30 um of rock appear blurry, and are 1-2% of the unobscured
intensity. The SLM is used to enhance the signal at the center of the image, increasing the

diminished signal by a factor of 10.

[0020] According to at least one embodiment, the optimal enhancement algorithm is
determined by a recursion algorithm, that cycles through using two-dimensional, orthogonal
modes and their corresponding amplitude coefficients. The invention also includes the use of
adaptive optics and optimization algorithms to correct for aberrations both within the porous

structure of reservoir rock and at the surface interfaces as well as within turbid fluids.
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Furthermore, the invention includes using focusing techniques to image at multiple depths
within a rock sample with and without aplanatic solid immersion lenses. The adaptive optics
and deformable mirrors can detect tracers and nanoparticles through ticker layers/larger
volumes of produced fluids by using longer wavelengths and aberration corrections. The
invention provides the ability to image 3D pore structure of reservoir rock such as cores and
thick/thin sections, using cured fluorescent epoxy and dynamic fluorescent entities such as
nanoparticles, reservoir tracers, and dye molecules at depths greater than 50 microns. Also
interfacial properties, like surface interactions, aggregation, adhesion, and wettability of the
dynamic nanoparticles, tracers, fluorophores, and fluid-fluid interfaces within rocks and in

produced fluids at the well site or in the laboratory can be imaged.

[0021] According to at least one embodiment, the penetration of light into the produced
fluids and sampled volume of produced fluids can be increased for better detection of fluid
type, nanoparticle flow in the fluids, and tracers. Also, the deformable mirrors and
optimization algorithms can be used to correct for aberrations at varying depths of produced
fluids. Image stitching can then be used at multiple positions to increase the size of the area
of correction with the deformable mirror and optimization algorithms and also increases the

field of view within the reservoir rock.

[0022] According to at least one embodiment, a Hadamard basis was chosen to offset the
scattering induced by the rock which is of high frequency. The advantage of this is that each
basis pattern strongly perturbs the input signal, allowing for a clear indication of the
appropriate amplitude for that pattern. Moreover, the rectangular symmetry of the Hadamard
patterns match the symmetry of the segmented DM, allowing for precise linear

implementation.

[0023] According to at least one embodiment, the invention provides a laser scanning multi-
photon fluorescence microscope system for imaging dynamic and stationary particles,
fluorescent molecules, and fluid interfaces in reservoir scattering media. The system
comprises a two/multi-photon laser for generating a laser beam; a deformable mirror in an
optical plane, which is conjugate to the pupil plane of an objective lens, with a segmented
light modulator or a continuous mirror surface, for modifying a phase of coherent light of the
laser beam focused on a sample; two pairs of conjugate lenses with two galvanometric
scanners in an optical or pupil conjugate plane with the deformable mirror; a microscope
objective with a back pupil where the deformable mirror can image the beam in order to

focus the beam and collect a fluorescence signal; and an image processing device with a
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digitizer for digitizing the fluorescence signal, processing the collected fluorescence values

and displaying the results with a stitched image.

[0024] According to at least one embodiment, the fluid flow is tracked using an algorithm

that allows imaging of individual particles.

[0025] According to at least one embodiment, the fluid flow is tracked using smaller image

windows and faster scan rates than the stationary images.

[0026] According to at least one embodiment, the effective field of view for a given pattern is

extended over the image plane.

[0027] According to at least one embodiment, the image is optimized at the center allowing

for recovery of intensity in a region around the center of the image.

[0028] According to at least one embodiment, the deformable mirror uses the auto-

fluorescence from the scattering media as an optimization source.

[0029] According to at least one embodiment, the optimization pattern is taken for each
location and then stitched together with patterns from other locations to increase the field of

view.

[0030] According to at least one embodiment, the scattering media consists of porous media,
rock pieces, rock thin sections, turbid fluids, oil-water mixtures, mineralogical samples, and

rock mimics.

[0031] According to at least one embodiment, there is provided a laser scanning multi-
photon fluorescence microscope method for imaging dynamic and stationary particles,
fluorescent molecules, and fluid interfaces in reservoir scattering media. The method includes
the steps of pulsing a laser to create a two/multi-photon laser beam; expanding the beam with
two pairs of conjugate lenses in an optical conjugate plane with two galvanometric mirrors;
filling a deformable mirror aperture with the beam; modifying the phase of the coherent light
of the laser beam focused on the sample with a deformable mirror that is in an optical plane
conjugate to the pupil plane of an objective lens; focusing the beam and collecting a
fluorescence signal from the sample with a microscope objective; digitizing the fluorescence
signal; processing the collected fluorescence values; and displaying the results with a stitched

image with an image processor and a display device.

[0032] According to at least one embodiment, the method further includes the step of

tracking the fluid flow using an algorithm that allows imaging of individual particles.
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[0033] According to at least one embodiment, the method further includes the step of
tracking fluid flow using smaller image windows and faster scan rates than the stationary

images.

[0034] According to at least one embodiment, the method further includes the step of

extending the effective field of view for a given pattern over the image plane.

[0035] According to at least one embodiment, the method further includes the step of
optimizing the image at the center allowing for recovery of intensity in a region around the

center of the image.

[0036] According to at least one embodiment, the method further includes the step of using

the auto-fluorescence from the scattering media as an optimization source.

[0037] According to at least one embodiment, the method further includes the step of
applying the optimization pattern to each location and then stitching together the optimization

patterns from other locations to increase the field of view.

[0038] Another embodiment includes that the scattering media consists of porous media, rock
pieces, rock thin sections, turbid fluids, oil-water mixtures, mineralogical samples, and rock
mimics.

[0039] Various objects, advantages and features of the invention will become apparent from

the following description of embodiments with reference to the accompanying drawings.

BRIEF DESCRIPTION OF DRAWINGS

[0040] These and other features, aspects, and advantages of the invention are better
understood with regard to the following Detailed Description, appended Claims, and
accompanying Figures. It is to be noted, however, that the Figures illustrate only various
embodiments of the invention and are therefore not to be considered limiting of the

invention’s scope as it may include other effective embodiments as well.

[0041] FIG. 1 is a schematic of the Super-Penetration Multi-Photon Microscope System (SP-
MPM).

[0042] FIG. 2 is a schematic showing a wave-front control of light to allow tight focus within

scattering media.
[0043] FIG. 3 is a flow-chart view of the method whereby the subsurface material is imaged.

[0044] FIG. 4 is a flow-chart view of generating the optimization algorithm.

9.
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[0045] FIG. 5 is flow chart of applying the wave front phase map in the optimization

algorithm.

[0046] FIG. 6 is a representative set of images showing a 10um x 10um image with lum
diameter beads through a rock section (around 100 microns thick). The FOV increases by 10x

by optimizing at multiple points.

DETAILED DESCRIPTION OF THE INVENTION

[0047] Advantages and features of the present invention and methods of accomplishing the
same will be apparent by referring to embodiments described below in detail in connection
with the accompanying drawings. However, the present invention is not limited to the
embodiments disclosed below and may be implemented in various different forms. The
embodiments are provided only for completing the disclosure of the present invention and for

fully representing the scope of the present invention to those skilled in the art.

[0048] For simplicity and clarity of illustration, the drawing figures illustrate the general
manner of construction, and descriptions and details of well-known features and techniques
may be omitted to avoid unnecessarily obscuring the discussion of the described
embodiments of the invention. Additionally, elements in the drawing figures are not
necessarily drawn to scale. For example, the dimensions of some of the elements in the
figures may be exaggerated relative to other elements to help improve understanding of
embodiments of the present invention. Like reference numerals refer to like elements

throughout the specification.

[0049] Hereinafter, various embodiments of the present invention will be described in detail

with reference to the accompanying drawings.

[0050] Embodiments of the invention relate to a microscope system, which uses two-/multi-
photon fluorescence microscopy in conjunction with adaptive optics for enhanced imaging
and detection in reservoir media. The invention uses two photon and multi-photon light
sources for super-penetration with adaptive optics in the form of deformable mirrors in order
to compensate for aberrations both in and out of the field of interest. The invention extends
the depth of detection and imaging beyond the current technologies used in the oil field and
increases the depth at which pore geometry and velocity of liquids within the pores can be

imaged within the rock matrix using cured epoxy.

[0051] The invention implements a closed-loop optimization algorithm using a deformable

mirror in order to maximize the multi-photon signal from a single point, thereby

-10-
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compensating for aberrations both in and out of the field of interest. As this optimization can
be performed independent of the thickness and scattering properties of the sample, the
invention extends the depth of detection and imaging beyond the current technologies used in
the oil field and increases the depth at which pore geometry and velocity of liquids within the
pores can be imaged within the rock matrix using cured epoxy. Traditional confocal
microscopy uses ultraviolet and visible wavelength light sources, which scatter more than
near infrared light sources. The adaptive optics allow correction due to scattering and create a
non-blurry image unlike the imaging techniques using ultraviolet and visible wavelength light

sources.

[0052] FIG. 1 shows the microscope system 100. The microscope system 100 in FIG. 1
consists of two main sets of components: the imaging system and the optimization algorithm.
Components of the imaging system include a laser excitation source 102. The laser excitation
source 102 can be various lasers and one embodiment includes a 2.9 watt, 140 fs, 80 MHZ
repetition rate Ti-sapphire laser (coherent Chameleon) operated at 880 nm. Other suitable
lasers could be used depending on the type of image and depth required. The laser power is
controlled by a motorized half wave plate 104, which in this embodiment is a Thorlabs
AHWPO5M-980 and also a polarization beam splitter 106, which is a Thorlabs GT5-B. Other

half wave plates and beam splitters can be used as well.

[0053] In FIG. 1, a laser from a wavelength tunable, pulsed laser 102 is passed through a
mirror controlled by a polarizer 104 and a polarization beam splitter 106. The laser beam is
then expanded to fill the DM aperture 110. Two pairs of conjugate lenses 108 are used to
place two galvanometric scanners in an optical conjugate plane (or pupil conjugate plane)
with the DM 110. The DM 110 is then imaged onto the back pupil of a microscope objective
112 which is used for beam focusing and fluorescence collection. The fluorescence signal is
detected using a photomultiplier tube 114. The amplified signal is then digitized using a

digitizer on a PC card.

[0054] When optimizing the beam, the focused illumination beam is perturbed sequentially
using orthogonal Hadamard modes by the DM 110. To implement optimization, the
coefficient of each of the Hadamard bases is adjusted sequentially to maximize the
optimization metric which is the two-photon/multi-photon emission intensity. The coefficient
in terms of waves of each Hadamard basis is calculated using three-step phase shifting
interferometry. For each Hadamard mode, every spatial segment of the SLM will be assigned

either a 1 or a 0 according to the definition of that Hadamard mode. The segments assigned
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0’s are not perturbed at all, while the segments that are assigned 1s are perturbed at least three
times in their optical path distance (i.e. phase) by an amount equal to a known fraction of the
incident wavelength. The intensity at each point of interest in the image plane is measured for
each perturbation. Over the full 2*x range of perturbation, that intensity is expected to vary in

a sinusoidal manner as a function of the perturbation phase.

[0055] If L, I, and I5 are the metrics at O, © and =/2, then the coefficient for a particular

Hadamard basis is given by tan_l(%). Further, the process is repeated for all 1024
2741743

Hadamard bases, and the optimum Hadamard patterns are added together to give the optimal-
correction phase map, which is then applied to the beam in order to image the material. Thus,
with three points of measurement, a sinusoidal fit can be made and the phase corresponding
to maximum intensity can be estimated. This phase value becomes the coefficient for the

Hadamard mode being evaluated.

[0056] Furthermore, the invention implements a procedure to stitch optimized patterns
together to increase the field-of-view (FOV). This allows for larger regions to be imaged
deeper within the scattering media. Once the optimization patterns are put together to form an
overall pattern the microscope enables the user to collect images at video rates thus providing

a pathway toward imaging individual mobile nanoparticles and interfaces.

[0057] In certain embodiments, the two pairs of doublet achromatic lenses 108 can have f1 =
145 mm and {2 = 245 mm and are conjugate to two orthogonally scanning galvanometric
mirrors (Thorlabs GVSO011) to the pupil DM 110, which can be a Boston Micromachines
Corp. Kilo-DM 2. This DM can include 1020 segmented actuators, with a 10kHz update rate,
1.5 um stroke, and conjugated itself to the back aperture or pupil of the microscope objective.

A Nikon N16XLWd-PF 16 x with an NA of .8 and a WD of 3mm can also be used.

[0058] When the microscope operates, the two-photon fluorescence produced by the sample
116 is collected in an epifluorescence mode and routed with a dichroic mirror 108, collection
lens 112 and emission filter to a photomultiplier tube 114, whereupon the photo-current is
amplified by a trans-impedance preamplifier and digitized by a 14-bit digitizer. The digitizer
is operated in an external trigger mode for fast data transfer synchronized to the update clock

of the DM driver or to a frame clock generated by a DAC card.

[0059] In tests, a phase screen was used to introduce aberrations in the imaging, and to
counteract the aberrations image-based iterative feedback optimization is used, where the

fluorescence intensity serves as the optimization metric. The excitation focus was placed at
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the center of the sample for pupil AO correction and used a sequential optimization technique
with 1024 Walsh orthogonal modes. For conjugate AO the whole beam was scanned over the
entire image FOV and optimized the total fluorescence intensity per image based on a
stochastic parallel gradient descent algorithm. The speed of the optimization is increased by

acquiring sparse representations of these images using a much faster Lissajou scan pattern.

[0060] A further example of subsurface imaging with the present system includes using an
aplanatic solid immersion lens (aSIL) microscopy method with a deformable mirror (DM) to
image substrate depth. The method is used where the DM is conjugated to the back pupil

plane of the objective.

[0061] FIG. 2 shows a microscope system 200, which uses wave-front control of refractions
to allow tight focus within scattering media contained in the sample 216. In general the
segmented light modulator (SLM) 210 is a laser scanning apparatus, where the laser beam
can be directed through the objective 215 and onto the sample 216 to image the lower

portions of the rock. The illumination beam can go off the side as shown in the figure.

[0062] According to at least one embodiment, there is a laser scanning multi-photon
microscope called the Super-Penetration Multi-Photon Microscopy microscope as shown in
FIG. 2. This microscope is capable of high-order aberration correction to image features at
high resolution deeper than is possible with conventional fluorescence microscopes or laser
scanning confocal microscopes. This incorporates multi-photon fluorescence microscopy
with adaptive optics to image deep within highly scattering media and can also be combined

with aplanatic solid immersion lenses to further increase resolution.

[0063] The imaging system is a two-photon (or multi-photon) fluorescence microscope that
has been modified to include a microelectromechanical systems (MEMS) deformable mirror
(DM) used to correct for the effects of scattering and aberrations in the sample by modifying

the wave-front of the scanning beam as shown in FIG. 2.

[0064] The optimization algorithm is used to determine the optimum wave-front phase map,
which is then applied to the imaging system. The imaging system uses a segmented light
modulator described below to implement the algorithm and to further image the subsurface

regions of the rock.

[0065] Segmented light modulators (SLM) refers to a deformable mirror and specifically in

this embodiment a Kilo-SLM can be used.
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[0066] FIG. 3 shows a method that the apparatus employs. In step S1, the sample is
positioned using a 3-axis motorized stage such that the desired measurement volume is near
the focal spot. In step S2, the sample is then scanned with the scanning mirror, with the
resulting fluorescence filtered by a dichroic mirror onto a photomultiplier tube, generating a
voltage proportional to the intensity at each scan point. The voltages are discretized by an
analog-to-digital converter and processed with an image-processing program to form an
initial image. In step S3, the laser is focused onto a desired point of optimization, chosen
based on the initial image and the desired imaging volume. The power is adjusted to
maximize the signal-to-noise ratio of the desired optimization point. In step S4, the recursion
optimization algorithm is run on the DM, thereby optimizing the signal at that spot. In step
S5, the sample is re-scanned with the DM now applying the optimal phase pattern, generating
an optimized image. The sample can be translated axially and re-scanned to generate a stack

of images with an optimized volume centered around the initial optimized point.

[0067] FIG. 4 is a flow chart for running the recursion optimization algorithm to generate the
enhancement pattern. In step S1, a flat (zero-phase) pattern is applied to the DM. In step S2,
phase-stepping is implemented by applying a given Hadamard mode to the mirror with
amplitudes of 0, m, and & /2 and recording the optimization metric (two-photon fluorescence)
for each amplitude. In step S3, the optimal coefficient of a given basis mode is determined: if

I;, I, and I3 are the metrics at 0, © and n/2, then the optimal coefficient for this Hadamard

basis mode is given by tan_l(%). In step S4, the mode optimized in steps 2 and 3 is
2741743

multiplied by the optimal coefficient and summed with the pre-existing optimization pattern
to create a new, more accurate optimal phase pattern, which is applied to the DM. In step S5,
steps 2 through 4 are then repeated for each of the 1024 basis modes, with the result that the
Hadamard patterns are added together sequentially with intensity-maximizing coefficients to

give the optimal-correction phase map.

[0068] FIG. 5 is a flow chart for running the recursion optimization algorithm to generate the
enhancement pattern. Step S1 is the first step, that is the process begins for applying the wave
front phase map in the optimization algorithm. Next in step S2, the focused optimization
beam is perturbed sequentially using orthogonal Hadamard modes. To determine the proper
perturbation to counteract the scattering, a coefficient for each Hadamard basis is determined
S3 and they are placed into the algorithm using three-step phase shifting interferometry S4.
The coefficient of each base is adjusted to maximize the optimization metric or the two-

photon/multi-photon emission intensity. Step S5, then calculates each base by determining

-14-



WO 2016/141339 PCT/US2016/021004

the result of the equation that if I;, [, and I; are the metrics at O, = and n/2, then the

. . o 1, LI .
coefficient for this Hadamard basis is given by tan 1(ﬁ). Further the process is
2711713

repeated for all 1024 Hadamard bases in Step S6, and then the optimum Hadamard patterns

are added together to give the optimal-correction phase map in step S7.

[0069] FIG. 6 is an example of 10um x 10um images of 1 um diameter beads through a rock
section around 100 microns thick. After optimizing an initial point, we chose multiples
nearby maxima to optimize as well. The resulting FOV increases 10x by optimizing at
multiple points. The first image (a) shows before optimization, the second (b) is a single

optimization, the third (c) is a local maxima highlighted and the fourth (d) is a stitched image.
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CLAIMS
What is claimed is:

1. A laser scanning multi-photon fluorescence microscope system for imaging
dynamic and stationary particles, fluorescent molecules, and fluid interfaces in reservoir

scattering media, the system characterized by:
a two/multi-photon laser for generating a laser beam;

a deformable mirror in an optical plane, which is conjugate to the pupil plane of an
objective lens, with a segmented light modulator or a continuous mirror surface, for

modifying a phase of coherent light of the laser beam focused on a sample;

two pairs of conjugate lenses with two galvanometric scanners in an optical or pupil

conjugate plane with the deformable mirror;

a microscope objective with a back pupil where the deformable mirror can image the

beam in order to focus the beam and collect a fluorescence signal; and

an image processing device with a digitizer for digitizing the fluorescence signal,

processing the collected fluorescence values and displaying the results with a stitched image.

2. The laser scanning system of claim 1, wherein the fluid flow is tracked using

an algorithm that allows imaging of individual particles.

3. The laser scanning system of any of claims 1-2, wherein the fluid flow is

tracked using smaller image windows and faster scan rates than the stationary images.

4. The laser scanning system of any of claims 1-3, wherein the effective field of

view for a given pattern is extended over the image plane.

5. The laser scanning system of any of claims 1-4, wherein the image is
optimized at the center allowing for recovery of intensity in a region around the center of the

image.

6. The laser scanning system of any of claims 1-5, wherein the deformable

mirror uses the auto-fluorescence from the scattering media as an optimization source.

7. The laser scanning system of any of claims 1-6, wherein the optimization
pattern is taken for each location and then stitched together with patterns from other locations

to increase the field of view.
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8. The laser scanning system of any of claims 1-7, wherein the scattering media
consists of porous media, rock pieces, rock thin sections, turbid fluids, oil-water mixtures,

mineralogical samples, and rock mimics.

9. A laser scanning multi-photon fluorescence microscope method for imaging
dynamic and stationary particles, fluorescent molecules, and fluid interfaces in reservoir

scattering media, the method characterized by the steps of:
pulsing a laser to create a two/multi-photon laser beam;

expanding the beam with two pairs of conjugate lenses in an optical conjugate plane

with two galvanometric mirrors;
filling a deformable mirror aperture with the beam;

modifying the phase of the coherent light of the laser beam focused on the sample
with a deformable mirror that is in an optical plane conjugate to the pupil plane of an

objective lens;

focusing the beam and collecting a fluorescence signal from the sample with a

microscope objective;
digitizing the fluorescence signal;
processing the collected fluorescence values; and

displaying the results with a stitched image with an image processor and a display

device.

10. The laser scanning method of claim 9, further characterized by a step of

tracking the fluid flow using an algorithm that allows imaging of individual particles.

11. The laser scanning system of any of claims 9-10, further characterized by a
step of tracking fluid flow using smaller image windows and faster scan rates than the

stationary images.

12. The laser scanning system of any of claims 9-11, further characterized by a

step of extending the effective field of view for a given pattern over the image plane.

13. The laser scanning system of any of claims 9-12, further characterized by a
step of optimizing the image at the center allowing for recovery of intensity in a region

around the center of the image.
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14. The laser scanning system of any of claims 9-13, further characterized by a

step of using the auto-fluorescence from the scattering media as an optimization source.

15. The laser scanning system of any of claims 9-14, further characterized by a
step of applying the optimization pattern to each location and then stitching together the

optimization patterns from other locations to increase the field of view.

16. The laser scanning system of any of claims 9-15, further characterized that
the scattering media consists of porous media, rock pieces, rock thin sections, turbid fluids,

oil-water mixtures, mineralogical samples, and rock mimics.
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S1: Focus excitation laser into
desired point in the sample

Y

S2: Scan the sample to get
two-photon fluorescence
image before optimization

Y

S3: Park the beam at a
fluorescent point of interest
within the imaging window

Y

S4: Apply the optimization algorithm
to optimize the fluorescence from
the point of interest

Y

S5: Scan sample in 2 or 3
dimensions to get optimized
two-photon image

FIG. 3
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S1: Flatten DM surface to start
with zero phase correction

Y

S2: Apply phase stepping of a given Hadamard

mode by shifting DM segments in the mode to 0,

Pi/2, and Pi radians in amplitude, and measuring
the intensity at each amplitude

Y

S3: Compute the intensity-maximizing
coefficient for the given Hadamard mode
based on intensities from phase-stepping

Y

S4: Add the optimized mode to the
existing optimal pattern, creating a
new optimization pattern

Y

S5: Implement S2-S4 for each of the 1024
independent Hadamard modes, thereby
both computing the full optimization
pattern and applying it to the DM

FIG. 4
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S1: Applying Wave Front Phase
Map In Optimization Algorithm

Y

S2: Perturb the lllumination
Beam Sequentially

Y

S3: Adjust the Coefficient of Each
Hadamard Base Sequentially

Y

S4: Apply Three Step Phase
Shifting Interferometry

Y

S5: Calculate the Coefficient of
Each Hadamard Base Using
20o—11—I3

tan

Y

S6: Repeat Process for all
1024 Hadamard Bases

Y

S7: Add Optimum Hadamard
Patterns to Obtain Optimal
Phase Correction Map

FIG. 5
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