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[1] With a novel imaging technique that uses holographic
recarding and reconstruction to perform laser-ranging into
translucent media, we have imaged seveml grain layers inko
a sandstone samote. Three-dimensional wicroscale (10
micron lateral and 30 micron depth regolution) information
on grain size and geometry was obtained as deep as 400
microns into the sample withowt thin-sectioning. Surficial
grain features in the holographic reconstruction were
associated with features observed using conventional
optical and scanning elgciron microscopy. This imaging
technigue represents a new form of nondestructive
evaluation of grain and pore structure in reservoir rock by
acquiting full-field images at variable depths, unlike
sequential scanning microscopy Lhat requires tomographic
reconstruction. INDEX TERMS: 5114 Physical Propentics of
Rocks: Permesbility and porosity, 5194 Physical Proporties of
Rocks: Instruments and techniques; 5199 Physical Propertics
of Rocks: General or misecilaneous; 1394 Hydrology:
Instrwmgnts angd techniques; 1399 Hydrology: Qeneral or
miscellaneous, Citatlon: Yu, P, M. Muostata, D. Chen, L. 1.
Pyrak-MNolte, and I, D. Nolte, Holographic 3-I [aser imaging into
sundstone, Ceoplivs. Res. Leww., 29(20% 1988, doi: L0 1029/
N2AL015108, 2002.

1. Tntredoction

[2] The principal challenge of up-sealing techniques for
nwilti-phase fluid dynamics in porous media is ko determine
which properties on the micro-scale can be used to pradict
macroscopic flow and spatial distribution of phases at core-
and field-scales. First-principle theoretical formulations
over the past decade have been derived from rigorous
volume averaging theorems in which microscopic interfa-
cial behavior is explicitly incorporated [Muccing ef al.,
1993]. In coptrast 10 the raditional importance placed on
volume saturation, these theories have proposed that inter-
facial arens per volume more directly predict macroscopic
behavior, and that this varable may govem the observed
hysteresis in snturation-capillary pressure relationships
[Reeves and Celia, 1996].

[] Despite the imporiance of testing mlerfamal theoties,
interfacial areas per volume are considerably more difficult
to measure than partial volume sahurations. Volumes can be
measured by simple volume displacements, by weight, or
by altenugtion coefficients in commercial radiation logging
apparatug. Interfacial areas ingide opaque rock, on the other
hand, have been largely inaccessible. Most advanced imug-
ing technigues do not have the appropriate spatial resolution
to measure interfacial areas at the pore-scale. Although
several imaging technigues have made inroads to rthis
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problem, such as x-ray microtomography [Spanne ef al.,
1992; Spanne e al,, 1994), confoeal microscopy [Fredrich
el al, 1995, Montors et ol [995] and metal-injection
[Pyrak-Nolte et ol 1997], these techmiques have not pre-
viously provided mfunnatlun appmpnate for the testing of
upscaling theories.

[4] Thiz paper describes a holographic laser-ranging
technique cafled optical coherence imaging (OCI) thar
images throngh the first several layers of grains in 2 sand-
stone tock care. Dpiical eoherence imaging is an advance-
ment on optical coherence tomography (QCT) which is a
well-established laser imaging technique for imaging
through tranglucenl media {fzan et o, 1957]). OCT has
been most commonly applisd to shallow imaging throngh
biglogical tissue [fzae et af., 1996; Pan et al., 1990; Tearney
et af., 1997]. The principai of operation for OCT relies on
the coherent natre of laser light. When laser light prop-
agates through a translucent medium, part of the light
scatters off oplical heterageneities, while part coniinues to
propegate unscatiered, and reflects off buried objects of
interest. This vnscatterad light is sometines called “bailis-
tie™ light [Wanyg et af., 1991].

[s] In conventional imaging svatlered light obscures the
image of interest carried by the ballistie light, However, the
wedk image-bearing light remains coherent with the criginal
laser benm. OCT detects only the coherent image-bearing
light, while rejecting the incoherent scatbergd light. This
“goherence detection™ has been demonstrated successfully
in conventional OCT systems by changing the length of one
of the arms in an interferometer. Light iz collected from
different depthg in the specimen, thereby performing as a
lager ranging system with the added rejection of background
scattered light, Conventionnl OCT performs point-by-point
scanning, which is not compatible with imaging directly to a
video televiewer screen.

[6] We have developed a full-frame variant of OCT cailed
optical coherence imaging. Cptical coherence imaging uses
the echerence of the ballistic light — and the incoherence of
the unwanted obsenring light — 1o write an optical hologram
of only the light carrying the image of interest [Jones &t af.,
1996]. Becaunge the coherence detector is & hologram, it
captures & full image in a single shot [Hpde ef al, 1996].
Therefore, this penetrating-imaging system can acquire
video images that can be viewed in real time on a tele-
viewer, end recorded on r video cussette [Jowes ef al,
1998, This has an advantage over other penetrating-itnag-
ing processes, swch as confocal microscopy, which must
scan poink-by-point.

[7] Previous oplical coherence imaging demonstmtions
have been primarily used for free-space three-dimensional
topography and for imaging through turbid media. No
previous work has attempted to image into materials such
as sundstone because of the difficulties of the strong laser
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Figure 1. The experimental setup of optical coherence
imaging. PBY: polanzauon beam splitter. BS: 53006 beam
splitter, PROW: photoretractive multiple  quantum well
device.

speckle that arises from light scanenng from static hetero-
geneities. In our experiments we have used a lime-averaging
technique o eliminate the laser speckle from the video
images. The work contained 1 this paper represents the first
application of optical coherence Imaging to image into rock.
We have been able 1o see as deep as 400 microns into the
rock, and have delineated the geometric shapes of several
sand graing from stacks of holographic images,

2. Experimental Methods

[5] The optical coherence 1maging systerm (Figure 1)
consists of a mode-locked Tisapphire laser (120 femito-
second (5] pulses with 100 MHz repetition rate), a modified
Mach fehnder interferometer with a sample amm and a
reference arm, and a photorefiactive multiple quanmim well
device that performs as a dynamic holographic Gl [Nelre,
[999]. In the detection arm two lenses with 1300 mm focal
lengths form a Fourler oplics system that projects a 1:1
image ot the sample onto the holographic film. A spatia)
filter rejects part of the scattered light from the sample, and
allows the ballisuc components to propagate to the holo-
graphic film. The signal beam interferes with the reference
beam when the optical path lengths between the signal and
reference arms are matched to within a coherence length of
the laser {30 microns) by adjusting the translation stage in
the referenee arm. The interference fringes are umprinted
oo the holographic film,

[s] The holograms are reconstructed using a degenerate
four-wive mixing configuration. The first-order diffracted
signal from the reference heam is imaged onto the surface of a
cotled CCD camera (RTE/CCD 1317, Princeton Instruments)
with a 150 mm focal length lens, while an aperture is used 1o
block the zero-order beam The efficiency of the four-wave
mixing is optimized by adjusting the wavelength and band-
width of the laser, the size and position of the aperure, and the
relative intensities benween the signal and reference beams,
The system has u 10 pum lateral resolution and a 30 pum depih
resolution, The depth resolution is set by the coherence length
of the nominal L0 fsec pulses used in the system.

[11] The choice of the intensity of the reference heam is
impuortant in order to obtain high contrast in the holograms.
For the optical coherence imaging experiments on sand-
stome, the incident object bean { probe beamn) has a power
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of 40 W Tor 2 circular region with a diameter of 1.0 mm,
The power of the scattered and the ballislic components
trom the sandstone are about 40 O, e, a difference
power of four ordzrs of magnitude. In the Fourier plane of
the optical system, approximately half of the power is cut
off by the spatal filter {an optical technigue for rejecting
scattered light), The reference beam has a power of 300 W
in a circular region with a diameter of 3.0 min. In the optical
coherence imaging experiments, an optimized ratio 15
achieved by synchronously adjusting the reference inten-
sines and the spartial filter.

3. Results and Discussion

[n] The optical coherence imaging system was used 1o
image severa] grain layers into a berea sandstone rock. For
better understanding of the opuical coherence images, we
pertormed scanning electron microscopy (SEM) on the same
region of the sample. The SEM image in (Figure 2a) was
acquired using the secondary electron (SEY mode of the SEM
with magnification of 302 The contrust of the SEM image
represents surface-tilt, which shows the topology of the
surface of the sandstone sample. Although the SEM can
acquire clear surface structure, 1 cannot image below the
surface of the sample, Figure 2b shows an optical microgram
of the same surface of the sandstone sample taken with an
optical microscope ul 4 magnification of 25,

[12] Figure 3a shows thresholded x-v plane holograms at
three ditferent delay depths. The orgin data consists of 80
holograms corresponding to increasing depth inte the sam-
ple with a sampling depth step size of 10 um. The holo-
grams show different shapes for the different depths caused
by the reflections from facets of the grains. The hologram
{about 100 % 150 wm® in area) at the delay depth of zero in
Figure 3a comesponds Lo the lop surface of grain A that 1s
toprnast on the sandstone surtace in the region. A hologram
appears agoin 1o the same area at a delay depth of 222 um
representing the bottom surface of the grain. The image at
the delay depth of @1 pm shows that the area comesponding
w the center grain is almost dark while the white regions
represent the holograms of several other grains (marked 13

(b)

(a)

Figure 2. () SEM shows topology of the sandstone, The
labeled grains are the selected grains for the optical
coherence imaging data set, which have the same labels
as in the optical microgram, (b) Optical micrograph of the
sandstone.
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and 7, In the central dark area (Jlabeled A). the Tateral shape
of the center grain is the same as the grain shape in the SEM
irmagre and optical microgram (Figure 2} Therefore, the
haolegrams in Figure 32 show the wp and bottom of the

grain A, respectivelv, Figure 3b shows a cross section of

the holograme in the s-2 plane at the position of v = 300 um.
Al least one ulted facet can be seen at the side of the grain in
the cross section image

[12] An important goal of this waork 15 1o obtain informa-
wen on the voud spaces between grins by tmaging deeper
than the first layer of grains. By looking for closelv-spaced
reflection peaks in the depth sections. it may be possible 10
measure the zaps between grams, Figure 4o 15 a Ccross-
section of & sandstong sample o x-7 plane at y = K20 pm
showing considerable structure down to 500 um deep,
extending through several grams at each positon. Line
sections at the lecation x = 75 pm and 156 pm are shown
in Figure 4k, Reflections indicated by arrows from the wop
and the hottom of grains can he seen, as well as desper
reflections from deeper groins. Though it 15 not possible 1o
determine the 30 structure from a single cross-sections, the
full daw ser contains sufficeent information to fit the
positions and shapes of numerous grains in the top several
loyers of grams i the sandstone sample.

4, Conclusion

[14] This work represems the first demonstrution of

optical coherence imaging (OCT) inte rock. The acquired
holograms provide information on the thickness of the
graing (from reflecnons from the wp and bowom surfaces
of the grains) as well @3 information on the geometry of the
grains {(from reflections from the side thcets of the grainsh
The deepest informanon, according o our data se1s, that can
be acquired 1= from about 400 pn beneath the surface of the
sample. Cabbration of the optical coherence imaging system
showved that the lateral resolution of the holograms is 10 pm
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{a) (b)
Figure 3. (4] =-v plane holograms recorded at the same

region as in (Figures 2a and 2by for different sampling
depths. The bar reprezents the scale i the x and v axes. (b)
x- plane hologram at v = 300 pm shows the cross section
of the A and B grams, The bar represents the scale 1n the x
and 7 axes.
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Figure 4. ¢ Cross——section at locanon v = 820 pun with
dimensions [OD0 pm by 1000 pm mthe -2 plane, showing
considerable structure hall s millimeter deep into the
sandsiong sample. The bar represents the scale on both =
and £ oases, Marked lines show where the mtensity cross
seetiwons of (b)Y owere taken. (b)Y Intensity cross-section
throwigh [OEHE o depth at = 75 pmoand 136 0m.

whitle the depth resolution is abouar 30 pm. This holographic
imaging technigue represents a new fonn imicroscopy that
can complement or augment other conventional lmaging
technigues for the churactenization of rock without destruc-
tive seclioning.
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