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Abstract—A technique based on photorefractive holography coherence gating, e.g., [7], [8], and polarization gating, e.g.,
for imaging objects obscured by a scattering medium is pre- [9]. When imaging with a reflection geometry, i.e., using back-
sented. Using ultrashort pulse illumination, depth-resolved whole- scattered light, time-gating can also provide depth-resolved

field images of three-dimensional objects embedded in scattering . £-fliaht) i inf i that b dt
media have been obtained. Bulk photorefractive crystals and (time-of-flight) image information that may be used to re-

photorefractive multiple quantum-well (MQW) devices have been construct three-dimensional (3-D) images. Time-gating may
investigated as the hologram recording element. Images have be realized using an incoherent time-resolved detector [4], a
been obtained through media of up to 16 scattering mean free nonlinear optical time-of-flight gate, e.g., [5], [6], and [10],
paths with a system based on bulk rhodium-doped barium ti- .y, |ow-coherence interferometry, e.g., [11]. It should be
tanate (Rh:BaTiO3). Using MQW devices, a real-time image L . . .
acquisition (<0.4 ms) has been demonstrated when imaging noted that all systems that form images through turbid media
through eight scattering mean free paths. The relative merits of Using the unscattered ballistic light are inherently limited to
photorefractive holography are discussed, including its potential small scattering (tissue) depths since ballistic signals suffer
to provide a higher dynamic range of detection than traditional exponential attenuation on passage through the scattering
Phomgrap]t“c film based or e'eﬁtm”'fq r;)ql(lagrapr;y._ This could be - o 4ia Heeet al. [11] estimated that for reasonable powers
mportant for in vive imaging through biological tissue. of tissue irradiation in the infrared, the unscattered ballistic
component of the light will be reduced to the shot noise
detection limit after propagating through approximately 36
EAR-INFRARED radiation offers the potential for medi-scattering mean free paths (mfp) of a scattering medium. This
cal diagnostic and functional imaging in biological tissugorresponds to a “typical” tissue thickness 4 mm (~2
since the absorption of typical biological tissue in this spectraim tissue depth for reflection geometrys) and is potentially
region is at a minimum. The use of optical radiation, rathefseful for clinically relevant applications such as skin cancer
than X-rays or ultrasound, provides the opportunity to makgreening, diagnosing and/or monitoring other dermatological
spectroscopic measurements in biological tissue that can be@fditions, imaging of the eye, and endoscope-based imaging
significant diagnostic value. Furthermore, this spectral windogystems.
overlaps the tuning ranges of semiconductor laser diodesin order to assess and compare the performance of different
Tizsapphire lasers, and diode-pumped Cr:LiSAF lasers [Hallistic light imaging systems, it is useful to establish criteria
which makes near infrared laser-based instrumentation vialphg.which to evaluate them. We identify the four most important
At these wavelengths, however, biological tissue exhibitscditeria as: 1)resolution (transverse spatial resolution and
high scattering cross section that usually results in sevegggitudinal resolution for depth-resolved imaging systems);
image degradation due to multiple scattering. Much researghsensitivity(i.e., the minimum power level of ballistic light
has focused on methods to recover the image informati%quired to record an image); 3jynamic range(i.e., the
in the presence of this scattered light. In particular, variogsaximum usable ratio of background scattered light to ballistic
schemes have been devised to form images using ballisfignal light); and 4)image acquisition time(i.e., the time
(unscattered) light that is normally obscured by the diffuseeded to acquire the data necessary to construct a full two-
background noise. These include spatial filtering, e.g., [Zy three-dimensional image). Different imaging systems may
confocal imaging, e.g., [3], time gating, e.g., [4]-[6] anthave different advantages and tradeoffs between the criteria
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which will usually be saturated by the diffuse background = Test object
unless some means is employed to block the scattered light. Scattering cell [£2Fz%e]
This may be partially achieved by a spatial filter that will —— 4
reject light, which is scattered off-axis, but there will be[ C.W./Mode locked A Polarising
a tradeoff between scattered light rejection and achievable Ti:sapphire laser beam splitter
spatial resolution for two-dimensional (2-D) imaging systems. —— M2
It should be understood that it is necessary to consider the
required performance of an imaging system for a specific <
application, in order to select the most promising technology. Reforonce beam
The work reported here has been motivated by a desire to Amy E
develop imaging systems fan vivo applications such as ’
screening for skin cancer, for which rapid image acquisition
time is a priority. To this end we have concentrated on devel-
oping “whole-field” imaging techniques, which acquire all the
pixel information in parallel, thereby accepting compromises CCD camera
in achievable resolution and sensitivity compared to confocal and frame grabber
scanning techniques.
The imaging technique presented in this paper uses hologtg: 1. Experimental configuration for holographic imaging through a scat-
phy in photorefractive media [12] as a means of discriminatingring medium using a bulk Rh:BaTiCcrystal.
in favor of the unscattered light that retains coherence with a

reference beam. This is related to coherence gating technigigie a hologram, the lengths of the two arms needed to be
previously reported by various groups including optical heterghatched to within a coherence length of the laser. The laser
dyne detection [13] and optical coherence tomography (OCdgurce was a Ti:sapphire laser, which was tunable over the
[14], as well as to conventional, electronic and |Ight-|n-ﬂ|ghﬁange 720-900 nm and could be operated continuous-wave
holography [8], [15], [16]. It fundamentally differs from other(cw) or mode-locked to generate pulses~af00 fs duration
techniques, however, in that this coherent detection systemgga repetition rate of 80 MHz. For our first experiments with
to first order, insensitive to the incoherent diffuse light backhe Rh:BaTiQ crystal (supplied by Hughes Laboratories), the
ground that does not saturate the detector and therefore dpesapphire laser was operated CW in order to demonstrate
not degrade the dynamic range of the coherent detection. (T{tig capability of photorefractive holography to image 2-D
is in contrast to electronic holography and other techniques thjects obscured by scattering media. This had previously been
record the total intensity distribution due to both ballistic andemonstrated by Mamaeat al. [12] using an argon ion laser.
scattered light and then extract the coherent component.) Th USAF test chart was imaged in reflection through a
implementation of our technique also differs from many ofcattering cell that contained a 0.3% water solution of 0.46-
the previously reported coherent imaging systems in that it ign polystyrene spheres. Mie theory [17] predicts this solution
a whole-field imaging technique, i.e., it acquires a whole 2-f Correspond to approximate|y 8_mfp Scattering depth in
image field in a single acquisition, rather than scanning pix@fe double pass. The incident illumination beam and back
by pixel, which can result in extremely short image acquisitiogflected object beam were separated using a polarizing beam
times. These images are acquired using back-scattered lighfitter (PBS) and quarter-wave pldte/4) combination. After
in a time-gated reflection geometry based on low coherengglection at the PBS, the polarization of the object beam was
interferometry and so may be used to reconstruct 3-D imaggstated back to the horizontal (such that it was the same as the
The use of reusable photorefractive holographic media, suchyg@ference beam) and relayed onto the CCD camera through
bulk rhodium-doped barium titanate (Rh:Bak)Cerystals or the 100-mm focal length lensesl and L2. This lens pair
photorefractive multiple quantum-well (MQW) devices, allowgonstituted a 4-F imaging system. The Rh:Bafi®ystal was
for fast holographic image recording and the potential for regbcated at or near the Fourier plane between the lehgemd
time read-out using a third reconstruction beam, which may B® and was used to record the hologram that was written when
adjusted independently to those writing the hologram and g reference beam was interfered with the object beam at an
be optimized for detection by a charge-coupled device (CCRhgle of 76. Once recorded, the hologram was reconstructed
camera. by blocking the object beam and allowing the reference beam
to diffract off the hologram, thereby producing an image of
the object at the CCD camera. The images recorded on the
CCD camera were then captured and stored on computer.
Fig. 2(a) shows the image of the test chart when viewed
The same basic experimental arrangement, which is shodirectly through the scattering medium by the CCD camera.
in Fig. 1, was used for photorefractive holography with botfihe image was totally obscured by the scattered light. Fig. 2(b)
Rh:BaTiO; and MQW recording media. It consisted of ashows the image of the object when viewed through the
modified Mach—Zender interferometer with the two armscattering medium in the imaging system shown in Fig. 1,
representing object and reference beams respectively, b without the holographic reconstruction. This demonstrates
recombined at the holographic recording medium. In order the ability of spatial filtering to remove some of the scattering

Object beam

Photorefractive
Q crystal

Il. EXPERIMENTS

A. Photorefractive Imaging Through Turbid Media
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laboratories where liquid scattering phantoms are used owing
to the ease with which their optical absorption and scattering
properties may be calibrated or calculated. In order to compare
our results against other published work, we have adopted the
same practice. It should be borne in mind, however, that for
many biomedical applications of optical imaging it is nec-
essary to image through relatively stationary scatterers (e.g.,
tissue). This is a much more difficult challenge, which can in
Fig. 2. Holographic image of a test chart recorded when (a) viewed direcppart be addressed by tane-gatedcoherent detection, which
through the scattering cell by the CCD camera, (b) viewed through the spajiles short coherence length light to provide an ultrafast time
filter of the imaging setup, and (c) using photorefractive holography in the . S . .
Rh:BaTiO; crystal. gate, thereby rejecting late arriving scattered light that arrives
outside the pulse width. This technique is most effective in
) o ~_ transillumination systems where there is no scattered light
light. In this case the spatial filtering was due to the limitegyjying pefore the ballistic light [19]. It is desirable, however,
collection angle of the lenses and the finite diameter of thg se a time-gate in a retro-reflection geometry that can
Rh:BaTiQ; crystal. With this low degree of filtering it was provide depth-resolved 3-D images by using the time of flight
possible to recover images of the 1 mm wide bars. Fig. 2(g¥ormation. This is possible using a low-coherence source
shows the image of the test chart obtained when the hologragy works reasonably well when combined with confocal
recorded in the Rh:BaTiQcrystal was read out using thescanning [14], which rejects most of the scattered light by
reference beam with the object blocked. This demonstrates #tial filtering. It is more difficult with whole-field imaging
ability of photorefractive holography to reject the scattere@chniques, however, because cross-talk can occur between
light without the compromised resolution of higher degreesgdjacent pixels where weakly scattered photons interfere,
of spatial filtering. The smallest observable bars were @ésulting in competing holograms (or speckle). This problem
30—um width. The achievable Spatial resolution was |Im|teq; partia”y alleviated by Spatia| averaging across the image
only by the finite apertures of the optical components in otield and may be reduced by minimizing the coherence length
experimental setup. This experiment clearly demonstrates #eby introducing spatial incoherence across the image field
ability of photorefractive holography to discriminate againsd.g., [20]. Note that incoherent time-gated whole-field imaging
the incoherent background lighteven for CW holography techniques also suffer image degradation from cross-talk and,
with no time-gating The scattered photons reaching the phamlike coherent techniques, do not reject any of the scattered
torefractive crystal did not saturate the response or wriight that arrives within the detection time window. The future
“noise” holograms so as to obscure the signal. This is bapplication of all ballistic imaging techniques to biomedicine
cause photorefractive media like Rh:Ba%i®@rystal do not will be greatly impacted by the degree to which the problem
respond to uniform illuminating light fieldgphotorefractive of cross-talk is overcome.
media respond to the spatial gradients of intensity distributions
rather than to the intensity itself [18]. The photons that
were scattered in the solution of polystyrene spheres acquifdTime-of-Flight Holography for Depth Resolution

random time-varying Doppler frequency shifts and propaga-Time-gated holography, known as light-in-flight hologra-
tion delays, which meant that during the integration timghy was first proposed by Abramson [15] and later applied
of the Rh:BaTiQ crystal, they constituted a (time-averagedi biomedical imaging by Speaet al. [21]. We first demon-
incoherent uniform background. It is important to understanfrated the use of light-in-flight holography to obtain depth-
that this phenomenon occurs because dynamic (e.g., liquigsolved images through 8 mfp of scattering medium, with
phantoms are used as scattering media and that all cohereacetepth resolution of 2 mm [22]. The imaging setup for
gated imaging techniques, including electronic holography gepth-resolved holography was as shown in Fig. 1, with a
heterodyne detection, will be able to discriminate againgiode-locked Ti:sapphire laser producing 3-ps pulses used as
this time-averaged incoherent background. What is specifiie source. The imaging system, shown in Fig. 3, was similar
to photorefractive holography is that the extraction of thg the CW system described above, except that holograms
coherent image takes place at the photorefractive crystebuld only be written when the interferometer arm lengths
which has a huge dynamic range compared to a CCD camefiere matched to within the coherence length of the source
or photodiode. In this experiment, had the scattered ligtt1 mm). This therefore provided depth resolution. It is
reached reached the simple low-cost CCD camera (whigheresting to note that ultrashort pulse mode-locked lasers are
had a measured bit-depth of onk4), saturation would not strictly needed for this application since the optical source
have prevented an extraction of the coherent image. At theed only have a short coherence length (i.e., broad spectral
photorefractive crystal, however, these beams were mapgndwidth) to achieve the time-of-flight-gating and hence the
orders of magnitude too small to prevent the hologram beiigpth resolution. In principle, any broad-band radiation source
recorded and reconstructed. could be used, but in practice, when imaging through turbid

As discussed above, coherent imaging techniques discrimedia that strongly attenuate the ballistic signal, mode-locked
inate against scattered light that decorrelates faster than lhsers are the most convenient source of high-power broad
image acquisition time. This has been demonstrated in mamgndwidth light.

=]
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to establish its potential limits and to optimize our system
accordingly. The results of this work are discussed in the next
four sections.

C. Spatial Resolution

The first general consideration of a 3-D imaging system
is the achievable transverse and longitudinal spatial reso-
lution. Although for many biomedical imaging applications
detectability, rather than absolute resolution, is the key issue,
spatial resolution is still a useful parameter in that it provides a
means to compare different techniques and it gives an indica-
tion of the smallest heterogeneity likely to be detected. In the
initial experiments described above, a transverse resolution of
30 m was demonstrated, which was limited by the apertures
of the optical components used, but the depth resolution was
of ~1 mm. For on-axis holography (i.e., when the reference
and object beam are exactly collinear) the depth resolution
is determined purely by the coherence length of the optical
source. However, for a noncollinear writing beam geometry,
as used in these experiments, the realizable depth resolution
is governed also by geometric considerations, which we shall
refer to as “walkoff’ [22].

ie) 1] For low-coherence light, for which the coherence length

Fig. 3. Depth-resolved holographic images showing (a) picture of the 3’5 significantly smaller_ th_at the transverse dimensions of the
test object, (b) image of test object when viewed directly through 8 mfp &ieams, the angle of incidence between the beams causes a

scattering medium, (c)—(e) picosecond depth-resolved images of each of Wzgriation in arrival time of the reference pulse laterally across

top three layers, (f) 3-D computer rendering of depth-resolved images. the holographic medium and therefore with respect to the

arriving image signal. Thus the reconstructed hologram will

An obiject, consisting of a series of concentric aluminurontain information from an extended depth within the object
cylinders, ranging from 2 to 5 mm in diameter and separatéétermined by the interaction angle of the writing beams,
in depth by 1 mm, was used “end-on” as the 3-D tesis shown in Fig. 4. This effect can compromise both the
object in our first experiment to demonstrate depth-resolve@nsverse spatial and longitudinal depth resolution. Ideally,
imaging through a turbid medium [this object is shown iit should be minimized by reducing the angle between writing
Fig. 3(a)]. The image obtained directly through 8 mfp obeams to approach a collinear beam geometry. This implies
scattering medium is shown in Fig. 3(b), and as can be sedmt a large period gratingAi > 10 pm) will be written
no significant image can be recognized. Fig. 3(c)—(e) show timethe recording medium (according to the Bragg equation,
depth-resolved images obtained through the scattering medifign = A/2siné, whereg is the half angle between writing
by photorefractive holography. For each image acquisitioheams). The systems described above operated in the diffusion
the delay of the reference arm was adjusted such that tiegime of the photorefractive effect (i.e., with no externally
reference beam pulse arrived at the crystal at the same timepplied electric field). In this regime the space charge field,
light back-scattered from the particular layer of interest in thend hence diffraction efficiency of the refractive index grating,
object. The power incident on the sample was approximateasy greatly reduced for long grating periods compared to the
500 mW over a 4-mm-diameter area (an intensity~o2.5 optimum grating period, which is typically of the order of
W/cm?) and the reference beam power was approximatelym. Fig. 5 shows how the two beam coupling gain varies
20 mW. By varying the delay of the reference arm betweemith grating spacing for the two types of Rh:BaTi@sed,
each acquisition, a set of images sufficient to reconstryéor weakly modulated beams, the diffraction efficiency varies
a 3-D image of the object could be obtained. Each depths the square of the two beam coupling gain [23]). One route
resolved image was recorded in approximately 1 s and thienaddressing this problem is to use a®4%t crystal [24].
transferred to the computer for rendering. A 3-D computéihis gives better access to the largest electrooptic coefficient
reconstruction of the object as seen through 8 mfp is shownRh:BaTiO; and allows smaller writing angles to be used
in Fig. 3(f). The depth resolution of the images wag® than would be possible with the®@ut crystal. It is possible
mm, while the transverse spatial resolution was approximatdty estimate the achievable depth resolution from geometrical
30 zm. This experiment thus confirmed that photorefractivenalysis of the interaction angles and coherence lengths. In
holography could be used for depth-resolved imaging throughactice, a compromise is reached between the average grating
turbid media, although the performance of this first expenperiod (hence the grating diffraction efficiency and overall
mental apparatus was far from what is required for practicgystem “sensitivity”) and the achievable depth resolution [25].
application. We have subsequently endeavored to evaluate bging an experimental setup similar to that shown in Fig. 1,
ballistic imaging technigue using the criteria discussed abolat with a 100-fs femtosecond Ti:sapphire laser source at
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image beam

which inhomogeneities may scatter the read-out beam into
reference/readout . .
/ beam the CCD camera and saturate it. To some extent (limited

by the bit-depth of the camera) this static noise signal can
be removed by image subtraction and can also be reduced
by spatial filtering of the reconstructed image. Beam fanning
may also present a problem at extremely large read-out beam
intensities. There are other factors that also set an upper limit

4 on the read-out beam intensity, some of which are briefly
NN N diffracted discussed below.
depth - d-out beam Once the optical quality of the photorefractive medium

soluti _ L .
FeroTHon and the camera bit-depth have set the minimum holographic

diffraction efficiency required, the next consideration is the
relative intensity of the signal and reference beams when
recording the hologram. This beam ratio determines the mod-
" _ ulation depth of the fringe pattern and hence the diffraction
4 45°-cut Rh:BaTiO, . . . . .
A as, . _ efficiency. The total average intensity in the beams determines
‘ B *  OculRhBaTiO, the response time of the system, i.e., the time taken for
the grating being written in the photorefractive medium to
reach its maximum steady-state value (the response time is
inversely proportional to the average incident intensity). While
using equal intensities in the signal and reference beams
N will maximize the modulation depth, the low intensity of
ML Y typical ballistic signals encountered when imaging through
scattering media will mean that the response time becomes
— ; — unacceptably long e.g., hours. The response time must be
0 1 2 3 4 5 reduced such that the image acquisition time is compatible
Grating period / um with practical applications. This may be achieved by in-
Fig. 5. Two beam coupling gain coefficient as a function of grating peric@f€asing the intensity of the reference beam—at the cost of
(Aq) for 0°-cut and 43-cut Rh:BaTiQ crystals. reduced modulation depth (and therefore reduced diffraction
efficiency).

To determine the optimum levels for the various beams, the
é”éolographic imaging system was investigated (in the absence
of a scattering medium) to determine the minimum ballistic
light intensity required to record and read-out a hologram,
o as a function of the ratios between the different beams. The
D. Sensitivity imaging system used is shown in Fig. 6 and was based on the

We have defined sensitivity as the weakest intensity ballisetup described previously. The image beam passed through
signal with which it is possible to record a useful hologran@ series of 4F image relay lens pairs (focal length75
This directly limits the maximum thickness of scatteringnm) forming three Fourier planes. The first Fourier plane
medium through which it is possible to image, although was not exploited in this experiment. The photorefractive
more severe limit may be imposed by the tolerance to scatter#yistal was located at the second Fourier plane and the
light (i.e., the dynamic range). For the photorefractive imagiriird Fourier plane contained a 0.3-mm pinhole employed
system, the tradeoff between sensitivity and depth-resolutias a spatial filter. This arrangement, which permitted the
due to the properties of the photorefractive medium, haetection of very weak diffracted beams (although no image
already been discussed. Once a minimum performance (eigformation), was used in order to decouple the holographic
100:m depth and transverse resolution) is determined, thecording process from the scattering noise encountered when
beam geometry and grating period are fixed and one mueading out the hologram. With the read-out beam maintained
optimize the sensitivity with other parameters of the systerat 36 mWi/cnd, the minimum signal beam intensity required
An attractive feature of our technique is that the holograms record an observable hologram was measured for various
are reconstructed using a read-out beam that may bereference beam intensities. The experiment was performed
almost arbitrary intensity: even very weak holograms with with integration times of both 1 min and 5 min. The results
diffraction efficiency of 102 will diffract sufficient light from for 5-min integration are shown in Fig. 7(a). This indicates
a 100-mW read-out beam to relay an image to our low-catat the minimum signal intensity with which it was possible
CCD camera. This figure may be further reduced by employitg record a usable hologram wasl0 nW/cnt for the 5-

a more powerful read-out laser beam or a more sensitive, ergin integration time. Similarly, a value of 100 nW/érwas
cooled, CCD camera. Eventually, the minimum diffractioobtained for the 1-min integration time. These minimum
efficiency (and therefore hologram modulation depth) requirdigures were obtained for reference beam powers~d0

is set by the optical quality of the photorefractive medium imwW/cn?.

Fig. 4. Diagram illustrating the problem of “walkoff” in the holographic
when not using a collinear writing beam geometry.

E

Two-beam coupling gain coefficient / e’
>

790 nm, an angle of-6° between the beams, and a°45
cut Rh:BaTiQ photorefractive crystal, a depth and transver
spatial resolution of 10@m have been achieved [25].
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Fig. 6. Experiment configuration used to investigate sensitivity of the holo- = 0 —— -1 L "”l
graphic imaging system. The dashed line marks the path of the beam used to 0.1 1 10 100

read out the hologram once the reference and object beam had been blocked. 5
Abbreviations refer to FP: Fourier plane. NDF: Neutral density filter; BS: Reference intensity mW/cr
Beam splitter; PBS: Polarizing beam splittér/2: Half-wave plate;A/4: @)

Quarter-wave plate.

<1004 Reference intensity 15 mW/cm?
To optimize the intensity of the read-out beam, a similar E) " 60 seconds integration time
experiment was performed with the reference beam kept con- % 804
stant and minimum signal required to record a hologram being E ]
measured for various read-out beam intensities. The integration E 60 .
time used for this experiment was 1 min, and the variation £ |
of minimum ballistic signal intensity as a function of read-out éo 404 -
beam intensity is shown in Fig. 7(b). As expected, thisshowsa £
decrease in the minimum signal detectable with increased read- g 20 . .
out intensity, which corresponds to an increased sensitivity. = " =
Above 200 mW/crA, however, the marginal improvement in 0 T

ity for i . J s relativel I 0 100 200 300 400 500

sepsmvny or increasing read-out power is relatively small. Read-out intensity (mW/cm?)

This was probably due to some of the scattered read-out b

noise passing through the spatial filter and reaching the CCD ()

camera to obscure the holographic reconstruction. A secdp@ 7: Minimum incident signal intensity to record and reconstruct a holo-
. . . q%am in the Rh:BaTi® as a function of (a) reference beam intensity and (b)

factor was the increased rate of erasure: at high read-out b&ggg out beam intensity.

intensities, the uniform reference beam illumination will erase

the image stored in the photorefractive crystal. There will be

no advantage in increasing the read-out beam intensity beydifk-scattered-8% of the incident light. A depth-resolved

that value that erases the hologram in a time comparable!fp9€ Of each of the layers of the test object was acquired, as
the integration time of the CCD camera outlined previously, and the whole field images were computer

Following this study of the optimum ratios of beam inten[endered to produce a reconstruction of the 3-D object. In the

sities, the experimental system represented in Fig. 6 was uggéence of the scattering medium, individual depth-resolved

for depth-resolved imaging through a scattering cell. Fir ,sges gequmzdban mtegijtrat]on tlrret. of a}pfArfoxTateI){[tl.s.
a holographic image of the USAF test chart was obtain €n obscured by a scatlering sofution of L2-mip scattering
epth, the integration time required was of the order of 5 min

through 16 mfp of scatterlng sollut|on. The direct image r an incident intensity of 0.65 W/ctnat the scattering cell.
the test chart through the imaging system, as seen at {he : . .
1g. 9(a) shows a reconstruction from a series of holographic

CCD camera when there was no scatterer present is Sho|ma es acquired in the absence of the scattering medium
in Fig. 8(a). The reduced definition of the bar patterns is g . g '

consequence of the spatial filters used in this experiment. g. 9(b) and (c) shows reconstructed holographic images

" : when the test chart was obscured by 12 mfp and 14 mfp
hologrgpmc image O.f the test 'char't acquired t.thQh 16 mfp |r{11 double pass) of scattering solution, respectively. Although
scattering medium is shown in Fig. 8(b). This clearly sho

. . 4 ere is a slight degradation in the image quality at the

:22 ﬁg%’“g& ;ﬁf’ rgfc;?(;ntges;fctuzrti.mggee 'gt)es%ruarté%n Jg;:len dfo eater scattering depth, the depth resolution of the individual

. : o lographic images that make up the 3-D rendering did not
mfp was ~ 5 min. Translating the test chart Iongnudmallyalppear to be compromised.
established that the depth resolution was 164 as predicted
from the pulse duration and beam geometry. .

The depth resolution was also demonstrated using a 35 Dynamic Range

test object that consisted of a set of cylindrical steps with The dynamic range of ballistic imaging systems can be
diameters ranging from 1 to 5 mm in 1-mm incrementglefined as the maximum sustainable ratio of noise to sig-
which were separated in depth by 1pén. This object was nal, which still permits an acceptable image to be acquired.
unpolished and provided no significant specular reflection, b@tven the use of balanced detection circuits, e.g., [7] and
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filter to prevent much of the scattered light reaching the CCD
camera—albeit at the expense of achievable transverse spatial
resolution. Photorefractive holography is different because the
“subtraction” is performed optically inside the photorefractive
crystal. The incoherent scattered light does not contribute the
hologram, and so only the ballistic light writes a hologram that
diffracts light into the CCD camera at the electronic detection
stage. (Note that all the work reported here was undertaken
with a standard CCD camera with a measured bit depth of
~4).

It is clearly interesting to consider the dynamic range of
the photorefractive holography technique. In the work with
Rh:BaTiO; described above, holograms with intensities as
low as 10 nW/crh were recorded with reference beams of
up to 40 mwW/cmd. This demonstrated a minimum dynamic
range of 410°. The resulting modulation depth was very
low (but still sufficient to provide a useful hologram), and
the remaining dc component of the field writing the hologram
can be envisaged as a noise source, which did not prevent the
recording of the hologram because it was spatially uniform.
One can therefore infer that a dynamic range higher tha@’
is possible with photorefractive holography. To support this

(b) assertion, an experiment was performed with Rh:BgTi€ing
Fig. 8. Image of test-chart (a) viewed without obscuring scattering mediufe experimental setup depicted in Fig. 6. The aim was to vary
and (b) recorded through 16 mfp of scattering medium. the depth of scattering medium through which the USAF test-

chart was imaged and observe the minimum ballistic signal

of scattered light incident on the photorefractive crystal.

For these experiments, a weak 1.6-mm-diameter spatial filter
at was employed at the first Fourier plane (FP1) to block
the surface reflections from various optical components. This
did not significantly reduce the amount of scattered light
oo C . ruct . ¢ 2D obiect ded reaching the photorefractive crystal. The second spatial filter,
e e e S chiects recorded vMScated at FPS, was 0.6-mm diameter and reduced the Scattered
scattering medium of (a) zero, (b) 12-mfp, (c) 14-mip scattering depths. light from inhomogeneities within the Rh:BaTiCrystal that

reached the CCD camera. The intensity in the reference beam

. was set to~15 mW/cnt and holograms were recorded with an

C°9'ed, CCD cameras €.g., [19] etc:, the major source ﬁ’fegration time of 5 min. The concentration of the scattering
noise is that arising from scattered light—the magnitude Q spension was progressively increased in order to adjust the

WhiCh inF:reases Wi'fh sgattering depth.. AS dis.,cussed in tQ@attering depth and the minimum incident ballistic power
introduction, the Rh:BaTi@ photorefractive medium was ”Otrequired to write a hologram was determined. This is plotted

expected to respond to the uniform illumination fields resulting Fig. 10(a) as a function of scattering depth in units of
from the time-averaged scattered light (unlike an incohereloan free paths. Since the ballistic component of the incident
detector such as a photographic film, a CCD camera, Ofjignt was attenuated by an exponential power factor equal to
photodiode). Thus, the ratio of incoherent scattered light {ge number of scattering mean free paths, it was possible to
ballistic signal light, which the photorefractive holographystimate the amount of unscattered ballistic light that was
can tolerate, is expected to be much greater than for ejggident at the photorefractive Rh:BaTjCcrystal. This is
electronic holography. Consider, for example, the case gbtted as a function of scattering depth in Fig. 12(b), which
electronic holography using an advanced CCD camera systgiflicates that the minimum ballistic component required to
with a dynamic range of 16 b (corresponding to 65536 grayrite a hologram lies within a small range (less than 0.5 nW)
scale levels). If all other sources of noise are neglected, onged does not appear to increase significantly for increasing
the scattered light reaching the CCD camera becomes 65 g8@ttering depth (N.B. the error bars at low scattering depth
(or ¢t!) times greater than the ballistic light, it is no longegre due to the uncertainty of measuring the concentration of the
possible to extract the coherent image because it has less t@dttering solution). This flat response confirms that, at least
one gray-scale of intensity. This problem is fundamental for scattering depths up to 16 mfp, the scattered light does
all electronic acquisition techniques that detect the scattenast significantly affect the holographic recording process. This
light together with the ballistic light before subtracting itis not surprising because, while the scattered light intensity
It may be partially circumvented by using a strong spatiahay be very much larger than the intensity of the ballistic

required to form a hologram against an increasing background

() (b) (c)
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Fig. 12. Experimental configuration of the MQW holographic imaging sys-
tem.

tial resolution. However, the sensitivity demonstrated above
is at the cost of a long image acquisition time. While pho-
torefractive holography is an intrinsically whole field imaging
system, and as such should provide faster image acquisi-
tion than confocal scanning systems, the integration times
reported here are much too long to be clinically viable.
There are, however, alternative photorefractive materials that
provide a faster response without forfeiting sensitivity. In
addition to Rh:BaTi@, we have investigated the use of semi-
insulating GaAs—-AlGaAs MQW devices as the photorefractive
qrecording medium [26]. MQW devices have been shown

imaging system, as a function of the thickness of the scattering medium 464 have many advantageous nonlinear optical properties in

(b) calculated ballistic power incident on the crystal.
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contrast to the bulk semiconductors from which they are
grown [27]. In particular, MQW structures give rise to strong,
narrow excitonic absorption features whose spectral profile
may be changed by an applied electric field, this in turn leads
to large electroabsorbtive and electrorefractive nonlinearity’s
with a typically submillisecond response time. These optical
nonlinearity’s are due either to the Franz—Keldysh (or field
broadening) effect [28] when an electric field is applied
parallel to the wells, or to the quantum confined stark effect
[29] when a perpendicular electric field is applied. When
used as holographic media, semi-insulating MQW devices
exhibit a sensitive photorefractive response which provides
very high diffraction efficiencies with a sub-ms response
time. In addition, due to the applied field the MQW devices
work in the drift photorefractive regime and this results in

Fig. 11. First-order diffraction efficiency as a function of grating period fofn€ir diffraction efficiency saturating with increased grating
a MQW device used in the Franz—Keldysh geometry.

component, it will be smaller than the reference beam a

therefore will not significantly change the parameters of t ) X ;
the modulation de[M1QW devices are described in [30] and [31].

photorefractive recording process (i.e.,
of the coherent signal).

F. Acquisition Time

period as shown in Fig. 11. This means that they can be

used with almost collinear writing beams, and therefore the

rq pth-resolution is not compromised by walkoff as for bulk
otorefractive crystals. The fabrication and operation of such

The MQW device reported here was used in the transverse
Franz—Keldysh geometry. This requires a large applied volt-
age, of the order of 10 kV/cm, to be applied in the plane
of the quantum wells, parallel to the optical grating vector

The above experiments demonstrate the ability of phototeeing written. Photocarriers are preferentially excited in the
fractive imaging systems to sensitively detect images throughight regions and drift to shield the applied field in these

reasonably highly scattering materials with a sub-Lo9spa-

regions. Consequently the net electric field varies with the
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period of the light intensity fringe pattern. As with their bulk
crystal counterparts this electric field modulation is mappe
to a refractive index/absorption modulation using an electr
optic effect (hereAn « E? unlike the pockels effect used in
most bulk photorefractives). The hologram fringe patterns a
again therefore a record of the spatial variations in the incide
optical field, rather than the absolute intensities. @ (b) (©)

The experimental apparatus shown in Fig. 12 was usedr@. 13. USAF test-chart (a) imaged directly through 9 mfp of scatter-
record and reconstruct depth-resolved holograms in the MQW r_nedium, (b) _holo_graphic reconstruction, (c) holographic reconstruction
devices using a mode-locked femtosecond Ti:sapphire laggpained when vibrating reference beam.

The polarization of the writing beams was perpendicular to ) )

the plane of the hologram. The object was imaged in reflecti#h Fig- 13(a). However, in the reconstruction of the hologram
onto the MQW device. The reference and probe (i.e., readol@forded in the MQW device, the test-chart can be clearly
beam were both weakly focused using 0.5-m focal lengf¢€n with a transverse resolution-050 .m [see Fig. 13(b)].
lenses. In this experiment the writing beams were separatedlbyvas found that much of the speckle that is evident in
an angle of 1.5, corresponding to a grating period of ath. A this image could be removed by slightly vibrating one of
diode-pumped Cr:LiSAF CW laser [32], was used to provid@'e mirror mounts in fche refgrenc_e arm, thereby averaging
a reconstruction (probe) beam to read out the holograms. THI§ Speckle over the integration time of the MQW device.
laser was tuned to the exciton peak wavelengtB50 nm) to A higher quality image obtained in this manner is shown
maximize hologram diffraction efficiency [31]. The hologranm? Fig- 13(c). The 3-D test object was then imaged through
was reconstructed in a transmission geometry, diffracting infoScattering solution corresponding to 8 mfp (see Fig. 13).
multiple orders. The zeroth order, which contains no imag%recuy imaged the object was totally obscured, but in the
information, was blocked using a spatial filter, and the or olographic reconst.rucnon the layers of the object are clearly
—1 diffracted order imaged onto a standard CCD camera usifigservable [see Fig. 14(a)—(c)]. The depth resolution was
a 200-mm focal length lens. For all the experiments with tHg€asured to be-50 um. A computer generated reconstruction
MQW devices described here, the total incident illuminatioff the 3-D object is shown in Fig. 14(d).

intensity was kept approximately constant at 1 mWjcm  1he response time of the MQW device was measured
the signal beam and 1.25 mW/2rim the reference beam. TheWhilst imaging the 3-D object through the scattering medium
intensity of the reconstruction beam was 1.25 mW/cand (with experimental parameters stated above) by chopping the

the voltage applied across the device aperture was betw&glgrence beam and synchronously detecting the diffracted
15 and 2 kV. image signal at the chopping frequency using a photodiode
The performance of this system was first evaluated withoufgd @ lock-in amplifier. When the chopping frequency became
scattering medium present. The transverse resolution was nfgParable to the response time, the grating formation in the
sured by imaging a USAF test-chart onto the MQW devic&/QW device could no longer follow the modulation and the
The test-chart image was reconstructed on the diffracted oréfdfk-in signal decreased. This is represented in Fig. 15, which
with a transverse resolution of 5am. In order to sensitively shows the yanauon in the lock-in ampllf|er S|gnal as a function
detect low intensity images, background subtraction was usdgmodulation frequency. The grating formation in the MQW
to remove the unwanted illumination on the CCD from lighfi€Vice appeared to follow the modulation for frequencies at
scattered from fixed inhomogeneities in the MQW devicd®ast up to 2.5 kHz (limited by the maximum frequency of the
The depth resolution of the reconstructed image was measufégchanical chopper). This corresponds to a response time of
by imaging the same 3-D test object described above, i.e.<8-#4 MS, which is well above normal video rate (30 frames
series of concentric aluminum cylinders with diameters froR€r Sécond) and so demonstrates real time image acquisition.
1 to 5 mm and separated in depth by 10®. The different
layers of the object could be individually imaged and rendered IIl. CONCLUSION
into a 3-D volume, as for the experiments with Rh:BaiO We have demonstrated the use of a photorefractive holo-
crystal. The depth resolution was measured by determiniggaphic imaging system as a coherence gate to discriminate
the range of delays of the reference arm over which a singlgainst scattered light and provide depth resolved images
step of the object remained visible and found to~&0 xm. through turbid media. We have discussed the performance
This confirmed that walkoff was not compromising the spatiaif this ballistic imaging technique in terms of its spatial
resolution resolution, sensitivity, dynamic range, and image acquisition
The MQW device was also used to image the test objed¢isie. Using rhodium-doped barium titanate as the hologram
through a scattering solution. In these experiments a weadcording medium, we have recorded depth-resolved images
spatial filter (of 1-mm radius in the Fourier plane of a dethrough turbid media of up to 16-mfp scattering depth with
magnifying telescope) was employed to remove stray surfasgh-100uzm depth and transverse spatial resolution. This has
reflections and also to reject some of the scattered light. Theen achieved using a low-cost (4 b) CCD camera. We
average power incident upon the scattered cell was about Ba&8/e established that our sensitivity is currently limited by
Wi/cnm?. With a solution of 9-mfp scattering depth, the testthe optical quality of our photorefractive crystals. The use
chart was completely obscured when imaged directly as shoafna more efficient photorefractive medium, or background
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Fig. 14. Images of 3-D object through 8 mfp of scattering medium using
MQW imaging system. (a)—(c) depth-resolved holographic images of 3-D
object layers, (d) 3-D computer rendering from depth-resolved images. 7]
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Fig. 15. The diffraction efficiency of a MQW device as a function of the
modulation frequency of the imaging beam. [14]

subtraction of the scattered read-out beam using a hig{tfél
bit depth camera will increase the sensitivity and hence the
imaging depth through turbid media. [16]
For real world applications we require a system that h

a faster response time than rhodium-doped barium titanate.
There are other suitable candidates amongst the bulk pfti
torefractive materials such as cadmium telluride, which will

be the subject of further investigation. We have investigatém]
the use of GaAs—AlGaAs semi-insulating MQW devices as

the hologram recording medium and have demonstrated holo-
graphic imaging with transverse and depth resolutioa-60 [20]
p#m. We have used this system to acquire images with a
transverse spatial resolution of 50n through a scattering [21]
medium of 9-mfp depth and have demonstrated 3-D imaging
with a depth resolution o£50 ;;m through 8 mfp of scattering [22]
medium. The image acquisition time of the MQW devices
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