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A simple upconversion scheme utilizing 40-fs pulses is shown to permit high-contrast imaging of objects
obscured by a highly scattering medium when no ballistic component is evident in the scattered light and
imaging is performed with any portion of the scattered light pulse. We present a time-gated, inherently
low-pass spatially filtered imaging method that minimizes signal-averaging requirements and greatly
facilitates imaging under severe scattering ~turbid! conditions. © 2001 Optical Society of America
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1. Introduction

There is a great need for simple techniques that per-
mit imaging through tissue and other highly scatter-
ing media with light as alternatives to the use of
damaging ionizing radiation or the use of expensive
computational techniques that are heavily reliant on
high-speed data processing, such as magnetic reso-
nance imaging. Visible and infrared light of course
scatter more than x rays in most materials, but many
imaginative ways of extracting image information
from the small amount of light transmitted through
nearly opaque scattering media have been devised in
recent years. A significant limitation to existing op-
tical technologies for such imaging, however, is the
contrast limitation that is due to the presence in the
detector region of scattered light at the same fre-
quency as the incident beams, but with scrambled
wave-vector content. This problem is common to all
the time-gated imaging techniques, such as those
based on time-domain holography,1–3 optical coher-
ence tomography,4 four-wave mixing,5 Raman scat-
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tering, Kerr shutters, and parametric conversion,
as well as to approaches suitable for use with
continuous-wave sources,9,10 and it is the chief limi-
tation to speed and contrast in most, if not all, of
them. For example, in holographic time-gating,
nonimage-bearing light contributes an intense back-
ground in the detection plane which reduces the at-
tainable contrast. A harmonic confocal technique
has been described in which this problem is greatly
alleviated when the image-bearing signal is shifted to
a frequency different from that of the background.8
However, to date this approach has succeeded in im-
aging only one point at a time in the weak scattering
or ballistic limit, rendering practical real-time imag-
ery difficult.

We have extended the harmonic approach by in-
troducing parallelism into the imaging process,
eliminating the need for scanning ~without incur-
ring a penalty in data processing!, and using ex-
remely short pulses to show that imaging is
ffective even when scattering is so severe that un-
eviated forward-scattered light ~the ballistic com-
onent! disappears. In the present research we
ade use of an enlarged, collimated beam at the

undamental frequency to illuminate the entire ob-
ect obscured behind the scattering medium. Sig-
al light is generated at the sum frequency of a
eference beam and the scattered ~object! beam by
arametric upconversion in a noncollinear, cross-
orrelation geometry that permits us to capture en-
ire images at once. The image-bearing signal is
eparated from the scattered fundamental light by
simple spatial stop, thereby eliminating most of

he undesired background intensity.
1 January 2001 y Vol. 40, No. 1 y APPLIED OPTICS 45
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2. Experiment

As indicated schematically in Fig. 1, the output of a
Ti:sapphire laser oscillator,11 emitting cw mode-
locked pulses at 798 nm, was expanded by a factor of
2, collimated, and sent through a rotatable half-wave
plate to a polarizing beam splitter. This permitted
adjustment of the relative intensities in the two op-
tical arms by rotation of the half-wave plate. A sec-
ond, fixed half-wave plate restored the polarization in
the reference arm to horizontal, making it parallel to
that of the object beam. The total average power at
a pulse repetition rate of 75 MHz was typically 500
mW, and the average power in each arm was gener-
ally close to 250 mW for the imaging experiments.
We magnified the object beam 53 using a Newtonian
telescope, and once again it was collimated. A me-
chanical translation stage permitted the sampling
time gate delay to be adjusted over a range of nearly
10 ps with respect to perfect synchronization of the
two pulse trains incident on the cross-correlation
crystal.

Magnification of the object beam permitted targets
up to 1 cm in diameter to be illuminated from behind.
The target that we used to test the imaging capability
of the system was an acetate transparency sheet on
which a binary rectangular grid pattern of 1-mm
spacing was printed. Two pieces of etched antiglare
glass, each with a spatial-frequency bandwidth of 300
linesymm and no specular component, were used in
andem as the diffuser system. These two diffusers
ere placed immediately downstream of the target.
he spacing between the diffusers was gradually in-
reased to 25 cm, at which point the distortion by the
iffusers completely obscured the grid pattern from
iew by conventional photographic imaging. An
y4.8 collection lens with a focal length of 30 cm was

placed 1 focal length beyond the exit plane of the
scattering system. Because the exiting surface of
the diffuser was situated at the front focal plane of
the collecting lens, there is a two-dimensional
Fourier-transform relationship between the light dis-
tribution emerging from the target and diffuser ar-
rangement and the light at the back focal plane of the
collecting lens. Thus the light distribution at the

Fig. 1. Apparatus for imaging through highly scattering media
with time-gated, sum-frequency generation in a noncollinear,
cross-correlation geometry. Double-headed arrows indicate lens-
es; IF, interference filter; CCD, charge-coupled device camera.
6 APPLIED OPTICS y Vol. 40, No. 1 y 1 January 2001
back focal plane of the collection lens is the transform
of the light emerging from the diffuser, or its the
spatial-frequency spectrum.

The nonlinear crystal ~LiIO3! was placed at the
back focal plane of the collecting lens, where the ref-
erence beam came to a focus and sampled the Fourier
transform of the scattered light distribution there.
In this configuration of the cross correlator ~Fig. 1!,
he function of the nonlinear crystal is twofold: ~1! it
cts as a coincidence gate that shutters whatever
bject beam light arrives simultaneously with the
eference beam, and ~2! it acts as a low-pass spatial
lter. The latter is due to the phase-matching con-
traints of the crystal.
An oriented crystal of LiIO3 was used for cross

correlation. LiIO3 has a smaller acceptance angle
for parametric upconversion than many other non-
linear crystals, which is disadvantageous for most
nonlinear applications. However, as discussed in
Section 4, reduction of the acceptance angle actually
improves the capability with the present technique to
perform imagery with light from the trailing edge of
the scattered wave. Other design considerations
took into account the performance characteristics of
the LiIO3 nonlinear crystal, which are well known.12

For example, this material has a very high nonlinear
coefficient ~d31 5 24.4 pmyV! and exceptionally low
loss for near-infrared light.12,13 The crystal was cut
and polished for angle-tuned, second-harmonic gen-
eration at a wavelength of 800 nm, in accordance with
~1! the index of refraction for the ordinary ray no 5
1.8676 at 800 nm, ~2! the index of refraction for the
xtraordinary ray ne 5 1.7245 at 800 nm, ~3! and
heir respective dispersion ~Sellmeier! equations12:

n0
2~l! 5 3.4132 1 0.0476y~l2 2 0.0338! 2 0.0077*l2,

ne
2~l! 5 2.9211 1 0.0346y~l2 2 0.0320! 2 0.0042*l2.

ecause the crystal has a nominal dispersion of no0 5
9.48 fs2ymm for ordinary rays, the crystal thickness
was limited to 1 mm to avoid excessive pulse broad-
ening. As shown in Fig. 2, the fit of a sech2 distri-
bution to the autocorrelation trace, measured with no
scattering medium present, yielded a pulse width of
tp 5 38 fs.

The crossing angle of the light beams in the crystal
was 4 deg, as large a value as possible given the
dimensions of our focusing lens. This provided ad-
equate spatial separation of the signal beam from
both inputs, although it was not large enough to pre-
vent detectable doubling of the individual beams.
When the phase-matching angle of the nonlinear
crystal was adjusted for cross-correlation and the ob-
ject pulse and reference pulse arrivals were synchro-
nized with the delay line, a faint sum-frequency
signal emerged in the forward direction and was iso-
lated. A spatial stop blocked the object and refer-
ence beams on either side, while at the same time
allowing the signal to pass. Light at the fundamen-
tal wavelength ~800 nm! was subsequently blocked
with a 10-nm bandwidth interference filter centered
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at 400 nm, and the signal was imaged onto a CCD
camera, as indicated in Fig. 1.

From a signal recording standpoint, the relative
insensitivity of the detector to the operating wave-
length presented the most severe limitation to the
image recording process. The wavelength of the
parametrically upconverted signal ~400 nm! to be re-
corded was substantially shorter than the wave-
length for peak sensitivity ~650 nm! of the CCD,
resulting in loss of sensitivity by a factor of ;50.
The 16-bit CCD camera was a Model EEV576 man-
ufactured by Princeton Instruments with an active
area consisting of 576 3 384 pixels, each 23.5 mm on
a side. The maximum readout rate was 100 kHz,
limiting complete array readout time to 2.2 syframe.

A second major limitation in our setup was self-
doubling in the nonlinear crystal, in which individual
input beams undergo second-harmonic generation
and produce ultraviolet output comparable to the up-
converted, cross-correlation signal. Some of this
light can scatter from imperfections in the nonlinear
crystal to enter the detector. Noise from this mech-
anism was reduced by an appropriate choice of a lens
with both a large diameter @3 in. ~8 cm!# and a small
f-number ~ fy4.8! to create the largest angle possible
at the Fourier plane and to maximize the separation
between the beams. Without the careful elimina-
tion of even the weakest extraneous scattering sur-
faces in the optical system, the level of scatter
background noise would have made imagery of the
signal impossible.

The angular scattering characteristics of the dif-
fuser were determined by a simple secondary exper-
iment described in Fig. 3. A collimated laser beam
illuminated the diffuser~s! from behind, and the light
emerging from the diffuser~s! was collected by a lens.
A CCD camera, placed at the back focal plane of the
lens, recorded the magnitude of the two-dimensional
Fourier transform of the diffuser. The image on the
CCD camera is the spatial-frequency spectrum of the
diffuser and quantitatively displays its scattering

Fig. 2. Signal-averaged, second-harmonic generation cross-
correlation trace ~dotted curve! of the incident pulses in the ab-
ence of any diffuser together with the least-squares fit to a sech2

pulse shape ~solid curve!.
properties of the diffuser. Examination of the Fou-
rier distribution is an exacting test for the presence of
light that has undergone little or no scattering ~i.e., a
ballistic component!.

Figure 4~a! is the intensity distribution of the ob-
ject beam at the Fourier-transform plane, in the ab-
sence of diffusers. The bright dot at the center
demonstrates that the spatial-frequency content of
the undistorted light is predominantly dc, or forward
moving. A line scan of the intensity distribution

Fig. 3. Apparatus used to verify that the forward-scattering dif-
fuser contains no ballistic component.

Fig. 4. Image of the Fourier-transform plane ~a! with no diffuser
resent, ~b! with the diffuser system in place. In the central part
f ~b! that corresponds to spatial frequencies near dc, note the
bsence of any narrow forward-scattering peak, indicating the ab-
ence of the ballistic component. This distribution is broadly
eaked in the forward direction. Disregard its slight off-axis dis-
lacement, which is due to a wedge in the diffuser system. ~c! and

~d! Intensity plots of ~a! and ~b!, respectively, for one row of pixels.
1 January 2001 y Vol. 40, No. 1 y APPLIED OPTICS 47
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along one row of pixels @Fig. 4~c!# reveals the sharply
eaked distribution of spatial frequencies directly.
hen a diffuser with a specular ~or ballistic! compo-

ent is placed in the optical system in Fig. 3, its
ourier-transform plane ~not shown! would reveal a
right, central specular component superimposed on
uniform halo of higher spatial frequencies of scat-

ered light.
More strongly scattering diffusers with no specular

omponent at all show only a smooth, broad distribu-
ion of spatial frequencies. Figure 4~b! shows that
he diffuser, used for imaging in the present research,
as no specular ~or ballistic! component. The bright
pot signaling the presence of ballistic light is not
resent. Instead, only a uniform smear of low-
ontrast speckle is visible. The intensity plot, Fig.
~d!, of one row of pixels of this pattern bears this out.
he data in Figs. 4~b! and 4~d! clearly indicate that no
entral peak with the angular spread of the ballistic
ight was present in the scattered light distribution.
ence the imaging results reported in Section 3 were

btained under much more severe scattering condi-
ions than in previous experiments where the pres-
nce of a ballistic component permitted temporal
ating alone to select the best image-bearing compo-
ent of the scattered light.7
Our method is effective for both diffusers with an

observable ballistic ~i.e., specular! component and dif-
fusers without. When a ballistic component is
present, the reference beam can be synchronized with
the ballistic light which yields a sharp high-
resolution image, without data processing, as quickly
as the array can be read out. In this case, our ap-
proach extends previous ultrafast time-gated imag-
ing techniques1–10 only by introducing parallelism
and inherently high contrast. Yet remarkably, as
we show in Section 3, with a combination of temporal
gating and spatial filtering, imaging can still be per-
formed successfully when no ballistic component is
present as well.

The experimental results reported in this paper are
for images formed through diffusers that have no
specular component. For such severe scatterers, the
abundance of forward-traveling light disappears, and
the utility of time gating as an ultrafast shutter rap-
idly diminishes when applied in isolation. Then
light emerging from the scattering medium generally
contains enough randomized wave-vector bandwidth
per unit time that image information is highly dis-
torted at all delays. Nevertheless, as shown exper-
imentally here, and as we explain in Sections 3 and 4,
use of very short pulses in combination with phase-
matched frequency conversion techniques can facili-
tate effective imaging in this regime. Signals from
time slices anywhere within the scattered object
pulse provide satisfactory imaging when angular se-
lectivity is combined with time gating in the detection
scheme. Even at the low average power levels at-
tainable from cw mode-locked oscillators, this method
is successful without electronic processing of the im-
age.
8 APPLIED OPTICS y Vol. 40, No. 1 y 1 January 2001
3. Results

In Fig. 5~a! the rectangular grid pattern fabricated
for use as a resolution target is reproduced. This is,
in fact, what a photograph of the target would look
like in the absence of the diffuser system. The sep-
aration and thickness of all lines on the target are 1
mm. When hidden behind the two nonspecular dif-
fusers, as described in Section 2, the target is com-
pletely invisible to conventional photographic
recording and simply yields a uniform, featureless
speckle pattern. Thus, without the benefit of our
technique, the target was entirely hidden by the dif-
fusers, and its photograph therefore is not included in
this paper. The principal result of the ultrafast
cross-correlated harmonic imaging technique is
shown in Fig. 5~b! where the 1-mm grid is visible.
The good fidelity of its details demonstrates that our
technique has overcome the severe scattering condi-
tions that were imposed by our choice of diffuser.
This demonstrates that our approach to imaging
works and that imaging through severe diffusers is
possible.

Features as small as 1 mm are well resolved by this
technique. In practice it was found that imaging
target features that are smaller than those of this
grid pattern resulted in degraded imagery. The spa-
tial resolution in our experiment was limited by the
finite pulse width of our timing gate. Light from two
points situated a distance d apart at the exit surface
of the first diffuser can combine, scatter in the same
direction, and pass through the gate together if d ,
(CDtp)1y2 ; 1.68 mm. A second factor that potentially

Fig. 5. ~a! Resolution target, consisting of 1-mm squares and
lines, to be imaged. The diffuser completely obscures this target.
~b! Image recorded with the sum-frequency optical system in Fig.
1. ~The uncorrelated background field was subtracted out.!
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limits spatial resolution and causes vignetting of the
image is the spot size of the reference beam, consid-
ered later in this paper. The only image processing
used in preparing Fig. 5~b! for publication was a sim-
ple subtraction of a recording of the static scattered-
field pattern, which was due to the imperfections of
the nonlinear crystal at the harmonic frequency
made with the delay line adjusted to maximum delay.
Images degraded by scattering from defects in the
nonlinear crystal can easily be removed in this man-
ner.

Examination of Fig. 5~b! reveals that the radial
xtent of the image is somewhat limited. The center
ircular portion of the target grid is visible, but the
uter surroundings are entirely black. This vignett-
ng effect is due to the limited acceptance angle Du of
he angle-tuned nonlinear crystal. Consider, as
hown in Fig. 6, the target and the diffusers at the
ront focal plane of the collecting lens. Rays origi-
ating from a portion of the target ~A! that is near the
ptical axis will emerge from the lens with a lower
patial frequency, as indicated by the shallow paral-
el rays in Fig. 6~a!. Rays originating from a portion
f the target that is farther from the optical axis will
merge from the lens with a higher spatial frequency,
s indicated by the steeper parallel rays in Fig. 6~b!.
ecause the nonlinear crystal is located at the
ourier-transform plane of this lens, the reference
eam overlaps a limited range of spatial coordinates
here upconversion can take place. This results in

patial filtering of the distribution of field amplitudes
nd phases in the transform plane. Rays from point

in the target that fall within the reference beam
rea can undergo upconversion and contribute their
hase and amplitude to image formation by the co-
erent cross-correlation process, provided that in ad-
ition their directions fall within the acceptance

Fig. 6. Diagram tracing rays of the vignetting of the image in Fig.
5~b!. ~a! If the shallow parallel rays satisfy the phase-matching
condition of the nonlinear crystal, then ~b! steeper parallel rays,
originating from a more extreme point on the object, will not.
ngle of the nonlinear crystal. However, rays from
that fall outside the reference beam area will not

ontribute to the image.
We can analyze this qualitative explanation of the

ignetting in Fig. 5~b! by representing the target u~x!
in polar form, namely, u~x! 5 a~x!exp@if~x!#. The
field arriving at the Fourier-transform plane of the
collecting lens is

U~ fx! ; ^@u~x!# 5 ^@a~x!# p ^$exp@if~x!#%, (1)

where p is the convolution operator. Passage
through the reference beam spot, located at the
Fourier-transform plane, is equivalent to propaga-
tion through a low-pass spatial-frequency filter, de-
scribed as a multiplication by rect~ fxyDfs!. The
filtered transform is thus

U~ fx!rect~ fxyDfs! 5

^@a~x!# p ^$exp@if~x!#%rect~ fxyDfs!, (2)

and the final image is the inverse Fourier transform:

^21@U~ fx!rect~ fxyDfs!# 5 ^21(^@a~x!# p ^$exp@if~x!#%

3 rect~ fxyDfs!)

5 u~x! p sinc@~Dfs!~x!#. (3)

The final image is the original target, modulated by a
sinc function. The width of the sinc function, which
is twice the distance from the zeroth-order maximum
to the first null, is 2Dfs. When the nonlinear crystal
is configured at the Fourier-transform plane, the spa-
tial frequency bandwidth that will upconvert is Dfs 5
Duyl0. The acceptance angle for LiIO3 is 19 3 1023

deg.12 At 800 nm, the predicted width of the field of
view is 4.8 mm, which agrees with the size of the
circular portion of the target that can be seen in our
results in Fig. 5~b!.

The tolerance with which the delay line had to
ynchronize the reference pulse with the object beam
ulse depended on the presence or absence of a bal-
istic component. For diffusers possessing a specu-
ar component, it was necessary to adjust the relative
iming of the reference and object beams to within
ne pulse width to obtain the optimum signal. This
s not surprising, because the undistorted input
eams must overlap both temporally and spatially
ithin the nonlinear crystal to generate a signal
ave. Correspondingly, because the beams were ar-

anged to cross at an angle, displacement of the non-
inear crystal by a distance less than its thickness ~1

m! resulted in the complete disappearance of the
ross-correlation signal when there were no diffusers
resent.
In the presence of diffusers with no specular com-

onent, the nonlinear crystal could be moved along
he optical axis over the full range of the translation
tage ~at a fixed pulse delay! without any apparent
hange in signal intensity. We discovered that clar-
ty and brightness of the image was maintained as
he crystal was translated by 1.0 cm along the cross-
orrelation axis. This observation was a key result
1 January 2001 y Vol. 40, No. 1 y APPLIED OPTICS 49
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of the present research and demonstrated two things.
First, because cross correlation occurred at positions
separated by 1 cm, the reference beam necessarily
intercepted off-axis portions of the scattered wave
front within the thin LiIO3 crystal that were delayed
by more than 30 ps. Pulse stretching was thereby
confirmed to be substantial under the experimental
conditions depicted in Fig. 4~b!, amounting to at least
this time interval. Second, the fact that images
were observed over a range of positions of the non-
linear crystal clearly indicated that, with the detec-
tion technique used here, late-arriving light can be
just as useful for image formation as early-arriving
light, provided that an appropriate combination of
selective procedures is used for detection.

The data for the image in Fig. 5~b! were acquired in
an accumulation time of 20 s. This acquisition time
corresponded to that needed to saturate the most
brightly illuminated pixel at the power levels used in
the experiment. At equivalent power levels, good
but less intense images ~only 1000 counts in the
brightest pixel! could be obtained in approximately
40 ms. At higher input powers, the recording time
for unsaturated images was correspondingly reduced.
In view of this it is clear that, with this approach,
dynamic imagery with frame times of less than 40 ms
can be readily achieved with available oscillator pow-
ers without resorting to data processing of any kind.

4. Discussion

Temporal gating is known to be ineffective on its own
in forming images of objects obscured by scattering
media when late-arriving light is used. This is be-
cause late-arriving light consists of many sets of scat-
tered rays that follow different vectorial routes in
three dimensions through the medium. However,
as our results show, and as we discuss below, use of
vectorial constraints can overcome this problem by
providing the additional selectivity necessary to iso-
late individual trajectories.

Our results show that ultrafast harmonic imaging
works well under nonspecular scattering conditions,
when no ballistic component is evident in light trans-
mitted by the medium. Also, late-arriving light can
produce good images. Hence when time gating is
used at any point within a stretched, scattered image
pulse in combination with directionally selective ~vec-
orial! detection, we have shown that high-quality
mages can be formed. Sets of rays that follow sim-
lar, but not identical, vectorial routes through the

edium develop only a small spread in constant rel-
tive phase. Such rays are capable not only of form-
ng images, but of generating phase-matched
arametric output. The upconverted image quality
herefore depends on the degree to which the spread
n phases can be restricted in the detection process,
egardless of how complex their trajectories may be
r what total temporal delay the ray trajectory in-
urs. In previous time-gated imaging experiments,
he detection methods did not to our knowledge in-
orporate the vectorial selectivity necessary to dem-
nstrate the results shown here.
0 APPLIED OPTICS y Vol. 40, No. 1 y 1 January 2001
A combination of fast temporal gating and angu-
arly selective detection is functionally equivalent to
ated off-axis, confocal spatial filtering with a van-
shingly small pinhole. Such a spatial-filtering
ransformation results in perfect imaging in the
trong scattering limit.10 Ultrashort time gating by

itself minimizes the spread in delay times for sam-
pled light, but makes no distinction, for example,
between on-axis multiply scattered light and off-axis
light with the same delay. Hence time-gated, late-
arriving light from a highly scattering medium con-
sists of a superposition of incoherent components
unsuitable for imaging. For off-axis light originat-
ing from the passage through a small fixed number of
scattering vertices, however, a relatively well-defined
family of trajectories symmetric about the propaga-
tion axis can be defined when we specify both the
delay and the projection of the initial ~or final! wave
ector on the propagation axis. Furthermore, if the
amily of off-axis trajectories is then restricted to es-
entially a single path, the phase distribution is nar-
ow enough that high-quality upconversion imaging
ecomes possible. In this paper we have experimen-
ally implemented detection of this type by efficiently
pconverting only time-gated light with wave vectors
atisfying a crossed-beam, phase-matching condition.
his approach limits the contributing rays to those
haring a common plane of origin ~perpendicular to
he axis! and an initial scattered wave vector, to an
xtent determined jointly by the temporal gate width
nd the crystal acceptance angle. By sampling a
estricted set of scattering trajectories, ones not
crambled and distorted by other contributions of al-
ogether different phase, we can achieve high-quality
magery. Spatial resolution is determined by refer-
nce beam pulse width and spot size, and the field of
iew is limited by the acceptance angle of the cross
orrelator.

The observation in this research that late-arriving
ortions of the scattered light can be used for imaging
mmediately raises the question of what limitations
here may be in the use of shorter and shorter pulses
n combination with more and more angular selectiv-
ty in imaging through severe scatterers. For arbi-
rarily small upconversion acceptance angles and
ulse widths, it might be concluded at first that our
bility to image through scattering media with a har-
onic cross-correlation technique is unlimited. Not

urprisingly, this premise is incorrect, as we now
iscuss.
There are several limitations that can be antici-

ated. As pulses are shortened, their frequency
andwidth increases. Only a limited bandwidth can
ontribute to image formation, however, because
hase matching in the nonlinear crystal can be
chieved only over a limited range, say Dv. Hence
se of pulse widths shorter than t 5 ~Dv!21 reduces

the signal level without improving temporal resolu-
tion. However small the acceptance angle Du may
be, it is finite, and the range of phase-matchable wave
vectors incident on the crystal Dk is therefore limited



by angular dispersion over Du. This means that
pulses shorter than

t 5 ~cDk!21 5 Fck0S]n
]uDDuG21

cannot be entirely phase matched in angle-tuned
crystals. Because the angular spread Du determines
a spatial-frequency bandwidth of Df 5 Duyl0, there is
a minimum acceptable gate width

t 5 FcS]n
]uD2pDfG21

for any desired spatial resolution. This point was
recently confirmed in spatial-filtering experiments.14

In our optical system configuration ~Fig. 1! in
which the nonlinear crystal is located at the Fourier-
transform plane, one of the two factors limiting the
resolution of our imaging process is the area over
which upconversion occurs. The bandwidth of what
is effectively a low-pass spatial filter is determined by
the spot size of the reference beam at the point of
cross correlation because only those spatial frequen-
cies that overlap with the reference beam can upcon-
vert into the imaged signal. Thus, for a laser
constrained to a fixed amount of power, there is a
trade-off between resolution and conversion effi-
ciency. On the other hand, nonlinear crystals of this
type are usually not placed at the Fourier-transform
plane, and alternative optical systems that differ
from Fig. 1 in this manner would face different im-
aging limitations. For example, the finite size of the
nonlinear crystal limits the spatial frequencies con-
tributing to image formation. Even if all scattered
light were arranged to impinge on the crystal input
face within the acceptance angle, the wave-vector
bandwidth would undergo vignetting in the Fourier-
transform plane, owing to the crystal aperture.

Finally, as the severity of scattering increases,
the average number of scattering events increases.
The diversity of scattering paths corresponding to a
particular gate time and width therefore increases
nonlinearly as the transport mean free path l*, or
the distance a between the scatterers shortens.
Under these circumstances, linear changes in gate
width or upconversion area ~acceptance angle for
placement away from the transform plane! should
become progressively less effective in selecting
unique trajectories from the multitude of scattered
rays with sufficient phase definition to achieve
phase matching and form high-quality images. In
the correlated scattering regime the net phase will
cease to be well defined on arbitrarily complex tra-
jectories when either a, the interparticle separa-
tion, or l* become less than l. In this extreme
scattering limit, we can expect image quality to
decline beyond our ability to restore it with shorter
pulses or better cross-correlator characteristics at
predictable values of the transport mean free path,
interparticle separation, and sample thickness.
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