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Wide-field, real-time depth-resolved imaging using structured illumination
with photorefractive holography

Z. Ansari, Y. Gu, J. Siegel, R. Jones, P. M. W. French,a) D. D. Nolte,b)

and M. R. Mellochc)

Photonics Group, Physics Department, Imperial College of Science, Technology and Medicine,
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~Received 28 March 2002; accepted for publication 23 July 2002!

We have demonstrated real-time, wide-field depth-resolved imaging by combining the techniques of
structured illumination and photorefractive holography. These proof of principle experiments
illustrate the potential for providing real-time three-dimensional photorefractive holographic
imaging with both reflected light and fluorescence. ©2002 American Institute of Physics.
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One of the most important challenges for biomedical o
tics is noninvasive three dimensional~3D! imaging. This is
widely realized using confocal scanning microscopy, wh
provides effective sectioning, but suffers from an intrin
cally limited frame rate due to serial acquisition of the ima
pixels. Nevertheless, this has become a standard rese
tool for relatively thin samples, although absorption and sc
tering limit its application in thick samples of biological tis
sue. The scattering mean free path in biological tissue
typically of the order of 100mm and although diffraction-
limited images may, in principle, still be formed from th
unscattered ‘‘ballistic’’ component of the optical signal, th
is usually extremely weak compared to the multiply scatte
light background. Accordingly, some mechanism must
used to preferentially discriminate in favor of ballistic ligh
One widely deployed approach is optical coherence tom
raphy ~OCT!,1 which combines confocal microscopy wit
low coherence interferometry. Other time-of-flight gating a
proaches include electronic time gating and nonlinear ga
techniques, such as third harmonic generation.2

For many biomedical applications, it is desirable to im
age moving or evolving samples so high speed wide-fi
optical sectioning with parallel pixel acquisition is desirab
For some samples, this may be achieved using deconvolu
techniques with conventional wide-field microscope imag
see, e.g., Ref. 3, but this approach is computationally in
sive and requires that a whole 3D image stack be acqui
even to look at just one particular section. This approac
also somewhat sensitive to noise and a scattered light b
ground can present a problem. Real-time wide-field opt
sectioning may be achieved by time-of-flight gating of b
listic light in a manner analogous to various confocal ima
ing techniques. In particular, optical coherence microsco
tomography~full-field OCM/OCT! ~OCM!, see, e.g., Ref. 4
provides a wide-field analog of OCT, thereby exploiting lo
coherence interferometric imaging. Techniques that uti
photodetector arrays such as charge coupled device~CCD!
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cameras are compromised by a scattered light backgro
and their imaging rate is limited by the requirement for po
processing. We have demonstrated an alternative appr
based on low coherence ‘‘light-in-flight’’ holography5 imple-
mented with photorefractive multiple quantum well~PR-
MQW! recording media to provide depth-resolved imagin
see, e.g., Ref. 6, that can operate at frame rates that appr
500/s.7 This approach provides intrinsic rejection of diffus
scattered light via the dependence of the photorefractive
fect on the spatial derivative of the incident intensity dist
bution, rather than the absolute intensity.

Recently the technique of ‘‘structured illumination’’ ha
been demonstrated to provide wide-field depth-resolved
aging with no requirement for time-of-flight gated detectio
This exploits the observation that it is only the zero spa
frequency component of an image that is not attenuated w
defocus in a conventional wide-field microscope. By proje
ing a grid onto the object and acquiring a set of threespa-
tially modulatedwide-field images with the grid translate
by a third of its period for each image acquisition, it is po
sible to compute a depth-resolved wide-field image of
focal plane in a sample, which is similar to what would
obtained using a confocal scanning microscope, toge
with a ‘‘conventional’’ wide-field image.8 Although this ap-
proach does not provide the same discrimination aga
scattered light as coherence gated imaging techniques,
simple to implement and works with almost any optic
source. It also provides a means by which to achieve wi
field depth-resolved fluorescence imaging.9 This is important
because fluorescence offers significantly more functio
contrast than is possible using reflected~backscattered! opti-
cal radiation. Confocal fluorescence microscopy is wid
used to provide functional 3D images and the recent ex
sion to multiphoton excitation10 provides a means of depth
resolved imaging through thicker scattering samples. Wi
field depth-resolved fluorescence microscopy is much
well established. There are multibeam approaches that
crease the parallelism of the image acquisition in multiph
ton imaging systems, see, e.g., Ref. 11, but for single pho
fluorescence excitation, most work to date has been d
using deconvolution techniques. In an attempt to realiz
potentially high-speed real-time depth-resolved wide-fi
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imaging system that works with both reflected light and flu
rescence, we have investigated the combination of struct
illumination and photorefractive holography.

Conventional holographic imaging using fluorescence
not possible because fluorescence is an incoherent pro
However, a two-dimensional~2D! scanning holography sys
tem to acquire holograms of 3D fluorescent objects has b
reported,12 for which depth-resolved images can, in pri
ciple, be reconstructed from the stored holograms, but
approach does not provide real-time depth-resolved imag
and does not operate in wide-field mode.

We report how a wide-field depth-resolved image m
be optically reconstructed~i.e., directly read out! from a spa-
tially modulated ‘‘hologram’’ recorded in a photorefractiv
medium. This hologram is recorded using structured illum
nation and, since the holographic reconstruction correspo
to the image component that is spatially modulated, it is
‘‘depth-resolved’’ image that is read out. The use of P
MQW devices13 as the holographic recording medium pr
vides high speed recording and readout and the photore
tive effect itself ensures that the zero spatial freque
component, and any diffuse light background, is not
corded. The depth-resolved image is reconstructed thro
‘‘optical processing’’ in the PR-MQW device, thereby elim
nating the need for computational postprocessing.

Figure 1 shows the typical experimental configuration
light emitting diode~LED! ~center wavelength of 806 nm!
was used as a simple spatially incoherent light source
uniformly illuminated a grid G of 8 lines/mm period. Thi
was imaged onto the sample, in this case a U.S. Air Fo
~USAF! test chart, by lenses L2 ( f 5180 mm) and L3 @oil
immersion objective, numerical aperture (NA)51.3]. Lenses
L3 and L4 ( f 576.2 mm) imaged the sample onto the P
MQW device. This was a semi-insulating AlGaAs/GaA
MQW structure that utilizes the Franz–Keldysh effect with
transverse applied electric field of;10 kV/cm to act as a
real-time photorefractive holographic recording medium14

The ratio between L2 and L4 determines the period of th
grating incident on the PR-MQW. In our case, this ratio
2.36 and the grating pitch at the PR-MQW is 53mm. We
note that the diffraction efficiency of the hologram is a

FIG. 1. Experimental configuration for structured illumination with pho
refractive holography using reflected light.
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proximately constant for grating periods above the devic
characteristic length of;30mm. For smaller grating periods
than this characteristic length, which is related to the bipo
diffusion length, the diffraction efficiency decreases nonl
early with the grating period and this limits the resolution
the photorefractive holography in these PR-MQW device13

Clearly this technique could be implemented with other ph
torefractive media. The structured illumination resulted in
spatially modulated image being recorded at the PR-MQ
device, which was read out using a home-built diod
pumped Cr:LiSAF laser that was tuned to the exciton abso
tion peak of the PR-MQW devices at 842 nm to maximi
the diffraction efficiency. The first order diffracted read-o
image was selected by a spatial filter, slit S, and could
viewed directly in real-time, but was typically recorded usi
a cooled 12 bit CCD camera~CCD1!. A second CCD camera
~CCD2! was used simply to monitor the intensity distributio
incident at the PR-MQW device via lens L5 ( f 576 mm).
The inset image on the PC monitor shows an example o
wide-field depth-resolved image.

To verify that this wide-field imaging system does pr
vide depth-resolved imaging, we translated the test chart
ally through the focal plane of the 1.3 NA oil immersio
objective ~using immersion oil! and recorded the read-ou
images, which were acquired using a 500 ms integrat
time. Figure 2 shows the resulting ‘‘depth resolution’’ curv
obtained by averaging the read-out intensity over;30 image
pixels that corresponded to high reflectivity regions of t
test chart. The theoretical curve calculated for an objective
NA51.3 is also shown~continuous line!, illustrating that the
observed full width at half maximum~FWHM! of 0.8 mm
agrees well with theory.8 Examples of four read-out depth
resolved images are shown in the inset.

To demonstrate that this technique also works with flu
rescent samples, we replaced the USAF test chart with a
fluorescent film deposited from a marker pen on a gl
cover slip and replaced the polarizing beam splitter~PBS!
with a dichroic beam splitter. As an excitation source,
used a frequency doubled Ti:sapphire laser (l5415 nm),

FIG. 2. Variation of the read-out image intensity as the sample~USAF test
chart! is translated axially through the focal plane and the read-out ima
~recorded with 500 ms integration! corresponding toz522, 21.3, 20.1,
and 0.7mm.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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and the fluorescence emitted was in the wavelength re
centered on 532 nm. A rotating diffuser was used to red
the spatial coherence of this beam, which illuminated
grid to provide the spatially modulated excitation signal. T
illuminated grid was imaged onto the sample and the ot
experimental details were the same as those for the refle
light setup. The spatially modulated fluorescence image~ho-
logram! was recorded in the PR-MQW device and read
as before. Figure 3 shows a depth resolution curve obta
using a 403, 0.65 NA objective that has a FWHM of almo
3 mm, which agrees well with the theoretical value. It shou
be noted that, although depth-resolved images of the fluo
cent sample could be observed in real time, the fluoresce
intensity from these samples decayed rapidly, becoming
in less than 1 s due to photobleaching. For this reason it w
necessary to allow sufficient time for the sample to reco
between successive recordings and so the resulting sec
ing curve was somewhat noisy. Accordingly adjacent poi
were averaged to produce the curve in Fig. 3.

We note that in general the read-out image will be s
tially modulated unless the slit, S, is adjusted to block
undiffracted signal and remove this modulation by spa
filtering. This results in a reduction in spatial resolution
the read-out image, which is consistent with the sampl
~incomplete illumination! of the object plane. This loss o
image information may be avoided by dithering the grat
laterally at a rate intermediate between the response tim
the PR-MQW device~typically sub-ms! and the integration
time of the CCD camera. This should permit the whole o
ject plane to be sampled and the modulation in the read
image would be removed by time averaging on the C
camera.

FIG. 3. Variation of the read-out image intensity as the fluorescent film
scanned axially through the focal plane.
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In conclusion, we have demonstrated wide-field, re
time, depth-resolved imaging with both reflected light a
fluorescence samples by combining the techniques of st
tured illumination and photorefractive holography. The tec
nique should work with most optical sources although
observe that spatially coherent sources can produce arti
as a consequence of the Talbot effect.15 We note that this
technique is reminiscent of the demonstration of white lig
holography with PR-MQW devices,16 although that work did
not discuss or demonstrate depth-resolved imaging. The
tential depth resolution capability is comparable to that
confocal microscopes and the PR-MQW devices have
potential to achieve frame rates that approach 1000 frame
This could be useful to study evolving biological system
particularly fluorescent samples.
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8M. A. A. Neil, R. Juškaitis, and T. Wilson, Opt. Lett.22, 1905~1997!.
9M. A. A. Neil, A. Squire, R. Jusˇkaitis, P. I. H. Bastiaens, and T. Wilson, J
Microsc.197, 1 ~2000!.

10W. Denk, J. H. Strickler, and W. W. Webb, Science248, 73 ~1990!.
11M. Straub and S. W. Hell, Bioimaging6, 177 ~1998!.
12B. W. Schilling, T. Poon, G. Indebetouw, B. Storrie, K. Shinoda, Y. S

zuki, and M. H. Wu, Opt. Lett.22, 1506~1997!.
13Q. Wang, R. M. Brubaker, D. D. Nolte, and M. R. Melloch, J. Opt. So

Am. B 9, 1626~1992!.
14R. Jones, S. C. W. Hyde, M. J. Lynn, N. P. Barry, J. C. Dainty, P. M.

French, K. M. Kwolek, D. D. Nolte, and M. R. Melloch, Appl. Phys. Let
69, 1837~1996!.

15K. Patorski, inProgress in Optics, edited by E. Wolf~Elsevier Science,
Amsterdam, 1989!, Vol. XXVII.

16C. L. Adler, W. S. Rabinovich, S. R. Bowman, B. J. Feldman, D.
Katzer, and C. S. Kyono, Opt. Commun.114, 375 ~1995!.

s

IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp


