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Fourier-domain holography (FDH) of diffuse targets using
photorefractive quantum well (PRQW) devices has specific
advantages over image-domain holography. In the recording
process, the broad spatial frequencies of the diffuse target produce
a broad illumination of the quantum well device that fills the
device window and allows the good overlap with a broad reference
profile and produces uniform modulation index across the device.
This prevents the grating erasure of low spatial frequencies
and hence prevents high-pass filtering. It also eliminates field
screening that reduces diffraction efficiency. In the readout
process, fabrication defects and dust on the quantum well film
produce a delocalized low-intensity background at the readout
camera as opposed to bright localized spots that occur in image-
domain holography. These advantages of FDH over image-domain
holography of diffuse targets make it a candidate for improved
holographic optical coherence imaging applications.

Introduction

PRQW devices have achieved the first recording of
depth-resolved holograms inside living tissue in a
technique called holographic optical coherence imaging
[1, 2]. The high sensitivity of a quantum well film makes
it possible to record the extremely weak backscattered
light that originates from optical discontinuities inside
tissue. In these first experiments, the holography was
performed in the image domain, in which the image
of an object was projected directly onto the quantum
well film. The reference pulse that participates both
in recording the hologram and in defining the depth
gate inside the tissue is also the readout pulse that is
diffracted and re-imaged into a CCD camera. Dust and
fabrication defects on the film scatter the reference light
that is imaged directly onto the camera plane, resulting
in localized “hot spots” that span the full dynamic
range of the camera. This background can be partially
removed by careful background subtraction, but the
saturation of the dynamic range of the camera prevents
long integration times to record weaker holograms
coming from increasingly deeper structures inside the
tissue.
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Shifting the optical system to FDH removes this
problem in holographic optical coherence imaging. The
hologram is recorded in the Fourier-plane of the object,
and the light scattered from point defects on the film
is Fourier-transformed by the readout lens into a low-
intensity delocalized background that is typically weaker
than the reconstructed holograms. This makes it possible
to use the full dynamic range of the camera, and hence
to record much weaker backscattered light from inside
tissue.

This paper explores the use of PRQW devices to
record Fourier-domain holograms of diffuse targets, also
known as speckle holography [3, 4]. Section II describes
the basic principles of holography of diffuse targets,
followed by section III that presents the experimental
setup. The experimental results are separated into CW
(long coherence) behavior in section IV and pulsed (short
coherence) behavior in section V.

1. Diffuse Speckle Holography

It has been demonstrated that FDH leads to spatial
filtering, which is caused by the large intensity
variation at the Fourier plane, and its associated image
degradation [5]. This limitation on FDH applies to a
specular target but not diffuse targets such as biological
tissue. Since light is diffusely scattered on diffuse targets,
the sharp intensity variation at the Fourier plane is
eliminated. Fig. 1 shows the schematic figure of a 4-f
layout for diffuse-target FDH. Diffuse targets scatter
light at the object plane and a part of the scattered beam
is collimated to a recording medium at the Fourier plane
by the first lens. PRQW device is used as the recording
medium in our experiment. It has a finite window size
and only a beam size the same as the window size is
passed at the Fourier plane as shown in Fig. 1. After a
hologram at the Fourier plane is recorded with the
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Fig. 1. Schematic figure of a 4-f layout in diffuse Fourier-domain
holography. Only a part of the beam collimated by the first lens
passes through the limited window size of the recording medium
at the Fourier plane

illumination of the reference beam, the diffracted light
from the recording medium forms the holographic image
at the image plane by the second lens.

The wave function at the object plane in diffuse-
target FDH is given by f(z,y). For an ideal lens the
wave function at the Fourier plane (hologram plane) is
given by

stean) = spexp(citmf W (2 L) ®
where F' is the Fourier transform of f(z,y). The wave
function at the image plane is f(—z,—y), because the
second subsystem performs an inverse Fourier transform
of g(z,y). When the PRQW device is used at the
hologram plane, the impulse response function is given

by

h(z,y) =

1 x oy >
Pl—,—=], 2
Aty ®
where f is the focal length of the lens and P is the
Fourier transform of the pupil function p(z,y) of the

finite window size of the PRQW device. The wave
function at the image plane is then given by

f(@,9)® hiz,y) / @y )z y—y') da' dy'. (3)

The angular distribution of backscattered intensities
at the object plane is the same as the spatial distribution
at the Fourier plane in diffuse-target FDH. If the wave
function after scattering at the object plane has a
relatively uniform angular distribution, such as for white
paper and most living tissue, the wave function at the
Fourier plane also has a relatively uniform distribution.
The uniform distribution of intensities at the hologram
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Fig. 2. Angular dependence of backscattered intensities for a five

degree diffuser, wax paper, and white paper

plane increases the diffraction efficiency if the reference
beam is also uniformly distributed, since the diffraction
efficiency is increased when the beam ratio at the
recording medium is more uniform.

Randomly distributed scatterers, such as structures
inside living tissue, diffuse and produce a time-varying
scattered field. It is necessary to consider the anisotropic
scattering that occurs due to cell structure and refractive
index variations. Fig. 2 shows the angular dependence
of backscattered intensities, which is obtained by
measuring the backscattered intensity at a given angle
when light with an intensity 6.5 W/cm? illuminates the
surface of the scattering media. The targets were a
five degree diffuser, wax paper, and white paper. The
backscattered intensities are relatively uniform for white
paper as also expected for living tissue.

When the scattered light is collimated to the
recording medium by the first lens, the window size
W of the PRQW device, the focal length of the lens,
and the diameter D of the lens determine the system
resolution and the collected amount of scattered light.
These two values determine the numerical aperture NA
of the system, which is defined by NA = D/2f. The
cutoff frequency is given by v, = W/2\f for the PRQW
device and v; = D/2\f for the first lens. The cutoff
frequency of the system is determined by the smaller of
these two values and, in our case, the PRQW window
usually dominates our system. In medical applications,
the collected amount of scattered light must be large to
make the diffracted intensity high enough to see inside
the structure because the image-bearing light in living
tissue is very weak. In Fig. 1, the numerical aperture is
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given by NA = D /2f = sin @ for a small angle. The solid
angle for the collected beam is given by

Q:/2ﬂ/95in0d9d¢:27r (1—\/1—sin20). (4)
0 0

The collection efficiency defined as the ratio of the
collected amount to the total backscattered light is given
by n. = Q/m when the intensity of the backscattered
light depends on cosf. The collection efficiencies are
calculated to be 1.2-107%, 6.3 - 1074, and 2.0 - 102 for
the focal lengths of 9, 10, and 3.3 cm for the window
sizes of 2, 5, and 3 mm respectively. The corresponding
cutoff frequencies are calculated to be 1/76, 1/34, and
1/18 um~!, respectively.

The diffraction efficiency is dependent on the speckle
size and the fringe spacing as well as the beam ratio. The
dependence of the diffraction efficiency ny4 on the fringe
spacing A is given by

A2
e (m) / )

where A, is the cutoff fringe spacing. The typical cutoff
fringe spacing for the current PRQW device is about 3-
10 pm, and much smaller cutoff frequencies are possible
using a low-temperature-growth PRQW [6]. From Eq.
(5), the diffraction efficiency increases with the fringe
spacing. When the signal beam with the beam size b
illuminates diffuse targets, the speckle size at the Fourier
plane is given by as; = 4\f/xwb. The diffraction efficiency
increases for larger speckle size because each speckle can
support more fringes.

2. Experimental Setup

All PRQW devices used for this paper operate in the
transverse-field geometry utilizing the Franz—Keldysh
effect, in which the electric field is applied in parallel
to the plane of quantum wells. The transverse-field
PRQW devices have advantageous nonlinear optical
properties over other photorefractive devices, such as
high sensitivity and high-speed response due to the large
absorbance and high carrier mobility of semiconductor
materials [7]. The response time of these devices can
be adjusted to be faster than standard video rate
(30 frames/s), which makes it possible for holographic
images of a moving object to be directly displayed in
real-time on a video monitor.

All PRQW devices for this study have GaAs—
AlGaAs multiple-quantum-well (MQW) structures
grown by molecular-beam epitaxy in a Varian Gen-II
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Fig. 3. The experimental setup for a CW or mode-locked
Ti:Sapphire laser. PBS — polarizing beam splitter, BS — beam
splitter, M — mirror, L. — lens, A\/2 — half-wave plate, \/4 —
quarter-wave plate, /P — image plane, F'P — Fourier plane

chamber. The MQW structure in the PRQW devices
is composed of 100 periods of 7-nm GaAs wells and
6-nm Aly 3GagrAs barriers, with a total thickness of
1.3 pm. During growth the MQW layer is sandwiched
between 200-nm Alp »Gag.gAs and 250-nm Alg»Gag.gAs
buffer layers and between 5-nm GaAs and 10-nm GaAs
caps to prevent oxidation. The sandwiched MQW was
deposited in a series of 10-nm GaAs, 20-nm AlAs,
500-nm Alg.5GagsAs, and 500-nm GaAs layers, which
were deposited on a n+ GaAs substrate that was
removed using the direct etching of the substrate. For
the transmission-geometry PRQW, the structure was
proton-implanted to make the device semiinsulating
with a double dose of 10*?/cm? at 160 keV and 5 x
10 /em? at 80 keV to introduce deep defects which
provide traps for photorefractive space-charge gratings.
The structure was then epoxied to a glass substrate,
and the semiconductor substrate was removed. Two
gold contacts were evaporated on the top of the sample
to apply a transverse electric field parallel to the
quantum-well layers. Three PRQW devices were used
to record and reconstruct holographic images. Device
BH45, BH56, and JAC63 have 2-, 3-, and 5-mm window
sizes, respectively.

The experimental setup shown in Fig. 3 was used to
record and reconstruct holograms in the PRQW devices
using either a CW Ti:sapphire laser pumped by an Argon
ion laser or a mode-locked Ti:sapphire laser (120 fs
pulse duration and 100 MHz repetition rate) pumped
by a diode laser. The laser wavelength is tuned at the
exciton peak (836 nm) for the CW laser and 836 nm
with a bandwidth of 20 nm for the mode-locked laser to
maximize the hologram diffraction efficiency.
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Fig. 4. Holographic images of the USAF test chart obtained
using the PRQW device with 2 mm window size in a CW laser
with vibrating diffuser: holographic image with background (a),
background-subtracted holographic images (b)—(d)

The output beam from the laser passes through
a first polarizing beam splitter (PBS) to produce the
signal and reference beams. The half-wave plate is
added before the first PBS, so that the reference beam
has horizontal polarization and the signal beam has
vertical polarization. The signal beam passes through
a 4:1 demagnifying telescope consisting of lens L1 and
L2 and passes the second PBS. A quarter-wave plate
is added behind the second PBS so that the signal
beam from the target has horizontal polarization after
returning through this quarter-wave plate. After the
image-bearing signal beam with horizontal polarization
passes the second PBS, this beam is relayed with a 1:1
magnification by lenses L3 and L4. Lens L5 performs
the Fourier transform of this relayed image at the
PRQW device, where it interferes with the reference
beam passing through the delay stage that adjusts to
zero path. Fringes from the interference between the
signal and reference beams are recorded on the PRQW
device while a 10 kV /cm dc field is applied.

The hologram is reconstructed by the +1 or —1
diffraction orders of the reference beam and viewed in
a near-IR CCD camera (Hitachi KP-F2A) using lens
L6. The reconstructed holographic images on the CCD
camera are captured by a frame grabber in the computer.
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Direct images of the image-bearing signal beam are
captured by the other CCD camera using lens L7.
The experimental configuration for the CW laser has
essentially the same configuration as for a mode-locked
laser. Lens L6 with a focal length of 9 cm is used for
a CW laser configuration using a BH45 device (2-mm
window size). Lenses L6 with a focal length of 3.3 cm
and 10 cm are used for a mode-locked laser using the
BH56 device (3-mm window size) and a JAC63 device
(5-mm window size), respectively. Under CW operation,
a diffuser with a diffusing angle of 1 degree, vibrating
at a frequency of 42 Hz with amplitude of 1.6 mm,
is introduced between lenses L1 and L2 for a specular
USAF test chart to make the diffused illumination on
the targets. Under pulsed operation, a vibrating mirror
controlled by a piezo modulator is used for diffuse targets
in the reference arm to time-average interpixel laser
speckle.

3. Experimental Holography Results under
CW Operation

The performance of the diffuse-target FDH system was
first evaluated with a CW laser. Fig. 4 shows the
holographic images of the USAF test chart obtained
using the PRQW device with 2-mm window size with
a vibrating diffuser. A vibrating diffuser was used to
create diffused illumination on the targets so that the
limitation of FDH (the large intensity variation at the
Fourier plane) is eliminated. The fringe spacing was set
to be 8 um for all holographic images obtained with the
CW laser, and the beam ratio (the ratio of reference
beam intensity to signal beam intensity) is equal to 4
for the images in Fig. 4. The calculated resolution for
this system is 76 pum and the measured resolution is
63 pm. The difference between the calculated value and
the measured value results from the slight uncertainty
in the position of lens L5 in Fig. 3. The holographic
image with background is shown in Fig. 4,4, and
its background-subtracted image is shown in Fig. 4,b.
The maximum intensity of the background is half the
maximum intensity of the diffracted intensity, and,
hence, the background does not degrade the holographic
image quality. Fig. 4,c and d show the background-
subtracted holographic images of a horizontal bar and
a vertical bar with the length of 310 pm.

When the signal beam illuminates diffuse targets,
only a part of the backscattered light is collimated by
lens L3 in Fig. 3, and only a part of this light passes the
PRQW device by the limited window size. On the other
hand, for specular targets, most of the backscattered
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Fig. 5. Background-subtracted holographic images of diffuse paper

with a horizontal cut 180 pum bar obtained with a CW laser using
0.8 (a), 1.2(b), 2 mm (c¢) aperture at the image plane before the
PRQW device

light is collimated by lens L3 and passes the PRQW
device. The total backscattered signal powers after
passing the PRQW were measured for both diffuse paper
and a specular target. The ratio of these values (the
value for a diffuse target to the value for a specular
target) was 5.2 - 1075, The collection efficiency for
this system was calculated to be 1.2 - 10~* in section
II. The difference between the calculated value and
the measured value results mainly from the angular
dependence of diffuse paper, as given in Fig. 2 which
shows a relatively uniform angular dependence as
compared with the cosf dependence. The total powers
of the diffracted beams are also measured using the
background-subtracted holographic images for diffuse
paper and a specular target. The ratio of these values
(the value for a diffuse target to the value for a specular
target) was measured to be 8.0 - 1072. The value of
8.0- 1072 divided by 5.2-10~% becomes about 150. This
experimental result demonstrates that the FDH system
using the PRQW device is 150 times more sensitive to
a diffuse target than to a specular target. We suggest
that this is due to the removal of the field screening, in
which most of the applied voltage drops across the dark
regions near the electrical contacts.

The diffuse-target FDH system was evaluated using
diffuse white paper and a CW laser. A part of the paper
was cut to form a horizontal bar with a width of 180 pm.
Fig. 5 shows background-subtracted holographic images
of the paper target with a CW laser using different
apertures at the image plane before the PRQW device.
When the aperture is used at the image plane before the
PRQW device (the iris position between lenses L4 and
L5), the speckle size is changed by as = 4\f/7wb , where b
is the aperture size. The diffraction efficiency is changed
by the speckle size as mentioned at the end in section
II. The larger the speckle size (the smaller the aperture
size), the higher the diffraction efficiency becomes. Fig.
5,a is for 0.8 mm aperture, b is for 1.2 mm aperture, and
¢ is for 2 mm aperture. The speckle sizes are calculated
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Fig. 6. Background-subtracted holographic images of the USAF

test chart obtained with a mode-locked laser under CW operation
(@), under mode-locked operation (b—d). a—c are obtained through
the PRQW device with 5-mm window size and lens L5 with 10-cm
focal length using a vibrating diffuser. d is obtained through the
PRQW device with 3-mm window size and lens L5 with 3.3-cm
focal length (3.6 mag) and no diffuser

to be 120 pym for Fig. 5,a, 80 pm for b. The speckle
size for ¢ is determined by the incident signal beam size,
which is about 1.2 mm, and hence gives a speckle size
also near 80 microns. The maximum intensity is 74 for
0.8 mm aperture, 58 for 1.2 mm aperture, and 57 for 2
mm aperture on a scale of 255.

4., Experimental Holography Results under
Mode-locked Operation

A mode-locked femtosecond Ti:sapphire laser has a short
coherence length of about 30 microns compared with a
CW Ti:sapphire laser that has about 3 cm. This short
coherence length gives a mode-locked laser an advantage
to obtain a structure within the turbid medium through
coherence gating. The diffuse-target FDH system was
evaluated using a mode-locked laser and a specular test
chart with a vibrating diffuser, various diffuse targets,
and a specular test chart behind a static diffuser. Fig.
6 shows background-subtracted holographic images of
the USAF test chart obtained with the mode-locked
laser.
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Fig. 7. Background-subtracted holographic images obtained in a
mode-locked laser under mode-locked operation for diffuse paper
with the cut of 180 wm horizontal bar (d) letter “R” in a circle
printed with high-reflection ink on paper (e) and polystyrene beads
with the size of 150 um (f). a, b, and c are direct images for d, e,

and f, respectively

A mode-locked laser can be operated under CW
conditions when needed. Fig. 6,0 was obtained under
CW operation and b—d are obtained under mode-locked
operation. Fig. 6,a—c are obtained through the PRQW
device with the 5-mm window size (JAC63) and lens
L5 with 10-cm focal length using a vibrating diffuser.
A vibrating diffuser is again used to eliminate the large
intensity variation at the Fourier plane. The resolution
for this system was calculated to be 34 ym in section II.
The resolution under CW operation was measured to be
35 pm. The vertical resolution was measured to be 39 um
and the horizontal resolution is measured to be 70 um
under mode-locked operation. The measured resolution
under CW operation agrees with the calculated one,
and the vertical resolution under mode-locked operation
closely agree with the calculated one. However, the
horizontal resolution under mode-locked operation is a
factor of 2 smaller than the calculated one. This relates
to the fringe spacing and the coherence length of a mode-
locked laser. If the fringe spacing is small (the angle
between reference beam and signal beam is large), the
area of a zero-path matched signal beam within the
coherence length will be small on the PRQW device,
and, hence, the resolution will be decreased. When the
fringe spacing become large or the coherence length is
extended, the horizontal resolution will be increased.

Fig. 6,c shows clearly the difference of vertical and
horizontal resolutions. Fig. 6,d is obtained through the
PRQW device with 3-mm window size (BH56) and lens
L5 with 3.3-cm focal length (3.6x). For this image, no
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Fig. 8. Background-subtracted holographic images of a specular
USAF test chart behind 0.5 (d), 5 (¢ ) and 15 (f) degree diffuser
in a mode-locked laser. a, b, and c are direct images of d, e, and f,
respectively. The bars shown in holographic images have a length
of 557 pm. The distance between the test chart and diffusers is
about 500 um and the thickness of diffusers is about 1 mm

diffuser was used and, hence, the edge enhancement
results from a large intensity variation, as shown in
the upper area of the horizontal bars in Fig. 6,d. The
resolution for this system was calculated to be 18 um
and measured to be 22 um for vertical resolution.

Diffuse-target FDH was also evaluated for various
diffuse targets using the PRQW device with 3-mm
window size under mode-locked operation as shown
in Fig. 7. Fig. 7,d shows the background-subtracted
holographic image for the diffuse paper with the 180 yum
horizontal bar, e shows the letter "R” inside a circle
painted using high-reflectance ink on paper, and fshows
beads with 150 pym diameter. Fig. 7,a, b, and ¢ show
direct images for d, e, and f, respectively. Since the
holographic image is depth-resolved under mode-locked
operation, structures not matched to zero path within
the coherence length are not imaged. Fig. 7,f shows that
some beads in the direct image are not mapped uniformly
onto the holographic image, possibly because of their
lower height than other beads.

Structure inside a turbid medium can be imaged
using a mode-locked femtosecond laser. The diffuse-
target FDH system under mode-locked operation was
evaluated to obtain the structure behind a static diffuser.
Fig. 8 shows the background-subtracted holographic
images of a specular USAF test chart behind a diffuser.
Fig. 8,d, e, and fare obtained using a 0.5 degree diffuser,
5 degree diffuse, and 15 degree diffuser, respectively.
Fig. 8,a, b, and c¢ are direct images of d, e, and f,
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respectively. The distance between the test chart and the
static diffuser was about 500 ym and the thickness of the
diffuser was 1 mm. It is clear that the structure behind a
15 degree diffuser could not be directly recorded, but is
obtained through the holographic image using the mode-
locked laser.

5. Discussion

In this paper, we have explored diffuse-target FDH
in photorefractive quantum well devices for the first
time as a coherent imaging technique. The technique
is applicable through turbid media such as living tissue
and capable of high-speed 3-D imaging and real-time
acquisition of full-frame holographic images. We have
evaluated this system by the obtained holographic
images with good quality and high sensitivity for
both a specular target and diffuse targets with a
CW laser and a mode-locked femtosecond laser. We
have shown that FDH has the potential to provide
a significantly increased sensitivity, when this system
is applied to diffuse targets. We have evaluated the
change of numerical aperture, collection efficiency, and
system resolution when the window size of the PRQW
device and the focal length of the lens are changed. We
have demonstrated that the horizontal resolution of the
system is related to the fringe spacing and the coherence
length of the laser. Finally, we obtained holographic
images to show a structure behind static diffusers using
a mode-locked femtosecond laser.
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T'OJIOT'PA®IA JMPY3HUX OB’€KTIB B IIJIOIIIMHI ®YP’E€
Y ®OTOPEOPAKTUBHUX ITPOITAPKAX 3 KBAHTOBOIO
CTPYKTYPOIO

K. [loceone, /J1./1. Hoavmi, M.P. Meanox
Peszwowme

Tonorpadist gudysuux 06’exriB B miomuHi Pyp’e i3 BUKOpUCTAH-
HAM OPUIAIiB HA HOTOpedpaKTUBHUX KBAHTOBHUX sIMAX MA€ IEBHI
nepesaru Haj rosorpadieo B mmomuHi 300pakens. B mpomneci 3a-
nucy audys3HH 006’€KT CTBOPIOE HMIMPOKUM CIEKTP MPOCTOPOBHUX
9aCTOT i OCBITJIIOE BXigHe BIKHO IpUiIaay Ha KBAHTOBHX SIMAX IIH-
POKHM IIyYKOM, TAKUM YHHOM JO3BOJIAIOYU J00pe CyMIiIeHHd i3
OMOPHUM IIYYKOM i OJHOPITHY MOZYJIAIII0 MOKA3HUKA 3aJTOMJIEHHS
o BcooMy mpmitagy. lle 3amobirae CTHPAHHIO FPATOK MAJIHX IPOC-
TOPOBHUX YaCTOT i YTBOPEHHIO MIPOIYCKHOTO (PiIbTpa BUCOKUX HaC-
ToT. TakoK He Bi0yBa€ThCsl €KpAHYBAaHHsI I0JIsI, 10 3MEHIILYBAJIO
6 mudpakiiiiny edekTuBHicTh. B mporeci 3untyBanasg dabpuyni
nedexTH i 9aCTHHKH NIy HA MJIBIi IPHCTPOIO YTBOPIOIOTH HA
npuiiMadi KaMepHu e0Kasi30BaHuii POH HU3BKOI iHTEHCHBHOCTI,
Tomi sIK B rosiorpadii 1oMeHiB-300parKeHb BUHUKAIOTH JIOKAJIi30-
Bami sickpasi misimu. [l mepesaru rosorpadii mudysnux 06’ekTis
B mromuHi Pyp’e MOXKYTh COPUATH i1 3aCTOCYBAHHIO B YIOCKOHA-
JIGHOMY OITHYHOMY KOT€PEHTHOMY rosiorpadidnomy BiaTBOpenHi
indopmarrii.
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