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A single-shot digital holography system using an ultra-short pulsed laser is demonstrated to be very effective in
suppressing the multiple-scattering noise associated with imaging dynamic targets in highly scattering environ-
ments, such as biological tissues and fuel injection systems. A planar off-axis reference wave configuration is used
to generate a fixed carrier spatial frequency in the recorded holograms in order to separate coherent signal from
incoherent noise in Fourier transformed holograms. The single-shot imaging system does not require averaging
between multiple shots and can capture images of transient phenomena, such as the formation of diesel fuel
injection sprays, and can overcome the problem of mechanical vibrations for recording holograms in industrial

and laboratory environments.
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1. INTRODUCTION

Observing microscopic objects that are placed inside or behind
highly scattering or turbid environments has many important
applications, including imaging biological cells and organs
behind living tissues, distinguishing cancerous tissues from
healthy tissues, imaging objects in dense fog, and imaging
the formation of fuel atomizing sprays in the optically dense
regions near the nozzle exit. This latter example is the focus
of the current demonstration, as it has been a long-standing
challenge in the spray community for better understanding
of fuel atomization in combustion chambers in order to opti-
mize their performance. Various filtering techniques have been
applied to reduce scattering noise from turbid environments
and to enhance target image quality [1-12]. Holography also
provides filtering, as it is an imaging technique based on the
interference of a modulated object wave with a reference wave
of known properties. Traditionally the interference pattern,
which is referred to as the hologram, is recorded on a light-
sensitive material such as a photorefractive film. The film on
which the hologram was recorded needed to be processed using
laborious wet film development methods. When a reference
wave identical to the one used for recording the hologram is
incident on the processed hologram, the original object wave
is reconstructed thereby as an image of the original objects
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[5-11]. With the advancement of digital detectors and en-
hancement of computational power during the past decade,
a more technically useful version of holography has been
developed in which the hologram is recorded in computer
memory from digital CMOS or charge-coupled device (CCD)
arrays and the object wave is reconstructed using numerical
approximation of the Huygens—Fresnel integral [12—18]. In or-
der for the hologram to be recorded, whether it is conventional
or digital, the object wave must be coherent with the reference
wave. When a short coherence length light source is used, only
the portion of the object wave that is coherent with the refer-
ence wave is recorded as a hologram. Short temporal coherent
light sources have been used in different studies to isolate
and remove multiple-scattering noise [4,6,7,12,13,15-17,19].
Ultra-short laser pulses have been used similarly to isolate and
remove multiple-scattering noise [2,7,9-11]. Also using beams
of poor spatial coherence has been studied to reduce speckle
noise [5,7,11-13,17]. When the object wave is reflected by a
surface, the depth of field recorded on the hologram is limited
to the coherence length of the light source [3,4,7,9,11,15,19,20].
However, when the object wave is modulated by transmitting it
through the object field, the depth of field recorded on the
hologram is not limited to the coherence length of the light
source, and objects placed in a relatively large range of depths
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can be recorded on a single hologram [5,6,13,16]. In almost all
of the approaches for holography in highly scattering environ-
ments, an averaging of several shots has been applied to increase
the signal to background noise ratio [3,5-7,9—12].
Averaging speckle pattern is a standard and effective tech-
nique for suppressing speckle noise. In the case where the im-
aging target is a dynamic object, e.g., blood cells flowing in a
vessel, or a transient phenomenon, e.g., atomizing sprays, this
averaging can blur the image and degrade the resolution, which
is a disadvantageous. We have developed a single-shot off-axis
digital holography system using ultra-short pulses from a Ti-
Sapphire laser, capable of imaging dynamic microscopic objects
placed inside or behind highly scattering environments. Single
shots are necessary because the 1 kHz maximum repetition rate
of our laser cannot spatially freeze fast-moving objects over
multiple frames. In our ultra-short pulsed off-axis digital holog-
raphy (UPODH) system, two planar wave fronts interfere with
each other at the CCD plane with a fixed angle, which creates
a linear interference pattern with a constant carrier spatial
frequency, thereby enabling effective filtering of multiple-
scattering light in the frequency domain. In most of the existing
short coherence digital holography studies, the multiple-
scattering noise that is delayed longer than the coherence length
of the light source does not form the hologram, but it still con-
taminates the recorded hologram with background speckle
noise, which degrades the quality of the reconstructed images.
Using off-axis digital holography creates the opportunity to
separate the cross-correlation term embedded in the hologram
and to reconstruct the object wave from it, independent of DC,
auto-correlation, and conjugate cross-correlation terms and all
the noise they convey. As a result of this filtering process, the
reconstructed images of objects placed behind highly scattering
media presented in the following sections are resolved with
significant improvement in resolution and contrast compared
to previously published studies. In addition, the single-shot
imaging system overcomes the problem of mechanical vibra-
tions of the optical and reflective components, which is a great
challenge for all holographic systems, in addition to freezing
ultra-fast phenomena such as the formation of diesel sprays.
The object wave in our setup is modulated by transmission
through the object field, which makes the depths of field of
the lensless system several centimeters long with sub-millimeter
depth scanning resolution, which is a significant feature for

imaging through 3D object fields.

2. THEORETICAL PRINCIPLE AND
EXPERIMENTAL DESCRIPTION

The simplest way to record a wavefront in a hologram and to
reconstruct the wavefront is to use a single-collimated beam
both as a reference and object beam, a technique known as
in-line Gabor holography. In Gabor holography, it is assumed
that the object field modulates the light wave minimally and
most of the wave transmits through the field undisturbed.
This unperturbed light acts as a reference wave in the
Gabor hologram recording process [21]. For cases like imaging
through scattering media where almost no light is undisturbed,
the Gabor holography assumption cannot be satisfied, and
a reference wave must be routed around the object field.
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Another problem in Gabor holography is that the reconstructed
image of the target objects is degraded by the out-of-focus im-
age of twin virtual objects and by disturbances from the DC
terms of the interference pattern, which will be discussed in
more detail in the following paragraphs. An alternative geom-
etry for recording and reconstructing the object wave is to du-
plicate the light wave before it is disturbed by the object field
and route it around the object field as a separate reference wave
that interferes with the wave disturbed by the object field (ob-
ject wave) to form the hologram. In an off-axis geometry in
which the object wave and the reference wave make a fixed an-
gle with each other in their directions of propagation, it is pos-
sible to separate the twin image and the DC term from the real
image at the time of reconstruction because they propagate in
different directions after being reconstructed. This form of
holographic recording and reconstructing wavefronts, which
we call off-axis in this paper, was first demonstrated by
Leith and Upatnieks [22], and is referred to as an offset-reference
hologram or a Leith—Upatnieks hologram in the literature. While
the original Leith-Upatnieks method is based on analog record-
ing the hologram on photographic material and optical
reconstruction of the object wave, we used a digital version in
which the hologram is recorded on a CCD detector and the ob-
ject field is reconstructed numerically [23]. Using ultra-short
(100 fs) laser pulse enables suppressing multiple-scattering noise.

Figure 1 illustrates our digital holographic system using the
ultra-short pulsed laser. As illustrated in the figure, a Ti-
Sapphire amplifier generates 100 fs pulses of light for illumi-
nation. A beam splitter is used to generate a reference wave.
The object wave passes through an adjustable delay line that
is used to match the path lengths between the object and refer-
ence light pulses. This assures coherent interference between
the unscattered portion of the object wave and the reference
wave. The object beam is diffracted by a USAF resolution tar-
get, and it then passes through a glass cell containing a hydrosol
of polystyrene particles in water, which represents a highly scat-
tering optical environment. A second beam splitter is used to
redirect the reference beam so that the two beams cross each
other and interfere on the CCD.

As a result of multiple scattering in the hydrosol cell, the
object pulsed wave is stretched in time and a tail grows in
the output pulse profile, which is schematically illustrated in
Fig. 1 as the “Stretched Pulse” in comparison to the very narrow
“Ref. Pulse.” The tail of the object wave is no longer coherent
with the reference wave and therefore does not interfere with
the reference wave. Instead, it is incoherently added to the

recorded signal on the CCD:
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Fig. 1. Experimental setup of ultra-short pulsed off-axis digital
holography.
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where A, is the complex amplitude of the coherent portion of
the object wave, A, is the complex amplitude of the reference
wave, 4, is the amplitude of the reference wave, which is as-
sumed to be constant all over the CCD plane, |ay(x, y)| is
the amplitude of the object wave, S(x, y) is the multiple-scat-
tering portion of the object wave, which is incoherent with the
reference wave, @ (x, y) is the phase of the coherent portion of
the object wave, and #; and v, are the spatial frequencies of the
phase of the reference wave at the CCD plane:

_ sin(6) /{:os(a) ’ vy = sin(@)/lsin(a) ’ @

where 4 is the wavelength of the laser light in the recording
medium, @ is the angle between the directions of pro-
pagation of the reference wave and the object wave, and «
is the angle between the projection of the reference wave
propagation vector on the CCD plane and the x coordi-
nate axis.

Taking the Fourier transform of both sides of Eq. (1)
separates the cross terms from the DC terms, as the reference
wave phase contains fixed spatial carrier frequencies of #,
and v:

FT{Zcep (6.9) (s v) = FT{{ag (%, 9) |* + a7 +1S(x, )1} (s, v)
+2,FT{a,(x, y)| explipg (x, y)]}
x (1= t, v - 1)
+a,FT{a,(x, y)| exp[-ipo (x, )]}
x (4 ug, v+ vp), (3)

U

where FT denotes the Fourier transform. Now it is possible to
eliminate the DC and conjugate cross term of the hologram
and obtain an approximation of the object wave complex am-
plitude by multiplying both sides of Eq. (3) by a rectangle func-
tion centered at (g, vy) and then shifting the result by
(~ug, —vy) back to the center:

[rect(u B vO) FT{Zcep (6 ) o + o, v + vp)

= 2, FT{|a,(x, y)| expliepy (x, )]} (1, 0), (4)

where rect denotes the rectangle function in which #,,,, and
Upmax determine the size of the rectangle cropped from the
Fourier transformed hologram in the frequency domain. A rec-
tangular function was used in this stage of the work as the sim-
plest choice. We are working on more complicated functions
that we expect to improve the reconstruction process. If the
bandwidth of |2,(x, y)* + 22 + S(x, y)|* is sufficiently small
compared with the carrier frequencies #y and vy, the DC terms
remain sufficiently close to the origin in the frequency domain
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to be completely separated from the cross term [21], in which
case, the approximation is replaced with an exact equation.
However, the carrier frequencies in our experiment are not high
enough (due to limitations that are discussed further ahead) to
completely exclude the DC term in reconstruction. There is a
tradeoff concerning how much to block the DC at the expense
of losing information from the cross term, i.c., gaining im-
proved resolution at the expense of higher noise. Inverse
Fourier transforming both sides of Eq. (4) delivers an approxi-
mation of the complex amplitude of the coherent object wave
amplified by the reference wave amplitude:

IFT{ {rect (u—uojy—vo) FT{/ccp(x) }} (u+ug,v+vy) } ()

umax Umax

2a,|a,(x,y)expligy(x,y)], (5)

where IFT denotes the inverse Fourier transform. Having an
approximation of the complex amplitude of the object wave,
it is possible to calculate the object field modulation by
Fresnel’s approximation of the Huygens—Fresnel integral:

eik

Z
ikz

Ul 2) = / {ay(& )| expliog (& M)

<exp {z’z—i[oc -9+ 0 n)Z]}dfdn, ©

where U(x, 3, z) is the complex amplitude of the object wave at
a plane normal to the direction of propagation (z) at the point
(%, ), and (&, n7) are the dummy variables of integration parallel
to (x,y) in the plane of the CCD detector. Using negative z
makes it possible to calculate the complex amplitude of the ob-
ject wave in planes prior to the CCD detector, and if z is chosen
equal to the distance of real objects from the detector, such as
the distance of the USAF chart from the CCD plane in this
example, by calculating the intensity of the light wave, we
can obtain a reconstructed image of the target objects:

Lopje (30 2) = [U (%, 3, 2) I°. 7

Choosing different values for z for reconstruction makes it
possible to resolve objects at different distances from the detec-
tor at the time of recording. In this way, a 3D field of objects
can be reconstructed from a single hologram.

In order to test the performance of our holographic imaging
system on a transient/dynamic target, we designed and built a
spray injector system inside a transparent enclosure, as illus-
trated in Fig. 2. A spray nozzle is placed at the center of the
enclosure to inject a pressurized jet of water into the enclosure.

The current system uses a fast solenoid valve to control the
spray and an exchangeable nozzle (orifice diameter of 0.1 and
0.3 mm). Water is pressurized to the desired value by a high-
pressure nitrogen tank and a pressure regulator. It is then in-
jected into an acrylic enclosure with opposing 1-mm-thick
fused quartz windows. The press of a pushbutton initiates
the spraying sequence: the Arduino microcontroller opens
the spray’s solenoid valve and simultaneously sends a signal
via USB to the PC controlling the camera. Acquisition of a
sequence of images is started, each picture capturing the
hologram from a single 100 fs laser pulse.

The experimental setup aims at recreating the optically
dense conditions of diesel sprays where a thick outer spray
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Fig. 2. Experimental setup recreating the optically dense conditions
of diesel sprays.

cloud can potentially hide a core of larger droplets or liquid
ligaments. This is achieved by surrounding the target spray with
a finer mist produced using an ultrasonic atomizer. The enclo-
sure is filled with mist before the spray is activated. A
piezoelectric transducer resonating at ultrasonic frequencies
creates atomization of water. The mist size has been measured
using a Malvern Spraytec droplet size measurement system.
The Sauter mean diameter (SMD or D[3,2]) of the mist
produced is 4.28 pm, the D,so is 7.8 pm, and the D,gq is
23.3 pm, meaning that 50% of the total spray volume is made
by droplets with a diameter smaller than or equal to 7.8 pm and
90% of the spray volume is made by droplets with a diameter
that is less than or equal to than 23.3 pm. These sizes compare
well with the experimental data available for the outer layer of
diesel sprays [24]. The initial duration of a single laser pulse is
100 fs. Multiple scattering of the light photons going through a
diesel spray can stretch the pulse up to multiple picoseconds
[25]. This is many orders of magnitude faster than any
mechanical motion of the jet, or the mist particles.
Therefore, the scattering medium is frozen in an instantaneous
single-shot image.

3. RESULTS AND DISCUSSION

Figure 3 illustrates holograms recorded from a USAF resolution
chart where the scattering cell is removed from the path of the
object wave. The exposure time of the CCD detector is set at
1 ms to assure recording only one laser pulse per image, since
the repetition rate of the laser is 1000 pulses per second. In the
in-line case (which is feasible with no scattering noise) the refer-
ence wave is blocked and the hologram is just the squared am-
plitude of the object wave. All three terms of the interference
pattern of the in-line hologram are superimposed at the center
of the frequency plane. Therefore, the reconstructed image of
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Fig. 3. In-line and off-axis holograms recorded from a USAF res-
olution test target (scattering cell removed); numerical reconstruction
at the test target plane.

the hologram is degraded by the out-of-focus image of the
conjugate cross-term and the DC terms. In the off-axis case,
however, the three terms are separated in the frequency domain
and only the cross term is extracted/approximated from the
Fourier transformed hologram, and therefore, the recon-
structed image has better contrast and sharper quality.

The holograms in Fig. 4 are of a USAF test target placed
behind a scattering cell filled with hydrosol of 0.6 pm polysty-
rene particles with an optical depth (OD) greater than 9. OD is
defined as the natural logarithm of the ratio of the light incident
on a scattering environment to the non-scattered light transmit-
ted through the environment. Since absorption of light at
400 nm wavelength is negligible for both polystyrene particles
and water droplets, which are used in our experiments for sim-
ulating scattering environments, OD is associated with light
scattered by the particles and droplets. We measured approxi-
mate OD of our scattering cell using a simple spatial filtering
setup, shown in Fig. 5, that blocks most of the scattered light
and transmits the non-scattered light through a pinhole. By
measuring the power transmitted when the scattering cell is
removed and when the scattering cell is in place, we obtain ap-
proximately the ratio of the incident light to the non-scattered
light transmitted through the cell. Since the forward scattered
light transmits through the pinhole in addition to the non-
scattered light, the actual OD can be higher than what we
measure using this setup, SO our measurement provides a
conservative OD value.
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Fig. 4. In-line and off-axis holograms of a USAF resolution test
target placed behind a scattering cell of OD 9 and numerically recon-
structed at the test target plane.

As is observable in Fig. 4, the in-line hologram is almost
washed out with scattering noise, and in the reconstructed
image from this hologram, the test target is not clearly resolved.
In the off-axis hologram, on the other hand, even though a large
portion of the object wave is corrupted by scattering noise (the
ratio of scattered light to non-scattered light is greater than
8000, which is equivalent of OD 9 according to the Beer—
Lambert law), the small non-scattered portion of the object
wave is interfered, amplified, and separated in the frequency
domain by the reference wave. Therefore, the test target is still
clearly resolved in the reconstructed image of the cross term.

In the spray experiment the object wave of the holography
system is diffracted by the water jet exiting the nozzle and in-
terferes with the undisturbed reference wave routed around the
enclosure. Figure 6 provides images of the water jet recon-
structed from one off-axis digital hologram at two different
depths. In each image a different ligament is in complete focus,

Power
Meter iAperture

Lens Scat. Cell
f f

Fig. 5. Spatial filtering setup used to measure approximate optical
depth (OD) of the scattering cell.

Depth = 144mm Depth = 140mm

Fig. 6. Reconstructed images of the water jet injected through a
0.1-mm-diameter nozzle at 50 psi pressure, disintegrating into drop-
lets. Both images are reconstructed from the same hologram at two
different depths. The arrow in each image shows a ligament that is
in focus at that specific depth.

showing that by reconstructing the images at various depths
from a single hologram, it is possible to construct a 3D image
of the spray structure.

The OD of the mist inside the enclosure is measured with a
spatial filtering setup similar to the one illustrated in Fig. 5.
When the chamber is halfway filled with mist, as illustrated
in Fig. 7, OD is measured to be greater than ODG6, and when
it is fully filled with mist, OD is measured to be greater than 12.
Figures 8 and 9 illustrate comparisons among images of the

k) 2 E’ g ! Beam
) ﬁ“ ) 'Spray Cross section
Nozzle

L=4in
| Mist s
in!st “.

Pgrtlally Scattered
Scattered
Beam

Beam l

|

Fully

Fig. 7. Spray nozzle inside a sealed transparent enclosure.
(a) Enclosure before mist is injected, (b) beam cross section, (c) par-
tially scattered beam when enclosure is partially filled with the mist,
and (d) fully scattered beam inside the enclosure filled with the mist.
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No mist

Fig. 8. Reconstructed images of the water jet injected through a
0.1-mm-diameter nozzle at 30 psi pressure, disintegrating into spray
droplets. The image on the right shows the water jet when the enclo-
sure is empty of mist, and the image on the left shows the jet when the
chamber is filled with the mist and the optical depth is measured to be
greater than OD6.

water jet reconstructed from off-axis holograms when the
enclosure is empty of mist, halfway filled with mist, and fully
filled with the mist.

Even though mist droplets cause speckle noise in the recon-
structed images, which degrades the contrast, various elements
of the liquid jet structure, including surface disturbances, voids
inside the liquid, ligaments, and primary droplets breaking off
from the jet, are detected in the reconstructed images in Figs. 8
and 9.

The main experimental limitation of this imaging technique
is the minimum detectable interference signal of the system. In
the high OD environments that are the subjects of our paper,
almost all of the light from the object beam that is detected on
the CCD array is scattering noise. The small fraction
[exp(-OD)] of the object beam that remains healthy transmit-
ting through the scattering medium is amplified by the refer-
ence wave and forms the interference signal [magnitude of the
cross term in Eq. (1)]. Looking into higher OD environments
reduces the interference signal, while looking into fields of
larger scattering particles with larger forward scattering lobes
increases the scattering noise detected at the detector.
Generally, as long as the interference signal is greater than
the noise floor of the detector, we are able to reconstruct
the imaging target from the recorded hologram. We can
boost the interference signal by increasing the object beam in-
tensity and the reference beam intensity as far as maximum
pulse energy of the laser and the dynamic range of the
CCD detector allows while avoiding saturation of the pixels.
In our experiments, using a cooled CCD detector to minimize
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No mist

Fig. 9. Reconstructed images of the water jet injected through a
0.3-mm-diameter nozzle at 30 psi pressure, disintegrating into spray
droplets. The image on the right shows the water jet when the enclo-
sure is empty of mist, and the image on the left shows the jet when the
chamber is filled with the mist and the optical depth is measured to be
greater than OD12.

the dark noise, we have been able to see through scattering envi-
ronments with particle size distributions similar to diesel sprays
and optical depths of up to OD12.

The other major limitation is the size of the scattering par-
ticles (d) compared to the smallest resolvable length scales of the
imaging target structure (L). Smaller scattering particles
(d/L < 1) are easier to deal with, since, in addition to smaller
forward scattering noise, it is easier to distinguish between the
imaging target structure and these scattering particles by apply-
ing digital spatial filtering in the reconstruction process. When
the size of scattering particles gets close to the imaging target’s
length scales (d/L ~ 1), even in an ideal situation in which all
of the multiple-scattering noise is suppressed, the single scat-
tered light from scattering particles can block the view of
the imaging target. Based on our experience, a d/L ratio
between 5 and 10 is needed for proper reconstruction of the
imaging target.

In order to find other limits of our UPODH imaging sys-
tem, various parameters need be taken into account. According
to Shannon—Nyquist sampling theorem, one limitation for the
angle between the object beam and the reference beam (6) is
that the interference fringe spacing cannot be smaller than
twice the pixel size of the CCD detector [26] (Nyquist criteria):
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where Ax" is the pixel size on the CCD detector. The other
limitation is the size of the hologram. Since the coherence
of the laser pulses used here is ultra-short (100 fs) the wavefront
displacement on the hologram plane cannot exceed the coher-
ence length of the light source (Z,), which is 30 pm for our laser
source:

Ax' <

d-sin(0) < L, 9)

where 4 is the size of hologram. If 6 is too large, the interference
pattern of the two beams covers only a narrow band of the
CCD, which reduces the effective size of the hologram due
to a limitation of numerical aperture. A narrow hologram limits
the resolution of the reconstructed images. In addition, the field
of view of the reconstructed hologram will be the same as the
effective size of the hologram. As a rule of thumb in recon-
structing holograms, autocorrelated interference of light
diffracted from edges of the hologram determines the maxi-
mum resolution of the reconstructed image [22]:

Ax > A_z’ (10)

d
where Ax is the smallest feature resolved in the reconstructed
object field and z is the depth of reconstruction or the distance
between resolved object and the detector at the time of record-

ing. Combining Egs. (9) and (10) yields an upper limit for 6:
LA
0 < sin‘l( : x). (11)

Z

If 0 is chosen too small, the three terms of the reconstructed
hologram are too close in the frequency domain, and effective
separation of the cross term from the DC term is not possible.
The carrier frequency must be at least three times larger than
the bandwidth of the object field for perfect separation of cross
term from the DC term [21], which means the smallest re-
solved feature of the object field will be at least three times
larger than the interference fringe spacing:

Ax >

A A
,3 0=>9>sin’1%. (12)

sin

Equations (11) and (12) determine the upper and lower lim-
its for 0. In order to find the smallest resolvable feature in the
reconstructed hologram, we can eliminate 6 between these two
equations and find the maximum resolution:

12
Ax, i = 3—Z

min L (1 3)

In our experimental setup A is 400 nm, depth of
reconstruction z is around 100 mm, and the coherence length
of the laser is 30 pm. Inserting these numbers into Eq. (13)
shows that 40 pm is the smallest size feature that can be re-
solved in this condition, which agrees with the experimental
result presented in Figs. 3 and 4 where the smallest element
of group 3 on the USAF resolution chart, having a feature size
of 40 pm, is resolved. In order to achieve this resolution, @
needs to be accurately adjusted at 0.03 rad derived from
Egs. (11) and (12). In order to satisfy the Nyquist criterion
in Eq. (8) the pixel size on the CCD detector must be smaller
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than 6.67 pm. The detector used for the results presented in
this paper has 6.45 pm pixels, which satisfies the criterion.

Generally, in our problem the highest frequency compo-
nents of the interference signal are created by the smallest scat-
tering particles. Therefore, in order for the cross term to be
completely separated from the DC term, the fringe spacing
of the carrier interference pattern needs to be at least one third
of the smallest scattering particle diameter.

One drawback of the current experimental setup is that the
alignment of the ultra-short pulses can be time consuming. In
order for the interference to take place right at the CCD, the
path lengths of the imaging and reference beam must be
matched to the precision of micrometers, in addition to precise
adjustment of 6. Despite this difficulty of working with ultra-
short laser pulses, however, there remains a significant benefit
in their use for digital holography. This advantage is the oppor-
tunity for single-shot coherence filtering. Coherence filtering
helps overcome the multiple-scattering noise in cases of imag-
ing through highly scattering media. Photons that are scattered
multiple times by the particles or droplets passing through the
scattering environment are no longer coherent with the refer-
ence pulse and do not contribute to the frequency-shifted cross
term, which is later extracted from the hologram for
reconstruction. This is one other reason to make 8 large enough
to separate the DC and cross terms in the frequency domain in
a manner that multiple-scattering noise in the DC term is not
included in the extracted cross term. Our holography setup is
aligned in a way to create maximum separation of the terms in
the frequency domain while making sure the effective area of
the recorded hologram is large enough to cover the region of
interest for imaging and also wide enough for the recon-
struction of the object field image with sufficient resolution.
This combination of ultra-short pulsed laser and optimized
hologram recording geometry is a unique configuration suitable
for microscopic imaging through highly scattering media.

It is possible to use less expensive short coherence light
sources for a similar outcome, theoretically. However, short co-
herence light sources other than ultra-short pulsed lasers do not
provide enough power for single-shot imaging through high
OD environments. Therefore, averaging between hundreds
of holograms or long exposure times would need to be applied
to boost the signal. For transient phenomena such as formation
of atomizing fuel injection sprays, averaging or long exposure
times are not permissible. The maximum pulse energy used in
our experiments is 0.5 m], which is well below EDs, damage
threshold of 8-21 mJ on porcine skin for ultra-short pulses of
similar beam diameter [27], which makes our proposed method
also suitable for imaging dynamic biological targets veiled be-
hind tissues such as skin. Moreover, in holography displace-
ments as small as a fraction of wavelength (submicrometer)
are sensed and therefore mechanical vibration of the optical
components is destructive to the recording process. In ultra-
short pulsed holography, on the other hand, it is possible to
record holograms using a single shot of the amplified laser
in such a short period of time (subpicosecond) that no
mechanical vibration is sensed, and even fast transient targets
can be frozen.
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4. SUMMARY AND CONCLUSION

This paper describes an off-axis digital holography system based
on ultra-short 100 femtosecond pulses of light for the purpose
of suppressing the multiple-scattering noise, which dominates
the signal when imaging targets inside or behind highly scatter-
ing turbid media. The interference of a planar reference wave
making a fixed angle with the planar object wave generates a
spatial carrier frequency in the digitally recorded hologram.
This carrier frequency helps to separate the cross term of inter-
ference from the DC term and to factor out a significant por-
tion of multiple-scattering noise in the reconstruction process.
We compared images reconstructed from in-line and off-axis
digital holograms to demonstrate the improved imaging pro-
vided by the latter. The targets of imaging were placed behind
the scattering cell and in chambers with various ODs, even
greater than ODI12 in the most severe example, simulating
highly scattering media. The results showed a significant im-
provement in resolving micrometer-sized elements of the im-
aging target when using the off-axis system. Theoretical
calculations were able to derive resolution limits of reconstruct-
ing images, and the outcome of calculations accurately agrees
with the presented experimental results. Single-shot ultra-short
holography is immune to mechanical vibrations, an insensitiv-
ity in contrast with continuous wave holography, which re-
quires careful isolation of mechanical vibration that can
sacrifice the quality of holographic recording and recon-
struction of the object wave. Using high-energy ultra-short
pulses for holography makes single-shot holographic imaging
possible in addition to the coherence filtering, which is highly
beneficial in cases of imaging fast transient phenomenon such
as the formation of atomizing sprays in fuel injection systems.
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