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ABSTRACT

This paper describes research that demonstrated gated, femtosecond, digital holography, enabling 3D microscopic
viewing inside dense, almost opaque sprays, and providing a new and powerful diagnostics capability for viewing fuel
atomization processes never seen before. The method works by exploiting the extremely short coherence and pulse
length (approximately 30 micrometers in this implementation) provided by a femtosecond laser combined with digital
holography to eliminate multiple and wide angle scattered light from particles surrounding the injection region, which
normally obscures the image of interest. Photons that follow a path that differs in length by more than 30 micrometers
from a straight path through the field to the sensor do not contribute to the holographic recording of photons that travel
in a near straight path (ballistic and “snake” photons). To further enhance the method, off-axis digital holography was
incorporated to enhance signal to noise ratio and image processing capability in reconstructed images by separating the
conjugate images, which overlap and interfere in conventional in-line holography. This also enables digital holographic
interferometry. Fundamental relationships and limitations were also examined. The project is a continuing collaboration
between MetroLaser and the University of California, Irvine.
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1. INTRODUCTION

Combustion researchers need imaging tools that enable viewing microscopic details of fuel injection and particle
formation mechanisms in combustors. Light scattering and obscuration by particles surrounding the spray render the
field almost opaque, severely deteriorating and often completely obscuring the view of most imaging instruments.
Gated, femtosecond, digital holography has shown potential for enabling 3D microscopic viewing inside dense sprays,
providing a new and powerful capability for producing images with details never seen before. Photography, holography,
and x-ray, used for many years in such research, have failed to provide such images because of the obscuration effect.
This remains true even though advanced image processing methods [1,2] have significantly improved imaging. In recent
years new methods to separate signal from noise include pseudo ballistic photon imaging [3,4,5,6] and optical coherence
filtering [7], but even in the best case these only provide low resolution shadows of particles and two-dimensional
images without resolving the third dimension. Linne [8] gives an excellent summary of the progress, problems, and
limitations in these kinds of measurements.

Since the late 1960’s, particle field holography has represented the ultimate imaging tool for dynamic, 3D particle fields
where details of small, disperse objects in large volumes are required [9]. Analogue holography, though used
successfully in many studies, suffers severe practical limitations owing mostly to problems associated with photographic
recording media. Even when high quality holograms are recorded, data extraction from them is a laborious process that
continues to be noise laden. Recently, thanks to advances in electronic imaging systems, computers and memory, digital
holocameras now offer many of the advantages associated with digital media, and holograms can now be recorded on
small, lightweight, CCD or CMOS arrays at very high rates and they can be processed in almost real time. Consequently,
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digital holography has created a renaissance in particle field diagnostics, also including airborne [10], and space borne
[11,12] applications.

Although digital holography alone does not solve the obscuration light-scattering problem, integrating holography with
other proven methods provides an ideal candidate to move optical combustion diagnostics to a new level. MetroLaser
and The University of California at Irvine have collaborated in fundamental research in digital particle field holography
for the past six years, including integrating holography with quasi-ballistic imaging techniques [13,14, 15,16]. This
research demonstrated noise reduction from multiple scattering, improving upon ballistic photon imaging by adding the
third dimension, and enabling image gain, coherence filtering, and spatial filtering simultaneously. In the most recent
work we enhanced the technique dramatically by employing femtosecond lasers and off axis digital holography.

The project combined the methods of digital, femtosecond, particle holography with pseudo ballistic imaging to produce
a system that: 1) measures diameter of aerosol particles, distinguishes shapes, and locates particles in 3D; 2) provides a
multiple framing capability for recording the dynamics of high frequency phenomena; 3) measures the aerosol and
coarse spray features (~0.1-10 mm); 4) eliminates a large percentage of optical noise arising from multiple, wide angle,
scattering; 5) is deployable in combustion environments; and 6) provides an interferometry capability using wavefronts
captured in digital holograms.

When an object field is illuminated from one side with a short pulse of light with a camera on the opposite side, much of
the input light is scattered multiple times over a large angular region (Figure 1). The scattered photons are delayed in
time by the added pathlength, while ballistic and near ballistic (“snake”) photons arrive at the camera first. Therefore, the
resulting transmitted light from a 100 femtosecond pulse is spread in time and space to picoseconds or longer on the
camera side. The objective of the concept is to separate the scattered, delayed photons from the ballistic and near
ballistic photons, which carry the desired image information. The extremely short pulse provided by the femtosecond
laser enables achieving the separation of the two signals by coherence gating, which in this case is equivalent to time
gating. Gating can also be achieved with an electro optical gates such as a Kerr gate, which passes only a short signal.
We have employed both types of gating; however, only coherence gating will be discussed further in this paper.

When the input beam is split into two beams, an object beam and a reference beam, and the two are brought back
together, they produce interference fringes (a hologram) only when the separate beam paths are equal to less than 30
micrometers. Photons that have 30 micrometers of extra pathlength added, for example, by single or multiple scattering
will not interfere with a reference wave that is path matched to the ballistic photons and therefore do not contribute to the
hologram formation. This effectively acts as a gate that passes only the first 30 micrometers of the stretched pulse, thus
eliminating diffuse photons. The only additional requirement is that the dynamic range of the sensor be large enough to
accommodate exposure by both coherent and incoherent light. A significant amount of the supercontinuum, known to be
excited by femtosecond light, can be removed by an appropriate filter to improve the dynamic range.
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Figure 1. Gating concept and terminology for two gating concepts, coherence gating and Kerr cell gating.

To further enhance the method and improve image quality, off-axis digital holography was applied as a method to
enhance signal to noise ratio in reconstructed images by separating the conjugate images, which overlap and interfere
with each other in conventional in-line holography. This also enables holographic interferometry. Extremely short
coherence length, as well as digital holography, itself, present unique and fundamental challenges and opportunities for
high-resolution particle field holography, which require careful balancing to optimize resolution. In addition to
demonstrating the capabilities, we addressed the fundamental problems and limitations of the method.

2. Discussion

Figure 2 and 3.

A femtosecond, digital holocamera, assembled to accommodate spray nozzles surrounded by a dense fog, is shown in
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Figure 2. Digital holocamera
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Figure 3-Set up in the UCI laboratory

The beam from the femtosecond laser is split into an object and reference wave by a beamsplitter. The object wave then
passes through the test chamber (shown in green) then is recombined with the reference wave before striking the camera.
The attenuator adjusts the intensity of the object wave, taking into account the transmissivity of the object field. When
the object beam is heavily attenuated in the chamber this beam intensity must be increased so that the amount of object
light is in the same order as the reference light. This presents a danger to the sensor because the intensity reaching the
camera can be high enough to damage it if the obscuration suddenly disappears. The final operational system must take
this into account to protect the camera.

The laser is a Coherent "Vitesse" with a "Legend Elite" mode-locked Ti:Sapphire oscillator, providing 100 fs, 1 mJ
pulses with single pulse (out of a train) selection. It operates at 1 kHz; 800 nm (fundamental) and 400 nm (2" harmonic)
wavelengths. We used the 400 nm visible for these experiments.

Figure 4 shows one of several cloud chambers we developed for the experiments that allow adjusting the particle cloud

density until it is essentially opaque as shown in the figure. This chamber is operable over a wide range up to as low as
transmissivity of 6 - 10~ which rendered the 4 inch thick cell essentially opaque.
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Figure 4. Special chamber for surrounding a fuel injector with a dense particle cloud. A laser beam entering from the lefthand
side essentially disappears by the time it reaches the chamber center.

High quality, holographic images of the spray nozzle exit were produced with cloud density varied up to a transmissivity
of less than 10-5. In the figure, a laser beam introduced from the left hand side dissipates rapidly with almost no light
finding a direct straight line path across the cell. Fuel injectors and small particle nozzles were selected and calibrated
with a Malvern particle sizer. Particle sizes for the injectors range up to a few hundred micrometers in diameter
depending upon liquid type and pressure. Particle sizes for the small particle nozzles averaged about 10 micrometers in
diameter. We added small particle clouds to surround the injected spray to simulate conditions in an actual combustion
chamber.

The fundamental mechanical processes of interest begin where the bulk fuel forms columns or sheets of fuel that shear
into ligaments, which then suffer instabilities and further break up into small particles. Figure 5 is an example of an
image reconstructed from a digital hologram showing microscopic details of the fuel break up in a spray nozzle
surrounded by a dense cloud of particles. The small ligaments visible are about 20 micrometers in width and the smallest
particles are about 80 micrometers in diameter. These details are easily visible even though surrounded by an almost
opaque fog cloud.
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Figure 5. Typical Spray images reconstructed from holograms produced in the study. Transmissivity through the field over a range
104-106 (OD 8-14 e-based).

Eventually we conducted most of the parametric experiments in the largest test chamber shown in Figure 4. We pushed
the system to its limits where the fog in the chamber made it effectively opaque. This allowed us to make holograms
through a widely varying obscuration of particles to examine the microscopic break up phenomena of the different
injectors. These data allowed us to characterize the concept, to determine system capabilities and possibilities for further
improvements.

Reconstruction Systems-Figure 6 shows a typical digital off-axis hologram (left), its associated reconstructed image
(right), and the Fourier transform of the hologram (bottom) of a USAF resolution chart. The visible bars at number 5
suggest a resolution in this case of better than 30 micrometers. The carrier fringes seen in the hologram are the
interference between the object and reference waves, i.e. the carrier wave. The information content for the image is
contained in the modulation of the carrier fringes so it is important that the pixel size enables accurate measurement of
the fringe location in two dimensions everywhere. Simply resolving the fringes is not sufficient to reconstruct focused,
high resolution images.
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Figure 6. Digital hologram, associated image reconstructed image, and Fourier transform

During image reconstruction the Fourier transform plane is spatially filtered to block any information that is not needed,
thus enhancing the S/N. Typically all but one sideband is blocked so that the other information does not interfere with
the image of interest. The simplest spatial filter is a square box; however, this is rarely optimal since it needlessly throws
away useful information. An unsymmetrical aperture enables the best resolution.

As the reference wave angle becomes smaller and the associated space between the side bands decreases, so does the
diameter of the symmetrical spatial filter to separate the orders. The only necessary reduction in the spatial filter
dimension is on the side of the central order, and the other information can be retained without image interference from
different orders. As shown, the resolution can be maintained at better than 30 micrometers when the filter is optimized.
The fringe separation was 18 pixels for a reference wave angle of 3.4-107 (0.2°). The side-band is 91 pixels away from
the DC-term in the Fourier plane.

Digital Holographic Interferometry-Another objective of the study was to demonstrate the ability of the system to
produce interferometry of a field enabling the viewing of refractive index variations in the field such as may be caused
by vaporization, thermal and pressure gradients, and fuel concentration. Since these experiments were conducted in an
unpressurized unheated chamber, such gradients did not exist; however, interferometry is demonstrable. A refractive
index variation simply adds a phase shift to the recorded wave. A linear refractive index change adds a linear phase shift,
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which simply moves the location of the center frequency in the Fourier transform. If this is added or subtracted to a
hologram produced without the phase shift, the resulting reconstructed image will contain linear fringes, separated by an
amount proportional to the phase shift. Figure 7 shows the Fourier transform of a hologram of an USAF target without
(left) and the sum of two, with and without a 30-pixel (horizontal) shift.

Central Order Side Band

Figure 7. Effect of a linear phase shift on the Fourier transform of the hologram.

A reconstructed wavefront from the sum of the two Fourier transformed holograms produces an interferogram as shown
in Figure 8, the reconstructed sum of two wavefronts with one having a linear phase shift. Holographic interferometry

will be useful in measuring thermal and pressure gradients as well as sheet thickness in the particle generation process.
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Figure 8-Digital holographic interferometry
The number of fringes is equal to the number of pixels in the shift, 30 in the example above. If the shift is smaller or

larger, the number of fringes will either be decreased or increased, correspondingly. In Figure 9 the fringes were
obtained with a 5-pixel (left) and 70-pixel (right) shifts.
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Figure 9-Digital Holographic interferometry
This illustrates an additional feature associated with digital holography. In analogue holography, the fringe spacing in
finite fringe interferometry is set by the optical recording system and is fixed, while in digital holography, fringe spacing
can be varied during the reconstruction process and it can be changed as often as needed. In this application, the
reconstruction process, as well as the subsequent imaging process and scanning through the sample volume is
computational; essentially everything is done in a computer and the refined data are displayed on a monitor.

Resolution Factors in Off-axis Digital Holography- Holography has the potential for enhancing imaging through a
scattering environment by virtue of coherence filtering and also by coherence gain. However, the resolution of the
hologram is controlled ultimately by various parameters, including the coherence length and the pixel size. Off-axis rays
of light needed for higher resolution are not recorded in the hologram when their pathlength increase exceeds the
coherence length. Likewise, they are not recorded when the fringes formed by the interference of the object and
reference wave are spaced by less than the pixel spacing.

In off-axis (side band) holography, object and reference waves interfere at an angle. If the object wave were a plane
wave, the resulting fringes are linear, spaced by a fixed distance that is inversely proportional to the angle (the spatial
carrier frequency). Information on the object wave in particle holography lies in the modulation of the carrier fringe
frequency. The reconstructed wave contains the DC term and two side bands. The information in the three terms can be
separated by spatial filtering as long as the frequency content in the image information is less than the carrier frequency
(i.e. the modulation of the carrier must be less than the fringe spacing). The resolution limit in the reconstructed, spatial
filtered image, depends upon the ability to resolve the modulation of the carrier. This must be considered in choosing the
number of pixels per fringe, representing a complex tradeoff in off axis digital holography.

Pixel size is one limiting parameter for the allowed spatial frequency offset since there must be at least two pixels per
fringe to resolve the fringes. For example, if the sensor pixels are just small enough to resolve the carrier, say two pixels
per fringe, no particle information is resolvable. Therefore, the pixel size in the higher resolution system must be smaller
than two pixels per fringe. This causes a dilemma. If the carrier frequency is decreased to increase fringe spacing (i.e. to
get more pixels per fringe), then the offset is decreased, reducing the highest frequency content in the image information.
This suggests that an optimum angle exists for off axis digital holography of sprays.

Femtosecond off axis digital holography presents another limit. Fringes are formed only as long as the angle does not

produce a pathlength difference greater than the coherence length. Therefore, for a 100 femtosecond laser pulse (with a
30 pum coherence length), the angle between two plane waves should not exceed ~0.6 degrees. Witte et al [17] developed
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an ingenious tilted wave method to solve this problem. The reference wave front is tilted by deriving it from a grating,
which matches the pathlengths of the object and reference waves over the entire wavefront, even when an angle exists
between them. Even so, the frequency content in the image is still limited by the coherence length, because it derives
from spherical waves that have pathlengths longer than the reference wave. So, while the carrier wave is recorded over
the entire hologram, its modulation, and therefore information-rich content, is recorded only where the light from the
particle is path-matched to the reference wave.

Consequently, there are several competing factors in attempting to optimize resolution.

1. The more pixels per fringe, the better for resolving particle fringes.

2. Increasing the separation of orders by increasing the angle between object and reference also decreases the
resolvable image information by pushing the fringes closer together.

3. Increasing fringe spacing by decreasing the angle between object and reference decreases the allowed frequency
of the information content allowed for separating orders.

4. Increasing the diameter of the Fourier filter to increase frequency content allows noise from adjacent orders to
interfere.

In the following analysis, we assume that coherence length is the limiting parameter. In fact, pixel size of the camera is
also a limiting parameter that will be considered separately. Ultimately, both limits must be considered in the system
design and evaluation.

Referring to Figure 10, when light scatters from an object at a small angle, o, and strikes the sensor at a distance D/2
from the origin, a=D/2s=2As/D, and therefore, s=D?/4As.

The diffraction limited resolution of the hologram, as with any imaging device is
R=1.2sA/Dj,
where Dj is the effective diameter of the hologram.
The resolution limit occurs when As=As| = coherence length (assuming the pixel size does not set the limit). (Suscript 1
denotes the resolution limiting value of the parameter.
Useful expressions can be derived from these relationships.
R=0.6sY2)/(As))*?
s=R%/(0.6%A%/(As)))?
and R, = 0.3 A DyAs

For our current choice of laser, Asi=30x10% m, and A=.4x10"°m.

From the above, we can see that choosing the small possible s optimizes resolution. For these experiments, the minimum
s was about10 cm.

Therefore, our best resolution will be R=0.6-s%/(As))Y2 A/(30x1076)Y2 = 60-A= 24 micrometers

The hologram diameter at this resolution will be D=3.5mm.

The camera we currently employ is 7 mm in diameter, so the hologram of each particle occupies about half of the sensor.

The situation is complicated by the fact that particles are distributed throughout the beam cross section and in the third
dimension and this analysis has been for a particle on the centerline. Light collected from particles at the edge of the
beam contain only half of the angle of scattered light so resolution falls off at the edge, since the effective hologram
diameter is cut in half as seen in Figure 10.
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Figure 10. Resolution limiting factors in digital, femtosecond holography.

Spatial filtering software was developed to enable masks that maximize information passed while at the same time
minimizing interference between separate orders, i.e. not a square box centered on the order.

Experiments in Breakup Mechanics

One objective of the research study was to demonstrate applicability of the method in real parametric experiments on
fuel injectors. We constructed and ran tests in two different chambers examining the spray mechanics of four different
injector types surrounded by dense particle clouds with transmissivity less than 10° (OD 12, e-based), producing digital
holograms of injection sprays at varying atomization pressures while representing most of the different types of spray
formation mechanisms.

a) Effects of Nozzle Pressure

Figure 11 illustrates typical reconstructed images near the outlet of a fuel injector as the pressure is increased. This
injector is a single 0.1 mm diameter injector and the liquid is water. At lower pressures, the injected fluid begins as a
cylindrical column, which begins to form ligaments as the surrounding air strips the fluid from the surface. These
ligaments then break up into smaller particles. As pressure increases, the mechanisms change. The fluid quickly forms
sheets, which then separate into ligaments and finally particles. As is shown in the next section, the holographic record
enables microscopic focusing on individual droplets and ligaments in 3D.
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Figure 11. Reconstructed microscopic images of injector mechanics and varying pressure.
b) Focusing in 3D

In Figure 12, we illustrate 3D analysis by focusing the reconstructed wavefront computationally. Note the particles and
ligaments within the small and large circles. The circles contain a ligament and particles in focus respectively on the left
and right images. In the left image, the ligament and particles in the large circle exist about 2 mm deeper into the jet than
the particles in focus in the small circle (right image).
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Figure 12. Microscopic focusing in 3D with digital holography; 0.1 mm nozzle; 30 psi, Reconstruction mask: 200 pixels square.

Linne[4] incorrectly states that femtosecond holography has a severe limit in depth of imaging because of the short
coherence length. We routinely resolve small particles over volumes with depths exceeding centimeters. This appears to
be a confusion with optical coherence tomography where light backscattered from particles must match paths with a
reference wave thus limiting the depth of recording to micrometers. Our holocamera records forward scattered light,
which matches the pathlength of the reference wave over a large distance unlimited by coherence length. We routinely
focus on small spray particles in the jet and with the same femtosecond hologram can focus on particles on windows
centimeters away.

Microscopic Viewing Deep within Surrounding Particle Mist- We varied the mist densities from no mist to mist
densities with transmissivities as low as 6x10¢ (OD 12 e-based). Monitoring mist density is not simple since the mist
varies with the fuel injector operation. The fuel injection process tends to sweep out many of the smaller particle in the
mist, so the transmissivity varies greatly from when the injector is initiated. Since we did not have a continuous mist
monitor, we made estimates based on separate chamber calibrations. In future experiments we plan to monitor the
transmissivity continuously with a separate CW laser.

The following figures show examples of image extraction with heavy mist effects. Figure is another example of
scanning the 3D image computationally, in this case from a fuel injector of a Ford engine surrounded by a dense mist.
The actual size of the images is about 3 mm? extracted from the full image of the entire hologram. In this case, the
spatial filter in the Fourier plane was a non-symmetrical box of 538-by-1040 pixels in Fourier-space obtained with a
1376-by-1040 sensor. This particular shape is an example search for an optimum selector that removes any unnecessary
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information in the Fourier plane. The circles refer to different features that are coming in focus at different depths in the
spray.

Figures 13 and 14 show images extracted from an injector in a surrounding mist that has reached a point where the
injection can no longer be observed visually; the transmissivity is about 1-10-. We scan microscopically into the depth
of the mist and along the axis of the mist, showing different particles and ligaments coming into focus at different depth
planes. The mechanisms of ligament formation and subsequent breakup into particles is clearly observable in 3D. The
bottom row is 2.5 mm downstream from the top row. The actual size of the images is about 9 mm? cropped from the
hologram image which is about 64 mm2. The Ford injector is operating at 100 psi.

Reconstructed at 106 mm Reconstructed at 110 mm

Reconstructed at 115 mm Reconstructed at 119 mm

Figure 13. 3D Mapping of a typical reconstructed image of a spray from a Ford injector.
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Reconstruction at 110 mm

Reconstruction at 120 mm

Reconstruction at 140 mm

Reconstruction at 110 mm
2.5mm downstream

Reconstruction at 120 mm
2.5mm downstream

Reconstruction at 140 mm
2.5mm downstream

Figure 14. Holographic Diagnostics Scanning along the Axis of the Injector.

Figure 15 shows reconstructed images at two different injector pressures made shortly after initiation of the injection.
The mist had the initial transmission of approx. 2:10, i.e. about OD 11 e-based and was progressively washed out as the
injection process continued. The break up behavior is still visible through deteriorated images, and, if needed, could be
easily improved by reducing exposure to facilitate proper capture of these later frames.
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9th frame - 800 ms 12th frame - 1100 ms

15th frame - 1400 ms 16th frame - 1500 ms

Figure 15. Reconstructed injector spray images extracted from higher mist densities. 10 cm chamber - 0.1 mm water
nozzle — (above)200 psi, (below) 50 psi. Transmissivity varies from 10 to 10 (OD 9-11 e-based)

Figure 16 shows a reconstructed image through the heaviest mist we could create compared with the same nozzle
without any mist surrounding it. In this case, only 6 photons of a million make it through the mist without scattering; it is
essentially opaqgue.

One of the control problems for an operating system became apparent in these experiments. When such a small fraction
of photons get through, the laser power must be elevated by very large factors for the object beam to allow a recordable
number of photons. This can be extremely risky for the sensor. If suddenly the scattering medium disappears, then the
sensor can be exposed to damaging illumination. That is another reason why we must incorporate a continuous monitor
of transmissivity through the object field to protect the camera.
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Figure 16. Comparing reconstructed images with images with no surrounding mist (left) with a mist of transmissivity 6x10-
(right).
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Figure 17 shows some of the mechanics of a 0.3mm diameter jet at 30 psi. At some period, the jet is a solid stream that
develops instabilities forming ligaments and particles. As the spray develops, sheets form, which eventually break up
into ligaments and particles. We can scan electronically through this image and view hundreds of differently focused
image planes. The left three werer recorded through a 10 mm windowed cell with no surrounding mist. For this
particular configuration and reconstruction, it represents the best the system can perform to date. It has an excellent 3D
resolution of about 25 micrometers through 10 centimeters of depth. We believe we can at least double this resolution by
optimizing the system geometry and spatial filtering.

The right three are the same nozzle surrounded by a particle mist that initially was measured to have a transmissivity of
~10"° (OD 12 e-based). This is approaching the limit of the system to see into the mist. As always, we observe a
significant effect of the mist on the break up mechanisms. We are still able to resolve 25 micron particles. Again
experiments have convinced us that this image can also be improved significantly with further refinements in the
filtering processes and geometry optimization.

C ______ R

Figure 17. Reconstructed images from a 0.3 diameter spray nozzle operated at 30 psi as it develops over time with (right) and
without (left)) an obscuring particle mist surrounding it. Transmissivity through the mist at the beginning was ~10-5 (OD 12 e-
based).

3. Conclusions

Femtosecond digital holography was shown to provide a sufficiently strong gating mechanism for rejecting the photons
that do not contribute to the hidden image, resulting in a powerful capability for optical diagnostics in combustion
research. Actual parametric testing of injectors under operating conditions prove the usefulness of the method.

4. Future Work

The data collection and evaluation mechanisms irivolve a set of mutually-conflicting parameters that must be optimized
in future research to push the method to it~ limit:

1. the off-axis angle that both deterrnines the frequency of the fringes pattern, crucial for holographic reconstruction,
ircreases the separation of the information-rich side-peaks from the DC-term that contains the non-imaging
contributions from the scattering and luminescence;

2. the contrast ratio in the originally acquired hologram;
3. parameters of the filtering in the Fourier-space: filtering box-size, box position, apodization, etc.;
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4. spectral filtering to reject the super-continuum light created in the vapor by the femtosecond laser pulses and
any other anticipated ambient light.
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