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ABSTRACT
Digital holography, airborne, spaceborne, particle diagnostics, interferometry

The paper discusses the many opportunities for airborne digital holography, shows examples of current applications,
describes different recording and data processing techniques, and suggests methods for improving and extending the
technology.

1. Introduction

The first holocamera deployed in an airplane! was for the U.S. Air Force, over 40 years ago, to help understand cloud
particle effects on reentry vehicles. The system incorporated a miniaturized ruby laser recording in-line holograms on
70 mm roll film, including holographic particle image velocimetry?. The system was fitted into the nose of a B57 high
altitude weather aircraft and later projected from a side window in a Cesna Citation business jet®. Thousands of
holograms provided particle size, crystal habit, and number density for modelers to estimated reentry nosetip erosion
effects. The data helped to explain and solve critical erosion effects that had been observed. Although highly successful
in these missions, its weight, footprint, power requirements, expense and film handling complications severely restricted
its use to critical military applications.

The first spaceborne application of holography® took place in the Nasa’s Spacelab 3 in 1985 to monitor crystal growth
rate. The system employed a helium neon laser and produced thousands of holograms on 70 mm roll film, providing
high resolution 3D imaging of the crystal, measurements of movement of particles in the fluid around the crystal,
holographic interferometry and schlieren, producing much more information than had been expected. These
experiments provided some of the first direct measurements of crystal growth rate, convection, and g-jitter in space.
Figure 1 shows the reconstructed image of a small tri-glycine sulphate crystal, which has broken away from its substrate
and floats through a fluid in microgravity. A vast amount of data was collected for years after these holograms were
recorded. In this classic holographic interferogram, fringes around the crystal describe depletion of the solute and
movement of the crystal.
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Figure 1-A crystal breaks loose from its substrate and floats away in microgravity

These experiments led to additional holography experiments in the International Microgravity Laboratory (IML-1)
spaceflight during which particle tracers were added to the fluid to further study convection and g-jitter, a bonus gained
from SL3 experiments. After IML-1, a spaceflight program known as SHIVA, Spaceflight Holography Investigation in
a Virtual Apparatus, was ready to fly when the space shuttle program was cancelled. This appears to have been the last
application of spaceborne holography. Airborne systems in space were even more restricted than those in aircraft.

2. Emergence of digital holography

Digital holography can eliminate previous limitations and a resurrection is possible and has, more recently been applied
to airborne particle measurements.® NCAR’s Earth Observing Laboratory developed “HOLODEC-II” to use in clouds
technology. The HOLODEC-II is a digital, inline holocamera designed to determine the size, two-dimensional shape,
and three-dimensional position of hydrometeors. Advantages vs. other hydrometeor detectors are that the sample
volume is not size dependent, relative positions of hydrometeors in the sample volume can be determined in three
dimensions, and effects produced by shattering from the aperture edges is minimized by identifying intact particles.
Automated programs analyze the holograms and produce size distributions. HOLODEC-II (Figure 2) has sufficient
resolution to determine the sizes and locations of cloud droplets as well as ice crystals.’®

With important benefits for the cloud measurement community as well as others involving particle fields, holography
enables: 1) measuring both large and small particles spread over large volumes, which improves the sample statistics for
detecting large particles that are environmentally important but are low in concentration, 2) three dimensional imaging
3) high resolution measurements of the structure of aspherical particles, and 4) distinguishing water and ice particles.
Also, it can be implemented with small windows, which reduce the size of the instrument and the thermal energy
needed to keep the windows defrosted.
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Figure 2 -HOLODEC-II

As digital cameras continually improve in capability and at lower cost, digital holography offers amazing potential in
airborne applications that would have been unthinkable a few years ago. The improvements are coming not only in the
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hardware cost, size, and power requirements but also in software and data processing methods, which will be discussed
more below under image processing. We demonstrated that we could record and reconstruct images with diffraction
limited resolution and further showed that stitched holograms can improve the resolution over conventional snapshot
holograms.

One can now imagine flying a digital holocamera, comprising hardware similar to an I-phone and a laser pointer, that
can transmit holograms from a small drone back to a ground laboratory for processing in near real time, with material
costs under 1000 dollars. High speed digital cameras that once cost many thousands of dollars and were large and heavy
can now be purchased in small packages for hundreds of dollars. Pixel size and number continually improve with many
megapixels now being the standard even in low-cost consumer cameras.

3. Recording configurations

In our research we have investigated and compared a wide range of implementations of digital holography, as well as

many different procedures in data reduction and analysis. Recording procedures include in-line and off-axis holography

and “snapshot” and scan and stitched holography, all of which offer advantages in different applications. Scanning

digital holography® can record through much smaller slit windows over an extended path, Figure 3. By stitching the

holograms together, a single, large hologram is produced, which not only increases the measurement volume but can

also improve resolution in an overall process. Such a composite hologram can effectively be hundreds of meters long.
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Figure 3. Measurement volume of single shot and scanning holography systems.

By scanning either a moving sample volume or a moving object field windows can be much smaller reducing window
contamination problems as well as heating needed to prevent fogging. Scanning holography has not been employed in
particle field holography.
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We set up a digital holography breadboard, Figure 4) that can record in all modes described above either with or without
a separate reference wave to compare in-line and off-axis features of particles in the range of interest (10 pum to 2000 pm).
With inline particle holography, the “object wave” is the light scattered from individual particles, and the “reference
wave” is the light that passes through the particle field unscattered. (The particle field must be sparse, with most of the
light passing through unscattered and becoming the reference wave. If not, a reference wave must be added).
Implementing in-line holography in a field system, while simpler, has limitations. Mixing a clean reference beam with
the object beam on the sensor can create an improved digital hologram, especially if a small angle is introduced between
them. The three-dimensional particle field image stored in either hologram can be reconstructed and scanned,
computationally, slice by slice, wherein particle images in focus appear sharp on a monitor. The reconstructing parameter
is “d”, the distance from the hologram to the reconstructed slice.

The input beam is split into an object beam that is transmitted through test field containing aerosols and a reference beam
that goes around the field and is combined with the test beam at a digital camera. The two pulses are path-matched to
ensure interference at the surface of the CCD array. The resultant interference pattern, which is an off-axis digital
hologram, is recorded and saved in computer memory. Using a FFT based reconstruction, the digital hologram is
processed to reconstruct the object wave, and we can then reconstruct an image of the aerosol field focused at various
depths along the object beam axis thereby acquiring a 3D image of the aerosol structure at one instant of time*Z.
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Figure 4- Schematics of the digital holography test layout.

To compare the various possibilities, we recorded thousands of holograms of different types of particle fields under a
wide range of relevant conditions. Using the digital holograms, we reconstructed hundreds of focused and unfocused
images of particles to test resolution, image quality, new algorithms developed especially for this application, and
hardware (i.e. different cameras).

4. Examples

Here we show a few sample results. Figure 5 illustrates the reconstructed image from an off-axis, digital hologram of
two cross-shaped particles at five axial positions. Notice that the position labeled as “best focus” shows sharp edges
defining the object. These show a resolution better than 10 micrometers.
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Figure 5. Reconstruction of images from a digital hologram at 5 axial locations. The top cross has a line separation of 12.5 um and
the bottom cross of 25 um.

Figure 6 compares stitched holograms with snapshot holograms. Here, a stitched hologram was recorded with ¥4 of the
width in scanning direction, i.e. 144 pixels in the (horizontal) scanning direction. Twenty-two holograms were combined
and shift registration executed using the previous hologram as reference. As can be seen, the stitched hologram yields
superior resolution in scanning direction. Another advantage is the lower numerical effort required for propagation.
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Figure 6. Image of USAF resolution chart reconstructed from Stitched Holograms (Left) and Single hologram (Right) reconstruction.
The stitched holograms yields superior resolution.

These results show that the stitching procedure works well, and that resolution in a stitched hologram can improve over
that of a snapshot hologram. One of the parameters studied in this research is the method of adding up the images produced
by individual strips. They can be added coherently or incoherently. We concluded, tentatively, that incoherent addition
produced cleaner images, apparently because of added interference noise created by coherent addition.

5. Image processing

Digital imaging processing provides an enormous capability for improving and extracting data from holograms. For
example, because digital holograms comprise discrete pixels of data (of a digital camera) with nothing between,
computational methods can improve the reconstruction process by filling in the gaps. We developed and tested improved
methods that enable resolution in reconstructions that are limited only by the combination of numerical aperture and pixel
size, essentially the same as with analogue holography, producing images with diffraction limited resolution. Image
processing methods that can improve data, such as subtraction of common background noise and averaging are easy to
apply digitally. We found improvement in some cases and not in others, so the optimal processing of data can depend on
decisions that must be made during processing. Holographic interferometry is another powerful tool that is easy to apply
digitally when multiple recordings are available, providing a means to inspect the refractive index field surrounding

objects or even light transmitting through objects.
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5.1. Filtering in the frequency domain

Figure 7 shows a raw off-axis digital hologram of aerosols in the chamber with a magnified section to emphasize the
interference fringes caused by mixing object and reference waves.
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Figure 7-Raw digital hologram of the spray and the magnified interference pattern.

Figure 8 compares Fourier transforms and reconstructed images of a USAF resolution target extracted from in-line and
off-axis digital holograms. With the presence of a reference wave, as can be seen in the spatial frequency domain, the
components of the hologram, i.e. the D.C. term, the cross term, and the conjugate cross term, are separated via the spatial
frequency shift created by the off-axis interference of the object and reference waves. The red box marks the cross term
of the hologram that is extracted and used for numerical reconstruction of the desired image structure. This eliminates
the noise caused by the conjugate image present in the in-line case. The image is much cleaner with the addition of a low
pass filter, and other types of spatial filters can improve images even more.
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Figure 8-Comparing reconstructed images of in-line and off-axis holograms.

Figure 9 illustrates how ligament and particle images go in and out of focus as we scan electronically through the field
depth using the single hologram. The figure includes two differently focused image planes produced from a digital
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hologram of the field looking through the spray field of a fuel nozzle with a red circle around a ligament and particle
images in and out of focus at the two depths.

Figure 9-Microscopic focusing in 3D with digital holography; 0.1 mm nozzle; 30 psi; unstable jet reconstructed from one digital
hologram at two different depths to reveal 3D structure. Transmissivity through the cell is less than 10%

6. Systems

Figure 10 shows the basic components and layout for a digital holography system and a possible packaging configuration.
The optical layouts for snapshot and scanning holocameras are essentially the same, except for the shape of the
illumination passing through the sample volume. In the scanning mode the sample volume is a narrow vertical sheet of
light, and in the snapshot mode, the full aperture is employed.
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Figure 10. Basic design layout of a digital holographic cloud particle characterization system.

The scanning mode requires a high-speed camera. A laser beam is diverged, collimated and passed through a sample
volume, after which the light scattered by particles in the sample volume is collected and conveyed through a system of
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mirrors and lenses to a digital camera, where it is mixed with a reference wave. The information is transferred to a memory
for later analysis or transmitted to a ground station where analysis can be carried out in near real time.

7. Conclusions

Based on our theoretical and experimental work reported herein, we conclude that digital holography offers an excellent
opportunity to fulfill critical needs in metrology in a wide range of airborne and spaceborne experiments. Holography,
having proven extremely valuable in isolated programs but limited because of cost, instrument footprint, power
requirements, and operational difficulty of past experiments is now much simple, even more powerful, and applicable in
many more environments with more restricted budgets because of the capabilities provided by digital holography.
Furthermore, many easily applied image processing methods as well as holographic methods, like holographic
interferometry, are available digitally and some of these can make the difference between useable and unusable data.

8. Future Work

In future research we plan to continue improving designs and capabilities of digital holography instruments that meet
airborne requirements. We will be searching for such applications.
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