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An interferometer has been constructed to demonstrate and study the imaging of phase disturbances with a speckle source.  The impact of experimental parameters on the electronic collection of phase-disturbance information will be compared to theoretical models with the intention of developing practical designs for imaging atmospheric disturbances for military applications.  The experiment will also be used as an independent research project that will allow cadets to apply their knowledge of classical optics and electromagnetic waves.

Background

In 1997 the National Reconnaissance Office (NRO) funded PRC research in the area of holographic interferometry.  That research extended grating-based holographic interferometry techniques to remote sensing and examined the suitability of three materials for interferomic imaging: photorefractive crystals, photopolymer films, and thermoplastic recording media.  Unique advantages were identified for each of the three media.  However, the study identified two key obstacles to designing a system useful outside the laboratory: the system’s small sampling region and its degradation by atmospheric turbulence[1].  Two other obvious limitations to battlefield interferomic imaging systems are that the sampling region lies within the instrument and that the optical pathway can be obscured.  One concept that could both expand the sampling region and eliminate the need for an unaberatted beam path is the use of a speckle image.

Speckle Pattern Correlation Interferometry is a laser-based technique for measuring displacements as small as a micrometer or less[2].  This type of interferometry is sometimes referred to as Electronic Speckle Pattern Interferometry (ESPI), and even more recently Digital Speckle Pattern Interferometry [3].  Anyone who has paid attention to the appearance of laser light scattered from an optically rough surface (i.e., things that are not shiny) has seen speckle.  Usually considered a nuisance, speckle is used here as a tool.  With speckle pattern interferometry, a single interferogram is not useful because it is a completely random speckle pattern.  However, by comparing two separate states from a speckle pattern interferometer, one can relate the change in the experimentally varied parameter to the difference of the two speckle images.  The two general methods by which to carry out this are: 

1.  Obtain correlation fringes by subtracting the intensity images of the two object states,  

2.  Take the difference between two random phase maps to create phase fringes which correspond directly to the phase of the correlation fringes.[3]  

The second class of techniques is reported to determine more quantitative results.  

We are interested in extending this method to measuring changes in optical phase for military applications.  The index of refraction generally changes with the density of atoms (or molecules) in a medium, and the speed of light through the medium is inversely proportional to the index of refraction (by definition).  Therefore, density of air can be changed, for example, by high-energy lasers heating the air or exciting it to a plasma.  These changes in the index of refraction of air, not normally visible to the eye, may be imaged by other means.  

The main objective is to demonstrate that ESPI can be used to image the air turbulence near rotating helicopter blades and supersonic air frames in order to investigate the effects of high energy lasers on the turbulence and the effect of turbulence on high energy laser beams.  A first step of the research is to quantify how well ESPI can measure the pressure change in a controlled volume of air.

Using the Engineering Metrology Toolbox on the NIST website [4], one can calculate the index of refraction of air for given environmental conditions and laser wavelength using the Edlén Equation.  From these values, one can show that the required pressure change of 1000 Pa in a 30-cm pressure cell will create approximately an eight- radian phase shift for 633 nm light.  To calculate this we assumed a constant 20° C air temperature and 50% humidity.  Essentially, this confirms that very small fluctuations in pressure can create a measurable phase shift due to the change in the index of refraction.  The fact that very small changes in atmospheric conditions cause a relatively significant change in the optical path length is the primary reasons these effects are a main source noise in ESPI.  With the proper controls, we should be able to conduct this experiment at small pressures above atmosphere.  

Previous work focused on imaging correlation fringes by subtracting intensity images, and, in 2005, researchers here at USMA managed to image a bullet and the turbulent flow that trailed it through the frame.  The current effort of this project does not involve imaging or tracking projectiles.  The practical application of an ESPI device to track projectiles appears to be very limited, and acoustic devices have proven to do a very good job at detecting and tracking supersonic projectiles.  

Experiment

Theory

The intensity at each point in the speckle image of the interfering beams of the interferometer is given by 

	
[image: image1.wmf](

)

(

)

(

)

(

)

i

i

M

i

i

t

y

x

t

y

x

I

t

y

x

I

t

y

x

I

,

,

cos

,

,

,

,

,

,

0

f

+

=


	(1)


where the bias intensity, 
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, and the modulation intensity, 
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, can be written in terms of the intensity of the two interfering arms of the interferometer [3] as
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and

	
[image: image5.wmf](

)

2

1

2

,

,

I

I

t

y

x

I

i

M

=

.
	(3)


The phase term, 
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, is a combination of random fluctuations due to the random nature of speckle patterns and the fluctuations due to changes in the modulated experimental parameter.

There are many documented ways to extract the phase information from a series of speckle images.  The method we have chosen to use involves analyzing the phase using the temporal Hilbert transform (HT) [5, 6].  The data is processed using the temporal history of the interference signal at every pixel.  One advantage of the HT technique is that it does not require the use of an additional controlled phase change.  Additionally, working in the time domain is reported to reduce the amount of noise.

As explained in [5, 6], the HT technique involves the following steps:

1.  Create a 3-dimensional matrix (x,y,t)

2.  Remove the bias intensity, 
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3.  Calculate the HT in the temporal domain using the MATLAB signal processing toolbox to determine analytic signal, which is matrix of complex numbers.

4.  Determine the wrapped phase at each point, (x, y, t) 

5.  Unwrap the phase and smooth the results with a median filter to remove noise from pixels with low modulation intensity.

The unwrapped phase is total phase change which can then be related to the experimental parameter that caused the phase change, which will be the pressure in this experiment.

Experimental Set-up




This experiment will use a transmissive electronic speckle pattern interferometry technique using a diffuse glass plate to create the speckle object beam.  A sketch of the setup is shown in Figure 1.  A CCD camera is located in the image plane of the speckle interferometer.  Since we are attempting to image phase changes due to a change in atmospheric conditions, this interferometer will employ an in-line smooth reference beam to image out-of-plane displacements.  The fundamental requirement of such systems is the requirement of conjugacy.  That is, the reference beam must appear to diverge from the center of the viewing lens.  If this condition is not satisfied, additional spatial frequencies caused by variations of the relative phase of the object and reference beams can arise in the image and distort or destroy the interference pattern [2].

We use a high-power (5 Watts) continuous-wave, frequency doubled, Nd:YVO4 laser as the light source.  The polarizing cube beamsplitter (PCB) at the laser is on a rotating stage and is used to adjust the saturation intensity of the laser.  The laser light is split into a smooth reference arm and an object arm by a PCB.  The two tandem half-wave plates are used to make additional minor adjustments to the intensity of the two arms.  The reference arm is further “smoothed” by a spatial filter consisting of a microscope objective and a 25
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pinhole.  Just prior this filter, there is an additional rotating PCB to allow more major adjustments to the reference intensity.
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Figure 1: Electronic Speckle Pattern Interferometry Experimental Setup.
Finally, the reference beam is focused down through a 100 mm converging lens before being recombined with the object beam inside a cubic beamsplitter.  This lens, along with the final lens in the object beam line, will be used to help satisfy conjugacy requirements in this experiment.  After being split from the reference beam, the object beam is also passed through a microscope objective.  This expansion allows the object beam to cover the entire target diffuser, but the angle prevents a bright spot from appearing on the CCD.  The object the object beam is collected by a camera lens assembly and is recombined with the smooth reference beam inside a cube beamsplitter.  The recombination of the beams creates a speckle interference pattern that is imaged by a CCD camera mounted aft of the recombining cubic beamsplitter.

The pressure inside the cell is varied over time and a series of images is saved.  This series of images makes up the temporal history of the intensity at each pixel.  Using this temporal history, we should be able to implement the HT technique to determine the unwrapped phase and the corresponding change in pressure.

We also have maintained the capability to image correlation fringes by subtracting the intensity images of two separate speckle patterns.  This method involves capturing the initial image and storing it in a computers memory.  The change of some kind is made to the system resulting in a change in the speckle pattern. A new speckle interference image is recorded and stored.  Subtraction of the two images can give information about the displacement of the object as long as coherence and conjugation requirements are met.  Optimization of speckle fringe contrast can be affected by the geometry of the interferometer setup.  The dynamic range and spatial resolution of the video system can also affect the design of the interferometer.  

Results and Discussion

We have developed techniques with the assistance of Rastogi [3] to improve the efficiency of the interferometer based on the speckle size in relation to the individual CCD element size.  The additional rotating PCB enable us to adjust the ratio of the mean speckle intensity and reference intensity to the saturation intensity in order to adjust each to meet specific criteria based on the number of speckles per pixel we are imaging.  We have been able to acquire very clear images of heat induced correlation fringes around a human hand using the transmissive interferometer.  To date, we have not achieved any significant results imaging phase fringes.

The primary source of systematic error in ESPI is due to vibrations and environmental disturbances [3].  We are trying to image a change in pressure while keeping the air currents and vibrations small.  The challenge is that only a small variation in pressure is necessary to create a significant phase change.  This fact requires us to have an accurately measured pressure inside our cell and an environment free of air currents both inside and outside our pressure cell.

Implementing the HT method has not been without its challenges.  We are still in the process of refining the MATLAB program so that it uses the it uses an appropriate Hilbert transformer and window for a given set of data.  Part of this process is accurately determining the size of the window (ie. the number of frames) to use for the HT and the size of the window to use for removing the bias.  Once the appropriate analytic signal is determined using the HT, determining the phase at each point is a simple procedure.

Future Direction 

We are further refining the number of speckles per pixel in order to increase the efficiency of our arrangement and to reduce the amount noise due to individual speckle fluctuation.  With the appropriate lens, a shorter pressure cell can be used which will reduce the impact of the change in pressure on the change in optical path length.  More accurate measurements will have to implement additional controls to maintain constant atmospheric conditions both inside and outside the pressure cell.  Once demonstrated that a known pressure change is measurable, an additional phase modulation would have to be introduced in order to be able to determine whether an unknown pressure measurement is due to increasing or decreasing pressure.
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