Many facets of interferometry: a deceptively simple and powerful measurement technique
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Abstract

Interferometry is a deceptively simple and yet powerful optical concept, just as Dean Wyant is an unpretentious man
who achieved successes by wisely practicing his art. We take two coherent waves and generate an interferometric
pattern that gives us an intensity distribution with varying spatial frequencies. We apply several modalities in our
laboratory in the CIO: vectorial shearing interferometry to probe a surface in an arbitrary direction, rotational shearing
interferometry to detect a faint off-axis source in the presence of a strong, rotationally symmetric one, and
interferometry with ballistic photons to diagnose abnormal tissue.
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1. Introduction

We have been using interferometry in several experiments and engineering solutions. Potentially the most interesting
one is the proposal of using the rotationally shearing interferometry to directly detect an extrasolar planet [1-8].
Furthermore, we investigated the use of vectorial shearing interferometers to measure asphericity of a sphere, used as
a volume standard [9-14]. Along the way, we developed a novel technique to interpret interferograms and apply it to
the shape determination [15-22].

Transillumination of in vivo samples has been used in medicine to determine the health status of internal organs, teeth,
and blood. For the first two, x-rays and positrons might be used in transillumination. Their images could be described
as shadows of the object, not including the phase information. Visible and near IR radiation is implemented routinely,
for example in oximetry, to assure that the patient has sufficiently oxygenated [23,24]. Interestingly, the amount of
transmitted radiation is not important for as long as we obtain measurable signal. In oximetry, two sources of radiation
are needed to provide signal to determine the state of oxygenation.
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Fig. 1. When the incident radiation impinges on an occlusion, the radiation traveling in forward direction includes the
ballistic photons, suffering no phase or direction change, and scattered radiation that undergoes such change.
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We wanted to measure the amount of transmitted visible / near IR radiation. It has the advantages that it is not
damaging to the tissues. This radiation would be transmitted through tissue without scattering or deflection, as
illustrated in Fig. 1. It would maintain its state of coherence, not counting the path delays. When the incident radiation
impinges on an occlusion, the radiation traveling in forward direction includes the ballistic photons, suffering no phase
or direction change, and scattered radiation that suffers phase and direction change. Thus, this ballistic beam could be
used in an interferometric setup to measure the sample transmittance. An additional advantage of the interferometric
beam detection is that the scattered radiation that represents most of the transilluminated radiation is ignored, because
it lost coherence [25-29].

We were able to obtain good oximetry results for transillumination through the arm of a thin teenager (small amount
of fat). The visible / IR radiation is relatively poorly transmitted through the tissue so its application would be limited
to thin body parts and small parts of (small) animals. First, we review the transillumination theory with ballistic
photons. The experiment was previously used to determine the coefficient of scattering and absorption of laboratory
prepared liquids. Then, we present some simulation results.

2. Experimental — interference of ballistic photons

A 3-mW HeNe laser (Oriel), emitting radiation at 633 nm, provides the coherent illumination. In the actual
applications of tissue characterization, the near IR wavelengths are preferable due to the advantageous spectral
characteristics of biological tissues of decreased scattering and absorption in this spectral region. The visible
wavelengths have an obvious advantage during the feasibility assessment and characterization of this technique.

A small-diameter laser beam is used to sample a correspondingly small area on the tissue to achieve high spatial
resolution of the probe. In practice, this probe beam may be scanned over the complete sample area to evaluate its
spatially dependent transmission characteristics. The beam passes through the microscope objective that spatially
filters it and expands it. The square box at the output of the laser represents schematically the objective and the
diaphragm. An aperture delineating the spatial extend of the probe beam defines the spatial resolution on the object,
making it smaller than the actual diameter of the laser beam.

Inside the sample, the radiation may be singly or multiply scattered, depending on the number of scattering particles
per beam volume. The rays may scatter into a full sphere. However, for the transmission and subsequent detection of
the ballistic photons, the forward scattered radiation represents a highly detrimental noise that must be eliminated.
Any ray, that suffers ever so small deviation from either its original direction or its trajectory of propagation, is
presumed to have participated in the scattering. Therefore, it represents unwanted noise. The photons that are scattered
into a small cone close to the line of forward propagation are eliminated to a high degree with an aperture just after
the sample. The aperture transmits only the pass-through ballistic photons.

A beam direction-changing mirror is mounted on a PZT actuator to control the optical path in the sample arm. When
the optical path is changed by up to half a wavelength, the phase delay is changed by up to « radians. This allows the
signal on the detector to oscillate between zero when reference and ballistic beam are out of phase to maximum
modulation when they are in phase. Beam splitters are used to divide and then to recombine the beams. The first one,
just a polished plane parallel piece of glass, transmits most of the power into the arm with the sample, at 98/2 power
ratio. In the sample arm, most of the radiation is expected to be lost upon scattering and/or absorption in trans-
illuminated samples, such as biological tissues.

In the reference arm with 2% transmitted power there are only two optical components: a beam direction-changing
mirror and a variable-transmission (gray) filter that may be adjusted for maximum contrast of the interferometric
pattern, as judged by a human observer, depending on the maximum sample density. Then, both beams have
approximately the same power onto the detector plane, resulting in the maximum visibility. This component provides

potential for the wave attenuation by a factor of 10”. This corresponds to the power attenuation of 10°.
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The signal transmitted through the sample is encoded as the amplitude of the eye-pattern with a phase—modulation
scheme. Employing the piezoelectric actuator (PZT) for controlled mirror displacement in the sample arm, the optical
path travelled by the ballistic photons may be modified to compensate the phase delay introduced by the sample and
optical components. The detected power is triggered to record the highest value (amplitude) of the interference signal.
This value corresponds to the product of waves in the reference and the sample arm at the detector when the waves
are in phase.

The reference beam and the sample beam overlap at the second beam splitter and volume behind it. As the beam
splitter is partially reflective and partially transmissive, the interference pattern is created above it and to its right. In
the diagram of Fig. 2, we transposed the pass-through and the reflected beams at the second beam splitter so that this
figure may occupy less space. The pass-through, highly attenuated beam of ballistic photons is transmitted again at
the second beam splitter, with the transmission ratio of 98/2, expanding the dynamic range by a factor of one hundred
once again.

The ballistic photons pass through the third pinhole, with diameter equal to that of the second one. The function of the
second contrast enhancement aperture (the third pinhole) is to clip any slightly divergent or scattered rays that might
have remained in the beam. Just after the pinhole, a lens is used to project the overlapping radiation from both arms
of the interferometer onto the detector surface. A low-light-level, highly sensitive Apogee camera featuring 4000 by
4000 pixels detects this weak radiation.

Two beam splitters at 10° each and gray level neutral density filter at 10° bring the wave dynamic range of this
experimental arrangement to 107, all achievable with the off-the-shelf optical components. This means that 1
transmitted photon among 10" incident ones may be measured to provide useful results. This corresponds to the

expected power attenuation in the tissue of 10, Thus, this technique may be used on a tissue that appears quite
opaque upon examination with unaided eyes to provide information about its volume in-homogeneities.
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Fig. 2. In a transillumination experiment, ballistic photons are separated from the scattered ones by combining them
in a Mach Zehnder interferometer. The sample is examined at a single point and scanned to obtain transmission
function in transverse plane.
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3. Theory

The power P at point (x,y) upon interference between ballistic beam transmitted through the sample and the one
traveling through the reference arm was found previously [31]. Subscript sa (ra) denotes sample (reference) arm.
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In this equation, 7z is the transmission loss of the container, Ps, is the power into the sample arm,
P is the power into the reference arm, D; is a distance that a ballistic photon travels through material i, ksc; and ai

are the scattering and absorption coefficients of the sample segment, ¢, is a delay, and D;ns; is the optical path
through the sample segment i. The first term in this equation is a constant for a specific sample and experimental
conditions. It may be eliminated using a low-pass filter. We introduced time dependence in the second term by
including a movable mirror attached to a piezoelectric actuator. We graph the second term as a function of time in

Fig. 2. The maximum transmitted power is found upon letting cosine be equal to one.
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The minimum transmitted power is found upon letting cosine be equal to minus one.
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The average power is found by taking one half of the sum of Eq. 2 and 3.
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The amplitude is found by subtracting the average in Eq. 4 from total power in Eq. 1.
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Fig. 3. Power changes as a function of time in the wave cycle, with the medium transmission as a parameter.
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We define a parameter V that may be related to the contrast or visibility.

Z[T(x'y;Di)PsaPra]l/z

V= T(x,¥;Di)Psq+Prq (6)

We define the signal-to-noise ratio, S/N, in a standard fashion.
S/N =[ABS(T;— T» )/ Tp (7

Here T is the transmission value through the occlusion and tissue and 7} is the background transmission. We

selected for 7 the minimum value of the transillumination through the tissue without occlusion. Looking for
example at a broken bone, this imagery is sufficient to see the nature and complexity of the fraction.

To detect an unknown abnormality within the bone, the value of S/N must be greater than a reference value Vyer. Its
choice will likely depend on the experimental arrangement. It will define the detection accuracy of the method. The
smaller the reference value that still results in the detection, the greater the accuracy of the method. We introduce the
binarization.

®)
0, S/N<V, f

pixel value = {1, S/N > Vyey

This thresholding allows the assignment of the pixel as belonging to the occlusion or not.

4. Three-tissue transillumination — model with five distances (phalanx)

We model an inclusion inside a bone-like tissue, wrapped inside a flesh-like cylinder, as illustrated in Fig. 4. We
consider the inclusion (growth, tumor) to be a sphere in the first approximation, while the outside of body part is a
cylinder. The bone is modeled as a cylinder that ends in a sphere, using a hyperbola to model the transition. On the
left side of Fig. 4, we show the geometrical model, while on the right side we present the transilluminated signal
obtained in the interferometric arrangement. The assumed coefficients of absorption are 0.058 mm! for bone, 0 mm-
! for the occlusion, and 0.07 mm'! for flesh tissue.

TLy.zR,R)

R2=R3 _]

R1——

| ¢ Tejido exterior al hueso

Fig. 4. Left: mathematical model of a three-tissue transillumination problem; right: transmitted signal on the y-z
plane.
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4.1 Case 1: Transillumination through a healthy tissue (no inclusion)

Figure 5 illustrates the model of healthy phalanx and the transilluminated image, constructed by pointwise
transillumination. We consider that the figure is symmetrical with respect to the xz plane. In addition, the objects we
model have azimuthal symmetry. This way we consider only the upper half of the representation of the bone. Photons
travel along x-axis into the tissue. The darker areas represent places where the optical path through the bone is longer.

We can see that the amount of transmitted radiation decreases for the central part in the sphere. It slowly decreases as
the neck of the bone decreases toward axis of symmetry. It also decreases toward the edges of the bone. Considering
that the bone is homogeneous, the amount of radiation passing through the sample depends on the distance the light
travels and the scattering coefficient.

4
z T(Ly.2)

Fig. 5. Left: mathematical model of a representative healthy bone, formed by a sphere and hyperboloidal segments.
Right: the trans-illumination signal when the uniform radiation is incident along x-axis.

4.2 Case 2: Trans-illumination through a simulated bone with a round occlusion inside the top sphere

A sphere inside the spherical part of the bone may represent an occlusion, as seen in Fig. 6. The amount of the trans-
illuminated radiation is shown on the right. Taking the difference between the data presented in the right sides of Fig.
6 and Fig. 5 yields the image of the occlusion, shown in Fig. 7.

Using Eq. 8, we indicate the values of the pixels in a three-tissue transillumination simulation for different reference

values in Table 1. These binarized pixels denote the size of the occlusion. The larger the threshold value, the smaller
the detected occlusion appears.
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Fig. 6. Left: mathematical model of the bone, with an inclusion of radius Rt at the center of the top sphere. Right: the
trans-illuminated radiation exiting the bone in the y-z plane.
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Fig. 7. Difference in the transillumination through the bone with and without an occlusion.
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Table 1. The size of detected tumor vs threshold value for the same occlusion size.

Ref. value

Bone and occlusion

Flesh, bone, and occlusion

>=0.1

ref

10
15

]

VvV  >=0.15
ref

5
10
15

ref

10
15

'

V_ >=025

We demonstrated that some visible /near infrared radiation is transmitted even through relatively thick biological in-
vivo samples, such as finger and arm. We proposed that those ballistic photons can be used in an interferometric
arrangement to add them constructively in a heterodyne detection setup. We used a calibrated setup to determine
separately the absorption coefficient and the scattering coefficient of samples, giving us confidence that this technique

5. Summary

can be used for diagnosis of thinner body parts, especially for small animals.
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