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ABSTRACT

Digital Image Plane Holography (DIPH) is a non-invasive optical technique which is able to recover the whole object
wave. An object is illuminated and the diffused backscattered light is carried to a digital sensor by using a lens, where it
interferes with a divergent reference wave with its origin in the lens aperture plane. Selecting each aperture image in the
Fourier plane, the amplitude and the phase of the object beam are obtained. If two holograms are recorded at different
times, after a small displacement, the reconstructed intensity distributions can be taken as a speckle field, while the phase
difference distribution can be analyzed by an interferometric approach. In this work scattering media are investigated by
using digital holography. The aim of this paper is to determine the viability of the technique to characterized optical
properties of the sample. Different scattering media are modeled with different scattering properties. Each model
generates a speckle pattern with different statistical properties (size, contrast, intensity). Both the visibility of the
interferometric fringes and the properties of speckle pattern are related with optical properties of the media such as
absorption and scattering coefficient. The ability to measure these properties makes the technique a promising method
for biomedical applications.
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1. INTRODUCTION

There is an increasing interest in the study of diffusing media by using optical techniques. Digital Image Plane
Holography (DIPH) is a non-intrusive, non-contact and high sensitivity optical technique. A numerical reconstruction
allows to retrieve the original object wavefront. The technique can resolve optical path changes up to one hundredth of a
wavelength [1]. To record a digital hologram, two wavefronts (object and reference beam) interfere in the digital sensor.
In the set-up, an appropriate angle between the reference and the object beams is required, in this way the amplitude and
the phase of the object beam is recovered from a single record. In this work, we propose to use both the amplitude and
phase information to study scattering samples. The objective is to determine the viability of the technique to characterize
samples with different optical properties.

For scattering samples, the amplitude recovered will be a speckle pattern. A coherent illumination produces a speckle
pattern due to the interference of light scattered by the object. Statistical properties of speckle fields are well-known [2].
Speckle analysis has been used to characterize the dynamic behavior of samples with biological activity [3,4]. In the case
of a turbid media, speckle pattern parameters are related with the optical properties of the media, as scatterer sizes,
absorption coefficient or refractive index [5,6]. This relation can be used to infer information about the sample from the
backscattered speckle. On the other hand, if the sample has moved and two holograms have been recorded, a phase
difference map is obtained. Fringes in the phase map are related with the object displacement. In this work, we are
interested in the quality of the fringes. This is not the first time that the fringe visibility is useful to characterize surfaces.
In [7], the contrast of fringes obtained in an optical interferometer are used to estimate surface roughness. Changes on
the interferometric fringe visibility due to microspheres of different sizes has been evaluated [8]. In [9], the relation
between fringe visibility and speckle size is described. The contrast of the phase map is used to examine the sample. This
paper is organized as follow. Section 2 describes the fundamentals of the Digital Holography. The numerical model, the
results and the discussion are included in Section 3. Finally, Section 4 contains the most relevant conclusions.
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2. DIGITAL HOLOGRAPHY

Digital holography is a non-invasive optical technique which is able to recover the whole object wave. To record a
digital hologram, an object is illuminated and the light scattered by the surface (object wave o(x,y)) interferes with a
reference wave (r(x,y)) on a digital sensor, as shown in Figure 1a. These waves have a complex form that can be

written as:
o(x,y) = Ao (x, y)explipol, r(x,y) = A (x, y)expljoy], (1a, b)
where A is the real amplitude and ¢ the phase. One of the usual ways to write the hologram intensity is:
I(x,y) = Ag + A12” + 24,4,c0s (9, — ¢r), 2)

where it is clear that the hologram carries information about the phase and the amplitude of the object wave. Since the
reference beam is set as a smooth wave, 4, is almost constant and ¢, has a continuous spatial change in the sensor plane,

while A, and ¢, are random variables.
Or \%\
j f f j ologram

@) ’ (b)

Figure 1. (a) Hologram recordlng process. (b) Object wave reconstruction process by using a reconstruction wave .
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For the numerical reconstruction of the complex object wave, the Fresnel-Kirchoff diffraction theory is used [1]. For any
plane located in z (Fresnel region: ,n < z), the reconstructed wave is obtained through a numerical propagation of the
hologram I(x, y) multiplied by a reconstruction wave c(x,y) (Figure 1b). Fresnel transformation is defined as:

rv, 1) = 228D expljmaz(v? + )] x 57 {106, e, ) exp [ (2 + 2|} 3)

with A the wavelength of the light, k = 2m/A the wave number, v = % and p = % scale factors, and I~ refers to the
inverse Fourier transform. The intensity and the phase are calculated by:

1€ m =IrEm, )
Im[T(§m)]

Re [T(Em] " )
In the particular case where a spherical reference beam has its origin in the object plane, the hologram is a lens-less
Fourier hologram. Then equation (3) is simplified and the object can be reconstructed by a Fourier transform of the
hologram. If the hologram intensity is written as:

) = arctan

1Gey) = IrCeI? + loCe MI? + 17 (x,y)o(x, ¥) +1(x,¥)0"(x,¥). (6)
The Fourier transform of the hologram is given by:
U} =1(6,1) = A28(0,0) + AZS(E,n) + J{r o} + J{ro*}. (7

The two first terms correspond to the reference and object wave spectrum, and lie in the image center. The third and the
fourth terms are the virtual and the real images of the object respectively, which are completely separated if an off-axis
geometry is used in the setup.
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2.1 Intensity analysis

The reconstructed intensity distributions can be taken as a speckle pattern. For an objective speckle formation, the mean
speckle size d depend on the diameter of the illumination area D, the wavelength A and the distance between the object
and the observation plane d, according to the following relation:

Ad
dy =122%. (8)

In order to measure the mean speckle size from the intensity distribution, the normalized auto-covariance function of the
intensity speckle pattern is required. This function is the same to the normalized autocorrelation function of the intensity.
According with the Wiener—Khintchine theorem, the autocorrelation function is given by the Inverse Fourier Transform
of the Power Spectral Density of the intensity [2]. Therefore the speckle size is calculated from the spatial intensity
distribution by:

I™HISU )} (x,3))? 9)
IE2-U@xy))?

c(x,y) =
The speckle size is estimated of the full width at half-maximum of the autocorrelation function.

2.2 Phase analysis

When two holograms are recorded in two different times, separated AT, the phase distributions can be analyzed by an

interferometric approach [10]. If the object has undergone a displacement L, the difference between the two phase
distributions is related to the displacement such that:

Ap=K-L, (10)
K is called sensitivity vector and gives the direction in which the set-up has maximum sensitivity. The sensitivity vector
is defined by the geometry of the experimental setup:

K=" g —w), (11)

where u, y u, are the illumination and observation vectors respectively (Fig. 1). An out-of-plane deformation is
measured when illumination and observation vectors are both parallel to z. A phase variation of 27 corresponds to a
deformation of /2.

In order to evaluate the fringe visibility, the classic definition of fringe visibility is used [11]:

— Imax—Imin , (12)

Imax+Imin

where I,,,, and I,,;;, are maximum and minimum intensity in the fringe patter respectively.

3. NUMERICAL MODEL: RESULTS AND DISCUSSION

To model the problem, the object plane (1) (see Fig. 1) is sampled on a rectangular matrix of N X N points, with steps
A along the coordinates. The parameters of the numerical model are: 1 = 630nm, d = 1m, N = 500, A = 0.03mm. Let us
suppose that the object is illuminated by a Gaussian beam with u, = (0,0,1). The intensity distribution on the object
surface is show in Figure 2a-b, for beams with different radii wy,. Different optical properties of the media produce
different outgoing diameter scattered light [12]. Using Fresnel-Kirchhoff diffraction integral (equation 3), the speckle
pattern intensity in the hologram plane (x, y) can be calculated. It can be seen in Figure 2c-d the speckle field produced
for light distribution showed in Figure 2a-c respectively. The mean speckle size of each distribution is different, as can
be seen in the figure.
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Figure 2. Intensity of a Gaussian beam in the object plane with (a) wy = 0.45mm, and (b) w, = 1mm. Speckle pattern intensity in
observation plane with a mean speckle size of (¢) dg = 176.5um, and (d) dg = 79.9um.
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In Fresnel region, the phase of the divergent reference beam can be modeled as:
1 ) ;
0:(6,y) ~ Zexp [~ 2, exp | —i - ((x - 22 + (7 = 1)) (13)
with (x,, ¥, z,) = (4mm, 0, d). This wavefront interferes with object wave (Figure 2c-d) to produce the hologram.

To find a phase difference map, the object is rotated around ¢ axis at a given angle of 0.003 ¢ The resulting phase map
will be horizontal fringes, where each fringe corresponds to an out-of-plane displacement of %= 315nm. Figure 3

depicts a vertical profile of the phase map, it represents one fringe. Noise curves are due to speckle phenomena. It is
clear that the contrast of each map is different when the speckle size is changed. The visibility of the fringes is increased
when the speckle size is increased, for a given displacement.

With these results, it can be seen that it is possible to measure characteristics of the object from the quality of the phase
map.

Ad(rad)
Ad(rad)

25 25
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Figure 3. Phase map intensity profile from a hologram of a speckle pattern with mean speckle size of (a) dy = 172.3um, V =0.7958.
(b) ds = 57.5um, V =0.6366.

4. CONCLUSION

In this preliminary work, we have seen that digital image plane holography is a promising technique to study optical
turbid media. The sample is studied in a reflection geometry. Holography allows to recover an intensity and phase
distributions of the backscattered light. The mean speckle size of the intensity distribution and the contrast of the phase
map are related with optical properties of the media. This makes it possible to infer information about the sample under
study. As a future work, we expect to model the backscattered light of a samples with different optical properties by
using a Monte Carlo program, in order to find a relation between fringe visibility and absorption or scattering
coefficients.
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