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We present a computer model of the polarization-sensitive interference diagnostics of the bi-refringent biological media, with a particular example of the lamella of eye cornea. The diagnostic procedure employs the modified Mach–Zehnder interferometer with controllable phase retardation of the reference wave, separate observation of the orthogonal linearly-polarized interference signals, and evaluation of the phases and amplitudes of their variable (AC) components. The data obtained permit to determine the mean refractive index as well as the difference between the extraordinary and ordinary refractive indices, which, in turn, indicates the optical axis and the collagen fibers’ orientation in the lamella. The modelled procedure enables the sample structure diagnostics with the longitudinal and lateral resolution ∼100 nm and ∼1.8 μm, correspondingly. In particular, it permits a reliable detection and quantitative characterization of a thin (<100 nm) near-surface layer where the mean refractive index differs by less than 1% from that in the main volume (due to the different orientation of the collagen fibers). The diagnostic approach, developed in the paper, can be useful in various problems of structure characterization of optically-anisotropic biological tissues.
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1 INTRODUCTION
In the early 1990s, it was proposed to use the principles of low-coherence interferometry for obtaining tomographic images of biological tissues with high spatial resolution [1, 2]. This approach, known as “optical coherence tomography” (OCT), opened up new horizons in several areas of medical research, in particular in ophthalmology and dermatology [3–5].
The principles of OCT are based on the properties of biological tissues, whose physical features (mechanical and optical density, specific possibilities to absorb and/or scatter the light energy) affect their ability to reflect the light signal. In this context, the portions of light energy reflected by the tissue layers situated at different depths under the sample surface, can be discriminated due to the limited coherence length of the probing radiation: via scanning the phase retardation of the reference wave, one can observe the interference signal formed by the reflected light “originating” from the desirable tissue section.
Based on the same principles that date back to the period when the OCT ideas were first formulated, a lot of special technological solutions were further developed. The main improvements were directed to the search for possibilities of obtaining several adjacent scans along the sample depth and area in order to recover topographic information about the structure of the whole tissue volume [3–5], and to enhancement of the OCT spatial resolution. As a rule, the longitudinal (axial) resolution is determined by the degree of the probing light temporal coherence, while the transverse resolution of the tomographic system is dictated the angular dimensions of the source. With the OCT [1, 2, 6], both the longitudinal and transverse spatial resolution of the image is achieved at levels of 1—15 µm, which is an order of magnitude higher than when using ultrasound.
Nevertheless, wide application of the OCT as a method for tomography of transparent and translucent media by recording the reflected and back-scattered radiation had indicated its shortcomings in the problems of direct differentiation of various specific tissues, their elements, individual layers of an object, especially, in situations where the tissue elements are damaged, displaced or deformed. The limitations can be overcome if the set of measured parameters is expanded. An immediate step in this direction involves, in addition to registering the radiation intensity, the light polarization measurements, thus switching to the polarization sensitive (PS) OCT [7–10]. Additional information, contained in the reflected-light polarization, not only enables to reveal the specific polarization-sensitive properties of the object (especially valuable because biological tissues and elements frequently show a bi-refringent behavior [8, 9]) but also contribute to increasing the contrast and resolution of the “traditional” intensity-dependent images of the samples under study.
There are known several different designs of the PS-OCT setups operating with different input polarization states, different detection schemes, etc. The main differences between a conventional OCT setup and a PS-OCT arrangement are that a light wave with a specific prescribed state of polarization (SOP) (or switchable set of SOPs) must be used to illuminate the sample [11–15], the SOP should be maintained (or controllably changed) during the light passage through the diagnostic system, and at least two separate detection channels are necessary to register the orthogonal polarization components of the tomographic signal.
In particular, the systems, in which multiple SOPs are used, provide the possibility of access to additional polarization quantities. For example, the Stokes vector quantification, Jones matrix characterization, and Müller matrix measurements are implemented for samples in which the birefringence axes (orientations of birefringent fibers) strongly vary with depth, or the probe radiation experiences significant attenuation due to absorption during the beam propagation [14]. In combination with other OCT approaches, the PS-OCT methods lead to increase of the tomography sensitivity, better image contrast and reducing the time necessary for the full longitudinal and transverse sample scanning.
However, the PS-OCT technique is coupled with some limitations stipulated, for example, by the image speckle structure. Traditional PS-OCT schemes meet difficulties in characterization of the specific features inherent in surface and sub-surface regions of the objects. To realize the PS-OCT measurements for a thin near-surface layer (NSL), specific approaches of endoscopic and needle tomography have been developed, which, as a rule, are slightly invasive and are accompanied by some damage to the sample surface [16, 17].
In this paper, we propose and theoretically analyze efficient PS-OCT procedures for sensitive measurements of optical and structure properties of biological birefringent objects with micrometer transverse resolution and sub-micrometer longitudinal resolution. As an example, the lamella of the eye cornea is considered, with the special attention to detection and characterization of the lamella inhomogeneity in the longitudinal direction. In particular, it is shown that the low-coherent PS-OCT approach enables a non-invasive informative characterization of the near-surface distortions of the lamella structure. Combinations of the ellipsometric and interferometric measurements, involving the modified Mach–Zehnder interferometer, with the correlation and amplitude measurements gives additional possibilities for high-sensitive, comprehensive and reliable recovering the sample structure without its mechanical damage or deformation.
2 STRUCTURE AND PROPERTIES OF A BIOLOGICAL BIREFRINGENT OBJECT
As an example of a birefringent biological object, we consider the eye cornea, the main structural element of which is a lamella – the plate containing tightly packed collagen fibers (Figure 1). Depending on the type, the lamellae differ in their sizes from 0.5 to 200 µm in width and from 0.2 to 2.5 µm in thickness [18]. Optical properties of the cornea [6] are characterized by its high transparency to visible and infrared radiation.
[image: Figure 1]FIGURE 1 | Model of the lamella structure accepted for simulations. (A) Schematic lamella plate of the realistic size [image: image]; (B) highlighted and magnified fragment [image: image] being the subject of investigation. In (B), the collagen fibers are schematically shown with additional 10-fold magnification for better visibility. Their orientation in the (x, y) plane corresponds to [image: image]. The probing light (arrows) approaches from the z-direction.
Collagen fibers of the cornea lamellae are characterized by a refractive index ncoll = 1.415; they are surrounded by the base substance medium with a refractive index nbase = 1.356 [19]. The fibers are of cylindrical shape, normally possessing identical diameters, and are oriented parallel to each other and parallel to the lamella plane. The diameter of a collagen fiber is about 30.8 nm, the average distance between them is 55.3 nm [19].
Such a cellular structure implies a possibility of radiation scattering by individual fibers, which would make the lamellae, and the cornea as a whole, opaque. In fact, the cornea is transparent and transmits up to 90% of the incident radiation [20]. According to existing theories [21–23], this is explained by the interference damping of backscattered secondary waves and amplification of forward-scattered ones [20]; the transmission attenuation becomes relevant in the case of the lamella’s waviness, which may appear due to the eye swelling or the cornea edema [24].
In general, each lamella is a birefringent structure, which is characterized by the shape anisotropy [25, 26]. According to the existing model of the eye cornea [25–30], individual lamellae can be considered as uniaxial wave plates, for which the optical axis is oriented parallel to the direction of the collagen fibers (see Figure 1). From lamella to lamella, the optical axes change their orientation within the lamella plane. The predominant optical-axis orientation of the lamellae determines both linear birefringence and absorption dichroism. Introducing the Cartesian frame (x, y) in the lamella plane, we can characterize the local optical-axis position via the angle α between the x-axis and the collagen fibers.
Within the framework of the computer tomography, the lamella is illuminated normally to its plane (see Figure 1), and the radiation transmitted through its thickness and reflected from its back surface carries valuable information relating the lamella’s optical properties and inhomogeneity. According to the above description, a lamella plate can be modeled as a birefringent plate with the optical axis orthogonal to the propagation direction normal to the plate surface (z-direction); the optical-axis orientation within the (x, y) plane is random. In the first approximation, we disregard the presence of scattering centers (keratocytes) localized between the lamellae layers, supposing that the light beam interaction with these centers is insignificant [20–24].
The observed lamella birefringence is a linear shape birefringence, which is positive, since the fibers are contained in a medium with a lower refractive index. The birefringence is characterized by the difference between the ordinary [image: image] and extraordinary [image: image] refractive indices [25],
[image: image]
where [image: image] is the volume content of the collagen fibers. Since [image: image] [19], Eq. 1 determines [image: image] [25]. The mean refractive index is
[image: image]
which dictates
[image: image]
in agreement with the literature data [25].
The object of the study – the eye cornea – determines the effective operating wavelength, which is used to simulate the processes of PS-OCT diagnostics. Here, the two aspects should be kept in mind: the good penetration of probing radiation into the tissue under study and the possibility of the sample NSL scanning. In ophthalmic systems, the choice of the wavelength is determined by the need for sufficient penetration of light through the retinal pigment epithelium, for which the wavelengths 850 nm–1,050 nm are appropriate [31].
The choice of the wavelength is related to the bandwidth of the light source to achieve the necessary axial resolution. We consider the radiation of a Ti: Sapphire laser (widely used in ophthalmology) with the central wavelength, corresponding central wavenumber and the spectral width
[image: image]
the power spectrum is supposed to be Gaussian [32],
[image: image]
([image: image] has the meaning of “full width at half-maximum” so that [image: image]). Such a choice of the probe wavelength corresponds to the transparency window, limited by the eye cornea absorption bands [33]. The power spectrum (5) determines the coherence length
[image: image]
where the numerical value corresponds to conditions (3) and (4); it characterizes the longitudinal resolution of the PS-OCT [4, 33].
The lateral resolution [4] is limited by the size of the focused spot, which is determined by the numerical aperture NA of the objective,
[image: image]
For increasing the lateral resolution, it is tempting to use high-NA objectives; however, another parameter, the depth of focus b (sometimes called as confocal parameter),
[image: image]
should be also taken into account. The value of b determines the “penetrating ability” of the longitudinal scanning and must exceed the probed sample thickness. For example, if a cornea thickness is about 500 μm, a numerical aperture NA = 0.02 is required with corresponding lateral resolution ∼16 μm. In eye studies, the lateral resolution 5—15 μm is usual [4]; in our simulations, we accept [image: image], which dictates the lateral resolution δx ∼ 1.8 μm and b = 5.75 μm (appropriate for the lamella thickness 2 μm).
3 INTERFEROMETRIC PS-OCT DIAGNOSTICS OF THE BIREFRINGENT TISSUE
A scheme of the model equipment is shown in Figure 2. The Ti: Sapphire laser L produces the x-polarized radiation which enters the Mach-Zehnder interferometer formed by polarization-neutral beam splitters BS1, BS2, BS3 and BS4. The reference arm includes BS2 and the adjustable mirror M that enables to introduce controllable phase retardation of the reference wave; additionally, the half-wave plate HWP can be placed between BS2 and BS4 to switch between the x- and y-polarization state of the reference wave. The sample S of the biological birefringent object (lamella) is placed in the probing arm. The radiation reflected by BS3 is focused on the sample by the objective (not shown in Figure 2), enters the sample and is partially reflected by the front and back sample surfaces. The reflected radiation, whose polarization state is transformed due to the double passage of the sample depth, is again collected by the objective and propagates through BS3 to BS4 where it is superposed with the reference wave. Polarizers Px and Py, selective for the x- and y-polarized components, and the corresponding detectors Dx and Dy, form the x- and y-channels of measurements. The detectors’ signals are compared and processed in the real time. We imply that the wave amplitudes in each arm can be adjusted at any desirable level by means of the standard elements (neutral filters) not shown in Figure 2.
[image: Figure 2]FIGURE 2 | Modified Mach–Zehnder scheme for the lamella diagnostics: (L) radiation source, (BS1, BS2, BS3, BS4) beam-splitters, (М) mirror, (HWP) half-wave plate, (S) sample, (Dx, Dy) photodetectors, (CPU) computer unit, ([image: image]) incident linearly-polarized beam with x-polarization, ([image: image]) reference beam, ([image: image]) object beam, (k) direction of the beam propagation, ([image: image]) interference beam formed in the x-channel behind BS4, ([image: image]) interference beam formed in the y-channel behind BS4, (Px, Py) polarizers selectively transparent for x- and y-polarized waves.
According to the properties of a biological sample discussed in Section 2, the lamella represents a birefringent uniaxial plate which can be described by the Jones matrix [34, 35].
[image: image]
where [image: image], [image: image] is the difference between the extraordinary and ordinary indices (1), [image: image] is the sample thickness, [image: image] is its mean optical thickness, [image: image] is the mean refractive index (2), and [image: image] is the orientation angle of the sample’s fast axis with respect to the x-axis.
Note that the Jones matrix formalism ignores possible effects of the probing wave depolarization during its propagation inside the sample, and this is a rather common situation for the PS-OCT technique [15]. Generally, depolarization may appear due to multiple scattering or scattering at irregularly shaped inhomogeneities of the near-wavelength size [15] but such events are highly improbable in the lamella samples with thickness of the wavelength range (see the 1st paragraph of Section 2). Therefore, the assumption of negligible depolarization is well justified for the lamella studies and is kept in the present work.
The wave generated by laser L (see Figure 2) is x-polarized; the additional reflection in the BS3 produces the phase jump π, so the probe wave approaching the sample is characterized by the Jones vector [image: image] where [image: image] is the wave amplitude. The object wave contains two parts. The first one appears due to reflection at the sample front surface distanced by z1, which determines its Jones vector
[image: image]
[image: image]
Similarly, the second object-wave part emerges upon reflection at the sample back surface and accumulates the changes induced on the double passage through the whole sample thickness:
[image: image]
[image: image]
where
[image: image]
[image: image]
Note that in most cases, the front and back lamella surfaces contact the same environmental medium with the refractive index [image: image], and
[image: image]
for example, [image: image] in the usual laboratory situation where the medium is air (it is this situation that is considered in the paper). The total object field is [image: image] (see Figure 2).
In the BS4, the object waves (9) and (10) interfere with the reference wave having passed the BS1 and BS2. Due to the double BS reflection, the corresponding π-jump of the phase vanishes, and the only additional phase is due to the double path zR (see Figure 2) which serves for controllable reference-wave phase scanning. In the basic mode, the reference wave preserves the initial x-polarization, and
[image: image]
where [image: image] is adjusted to compensate undesirable amplitude disbalances in the reference and object arms of the interferometer (basically [image: image] but in any specific practical situation it is chosen closer to [image: image] to enable a distinct interference pattern; the results of such adjustment are shown, e.g., in Figures 3, 4). The interference between the object-wave x-components of (9), (10) and the reference wave (6) is observed in the x-channel (Dx, Figure 2). For the study of y-polarized component (10), the y-channel (Dy) is furnished with the y-selective polarizer; simultaneously, the reference wave polarization is transformed to y-oriented by the adjustable half-wave plate (HWP, Figure 2), which gives
[image: image]
where [image: image] can be deliberately adjusted following the same principles as were discussed above for [image: image]. The interference field has the general form [image: image]; in the x(y)-channel, [image: image] is taken in the form (13a) (13b), and the projection of [image: image] onto the x(y)-polarization can be observed [35–37].
[image: Figure 3]FIGURE 3 | Intensity (18) in the x-channel of the interferometer described by Figure 2 as a function of the reference–object waves’ path difference Δz1 (15). Yellow line shows the envelopes determined by the coherence function (17) in the last summands of Eq. 18.
[image: Figure 4]FIGURE 4 | Intensity (19) in the y-channel of the interferometer described by Figure 2, as a function of the reference–object waves’ path difference Δz1 (15). Yellow line is the envelope determined by the coherence function (17) in the last summand of Eq. 19.
Therefore, in the x-channel the intensity [image: image] of the interference field is
[image: image]
[image: image]
where
[image: image]
are the optical-path differences for the interfering waves [image: image] and [image: image], [image: image] and [image: image] (the term responsible for interference between [image: image] and [image: image] is supposed to be negligible). Similarly, in the y-channel
[image: image]
Eqs 14 and (16) suppose the complete coherence of the interfering waves. In practice, the laser source produces a partially coherent radiation with the longitudinal coherence function [3]:
[image: image]
where [image: image], Δλ and λ0 being the spectral bandwidth and the central wavelength (see Eqs 4, 5). If the coherence length [image: image] (6) is comparable with the path differences (15), the interference is partially suppressed, and Eqs 14 and (16) are modified to
[image: image]
[image: image]
Proceeding to the numerical simulations, we accept the model parameter values (2)–(4), (6); additionally, to complete the set of necessary parameters, we assume for determinacy that [image: image] in Eq. 12 and assign a reasonable sample thickness and collagen fibers’ orientation, which ultimately gives
[image: image]
Figures 3, 4 present the interference patterns observed in the x- and y-channels according to Eqs 18, 19 and illustrate the procedure of the sample diagnostics. In both graphs, the “fast” oscillations associated with the cosine terms are modulated by the “slow” envelope curves expressing the influence of the longitudinal coherence (17). In the x-channel (Figure 3), the envelope forms two “bands”, B1 associated with the reflection from the front surface, and B2 due to the back-surface reflection. In the y-channel, only the band B2 exists. From the measured interference curves, the model parameters can be obtained by different ways.
The most regular one employs the best fitting process [32] where parameters of the theoretical curves (18), (19) are adjusted to provide the closest agreement with the experimental data. In real situations, where the interference curves of Figures 3, 4 are distorted by stochastic noise, this mode of operation guarantees an effective correction of the measurement errors. However, in the first approximation, a lot of valuable information can be extracted from the general view of the curves. For example, the envelopes’ maxima immediately yield the conditions at which [image: image] and [image: image], or, according to (15), [image: image] and [image: image]. That is, knowing the corresponding shifts of the reference wave immediately disclose optical distances of the sample front [image: image] and back ([image: image] surfaces. In Figures 3, 4, [image: image] and [image: image], which expectedly gives [image: image].1
The parameters of birefringence can be extracted from the fast-oscillating curves, especially, from positions of their zeros and extrema. In this context, the band B1 is of minor importance as here the fast-curve minimum exactly coincides with the envelope maximum, and positions of other extrema are regulated mainly by the period of oscillations [image: image]. On the contrary, the band B2 is informative; in particular, the phase shift between the blue curves in the x- and y-channels (in Figures 3, 4, this amounts to [image: image]), as well as the shift of the oscillation maximum with respect to the B2 envelope maximum in the x-channel, enable to measure the birefringence parameter [image: image] and, thus, to determine [image: image] and [image: image]. For example, in Figure 3 this shift is [image: image] = 0.044 μm, which corresponds to
[image: image]
To improve the accuracy, adjacent maxima or other characteristic points can be applied. In particular, the position of the nearest left maximum [image: image] (in Figure 3, [image: image]) obeys the relation
[image: image]
which gives an independent equation for determining [image: image]. Obviously, any suitable point of the interference curve can be used for the same purpose, which contributes to the additional self-control and refinement of the measurement results. Keeping the graphical accuracy, from Figure 3 we find
[image: image]
whence, for known [image: image] and [image: image], [image: image], one obtains
[image: image]
which is in good agreement with the value accepted for the simulation (20).
4 ELLIPSOMETRIC DETERMINATION OF THE LAMELLA BIREFRINGENCE PARAMETERS
Unfortunately, the interferometric curves considered in Section 3 depend on the complex [image: image] and give no possibility for the separate determination of [image: image] and [image: image]. In many situations, some of which were considered above, the value of [image: image], specified by the basic properties of the collagen fibers (1), is fixed; however, in cases of complex diagnostics, an independent way of its evaluation is desirable. This problem can be solved via a more complete characterization of the SOP of the object wave back-scattered and reflected from the lamella sample.
The useful information is contained in the object wave [image: image] (10). Generally, it is elliptically polarized (see Figure 5), and the SOP can be characterized by the polarization ellipse morphology [34, 38, 39]. The morphology parameters can be recovered in the scheme of Figure 2 which enables measurement of the amplitudes and relative phases of the x- and y-components, [image: image] and [image: image], from the band B2 interference patterns (Figures 3, 4). For example, according to Eq. 11,
[image: image]
which gives an additional relation permitting an independent determination of both parameters [image: image] and [image: image].
[image: Figure 5]FIGURE 5 | Polarization ellipse of the object wave (10) reflected from the back surface of the sample, calculated according to the numerical data of Eqs. (2)–(4), (6), (20).
Another possible way involves the Stokes parameters [34, 38, 39]. Based on the Jones vector (10), the Stokes parameters can be presented in the form
[image: image]
and the known relation connecting the Stokes parameter [image: image] with the major and minor polarization-ellipse semi-axes [38] [image: image] and [image: image] (see Figure 5) can be employed:
[image: image]
whence, in view of (26),
[image: image]
and the positive (negative) sign corresponds to the counter-clockwise (clockwise) sense of the field-vector rotation, when seeing against the beam propagation (see Figure 5).
In particular, for the ellipse of Figure 5 that illustrates the situation of Eqs. 10, 11, [image: image], and Eq. 25 means that [image: image] In combination with Eq. 23 this gives
[image: image]
in good correspondence with the model assumptions. Alternatively, the axes’ ratio measured for the modeled polarization ellipse presented in Figure 5 gives an additional equation in the form
[image: image]
which, again, supplies an independent channel for extracting [image: image] and [image: image] [and expectedly leads to practically the same results as (28)].
5 PS-OCT DIAGNOSTICS OF THE SUB-SURFACE TISSUE VARIATIONS
In some cases, near-surface nanosized layers of a lamella exist, in which the orientation of collagen fibers differs from the predominant orientation characteristic for deeper (volume) layers. In particular, this can appear as a result of the cornea damage [24]. Such a situation is illustrated by Figure 6 where the near-surface layer (NSL) with thickness d1 is shown (in practice, the d1 values of the order of 0.1 μm may occur [40]). The cornea pathology is often coupled with the waviness of its NSL: in this layer, the collagen fibers are no longer parallel to the nominal lamella plane (x, y) (see Figure 1) but experience wavelike deformations orthogonal to it [18, 23, 39]. Locally, within a single analyzed area of the size δx (see Section 2; Eq. 7), this looks as if the near-surface fibers, being parallel to each other, make a certain angle β with the “main” lamella plane (x, y); their in-plane orientation α remains unchanged. Then, with changing angle β, the birefringence (1) and the mean refractive index (2) are also changing, and the medium parameters vary over the sample depth. It appears that, despite the subwavelength sizes of such inhomogeneities, the sensitive PS-OCT techniques provides reliable means for their detection and quantitative characterization.
[image: Figure 6]FIGURE 6 | Formation of the reflected waves in presence of the near-surface nanolayer: (1a) front surface of the sample, (1b) boundary between the NSL and the sample volume, (2) back surface. Layers d1 and d2 form the total sample thickness, d1 + d2 = d.
The birefringence [image: image] and the mean refractive index [image: image] of the NSL depend on the angle [image: image] as [40, 41]
[image: image]
where
[image: image]
Such a difference in the optical properties induces additional reflection at the boundary between the NSL and the main lamella volume. As a result, instead of the single front-surface reflection with the coefficient [image: image] (12) considered in Section 3, one must analyze the situation with two consecutive reflection boundaries (Figure 6) characterized by the β-dependent Fresnel coefficients
[image: image]
where [image: image] is the refractive index of the external medium (cf. Eq. 12) and [image: image] is the mean refractive index of the lamella volume (2). Note that according to Eq. 30, when [image: image], [image: image], and the difference between the “near-surface” (29) and “volume” (2) optical parameters expectedly vanishes ([image: image] (12), and [image: image]).
Additionally, the phase retardation and polarization transformation in the NSL d1 also differ from those of the lamella volume. These can be described by the Jones matrix Ma(αa, β) which differs from the matrix (8) by replacements
[image: image]
(regarding that the angle [image: image] of the collagen fibers’ orientation in the NSL may deviate from its volume counterpart [image: image] presented in Eq. 8). Accordingly, the rest of the lamella (layer between planes 1b and 2, Figure 6) is described by the Jones matrix (8) where
[image: image]
The calculations can be simplified due to the fact that for small values of [image: image] [40],
[image: image]
Then, combining reflections from the boundaries 1a, 1b and 2 (Figure 6) and introducing the phase π-jumps where appropriate, one can easily find the complex amplitudes of the object-wave constituents, [image: image], generated by the incident probing wave [image: image]:
(i) wave reflected by the front surface 1a (Figure 6),
[image: image]
(ii) wave reflected by the inner interface 1b (Figure 6),
[image: image]
(iii) wave reflected by the back surface 2 (Figure 6),
[image: image]
In (Eqs. 32–34),
[image: image]
and
[image: image]
[image: image]
The total field observed in the interferometer of Figure 2 is obtained by a superposition of the object waves (32)–(34) and the reference wave [image: image] taken in the form (13a) or (13b):
[image: image]
Then, similarly to Eqs. (14), (16), (18), (19), interferograms observed in the x- and y-channels of the setup illustrated by Figure 2 can be calculated.
Generally, further operations are quite similar to those considered in Section 5. To avoid inessential complications, we now omit the cumbersome analytical expressions for the interference patterns Ix, Iy in the x- and y-channels [analogs of Eqs. (18); (19)], and directly address the numerical simulations illustrated in Figures 7, 8. The calculations are performed for the same probing and reference waves as were accepted in Figures 3, 4; the lamella volume is characterized by the optical parameters (2), (3) and (20), that is, [image: image], but its thickness is [image: image]. The width of the NSL is accepted to equal [image: image] μm (see Figure 6), and the NSL anisotropy is characterized by
[image: image]
[image: Figure 7]FIGURE 7 | Variable component of the interferogram in the x-channel of the interferometer described by Figure 2 as a function of the reference–object waves’ path difference Δz1 (15) for the lamella with NSL characterized by parameters (39). Green line shows the oscillations associated with the term [image: image] (33) (supposed that all other object-wave contributions are suppressed).
[image: Figure 8]FIGURE 8 | Variable component of the interferogram in the y-channel of the interferometer described by Figure 2 as a function of the reference–object waves’ path difference Δz1 (15) for the lamella with NSL characterized by parameters (39).
It should be noted that the arguments of the coherence function (17) in the analogs of the interference contributions of (18), (19) will now include additional terms reflecting the specific phase retardations in the sub-layers d1 and d2 (see Figure 6): according to (33) and (34), instead of Eq. 15 one should take the coherence function arguments in the forms
[image: image]
Here the first definition concerns the interference between [image: image] and [image: image], and the second one relates to the terms describing the interference between [image: image] and [image: image], whereas [image: image] and [image: image] are determined by Eq. 35. As a result, the interference patterns obtained for the lamella with a NSL look almost identical to their prototypes obtained for the homogeneous lamella (the only visible difference between Figure 7 and Figure 3, Figure 8 and Figure 4 is that the DC component is subtracted in Figures 7, 8).
Nevertheless, small distinctions due to the NSL do exist. For example, in the x-channel (Figure 7), the interference signal originating from the reflection at the boundary 1b (Figure 6) is two orders of magnitude lower than the signal originating from the front surface 1a, and the oscillations of both signals overlap inside the interference band B1, so they cannot be distinguished visually. To visualize the NSL-induced effects, in Figure 7 the green curve shows the “pure” NSL-attributed signal component observable under hypothetic conditions where all other components are suppressed. However, despite its low absolute value with respect to the “main” B1 signal, this NSL contribution can be revealed via detailed analysis of the interference curves.
This fact looks more favorable in the y-channel where basically (i.e., in case of a homogeneous lamella where the NSL is absent) the contribution of the front-surface reflection B1 vanishes, and only the back-surface-induced interference band B2 is present (see Figure 4). Due to the NSL, the weak signal associated with the reflection at the inner boundary 1b appears, and, in contrast to the x-channel (Figure 7), it is not masked by the front-surface reflection whose contribution vanishes in the y-channel. A “weak” band B1b (see the inset in Figure 8) emerges in addition to the “strong” band B2 well seen in both Figures 4, 8. Despite the weakness, the signal of B1b can be filtered and registered with a proper accuracy.
Then, operating as in Section 3 when determining the B2 maximum position, one can find the position of the B1b maximum (denoted as ζb in Figure 8), which corresponds to zero retardation (40), i.e.,
[image: image]
where the first Eq. 35 has been employed. This result gives a key to determining the NSL thickness d1. In particular, according to Figure 8, ζb = 0.137 μm, and, neglecting the small difference between [image: image] and [image: image] of Eq. 2, one obtains d1 = 99.6 nm in agreement with the value accepted upon modeling. Note that the B2 maximum in Figures 7, 8 practically preserves its position observed for the homogeneous lamella (Figures 3, 4) that corresponds to [image: image] μm but now, according to (40), this means
[image: image]
and [image: image] μm in agreement with the initial data.
Therefore, the presence of the band B1b and position of its “weak” envelope enables the NSL identification and, in the first approximation, measurement of its absolute thickness. Remarkably, even a subwavelength thickness can be reliably quantified with a rather large coherence length accepted (see Eq. 6). However, the important data on the NSL anisotropy, especially, its optical axis orientation (see Eq. 39) are not available from the above-described measurements.
Additional information can be extracted from the amplitudes of the object waves. In principle, the NSL optical properties can be determined if either of the reflection coefficients (31) is known, which, in turn, can be found from the reflected wave intensity. Yet, direct measurements of the reflection coefficients are hardly reliable because of many non-controllable factors associated with the wave transformations in various elements of the optical arrangement of Figure 2 and affecting the object wave amplitude. To avoid this ambiguity, comparative measurements of amplitudes of different elements of the same interferogram may be helpful. For example, the radiation belonging to the “weak” B1b and “strong” B2 bands of the interferogram in Figure 8 pass the same optical elements and experience the same non-controllable distortions but the ratio of their amplitudes, “weak” Aw and “strong” As, is free of these distortions and only depends on the sample characteristics. Moreover, with the use of Eqs. (32) – (38), the same procedures that lead to the interference curves of Figures 7, 8 enable to obtain the relation between Aw/As and the NSL anisotropy in the graphic form (Figure 9).
[image: Figure 9]FIGURE 9 | Ratio of the “weak” Aw and “strong” As amplitudes (see Figure 8) as a function of the NSL anisotropy [image: image] (29), calculated for the parameters (2)–(4), (6) and (20). The thin horizontal line corresponds to the value Aw/As = 7.85⋅10−4 obtained from Figure 8, thin vertical line indicates the resultant value of [image: image].
Figure 9 is calculated for the same input data as Figures 7, 8, except that [image: image] and [image: image] are variable. The weak amplitude Aw expectedly vanishes on both edges of this interval because at [image: image], [image: image], the difference between the NSL and the volume vanishes (lamella is homogeneous), while at [image: image], [image: image], the NSL anisotropy vanishes, and the y-component of the wave reflected from the inner boundary 1b does not exist.
Thus, the graphs of Figure 8 yield As = 0.065, Aw = 5.1⋅10−5, and Aw/As = 7.85⋅10−4. In Figure 9, two values of [image: image] satisfy this condition; we choose [image: image] which is closer to the volume value (2). Accordingly, [image: image] and [image: image] (see Eqs. (29); (30)). These data practically solve the problem of the NSL optical properties characterization, and they well correspond with the values [image: image] and [image: image] initially accepted for calculations. Further, using Eqs. (29) and (30), the data on the NSL optical-axis orientation can be extracted: [image: image], which also shows a reasonable agreement with the previously accepted value (39).
This simple example shows that the PS-OCT technique enables a rather complete and accurate characterization even of such weak and subwavelength-size inhomogeneities as the NSL. Obviously, the similar procedures can be used for the detection and characterization of additional internal boundaries, if these exist, thus providing a detailed non-invasive diagnostics of the sample fine structure.
6 CONCLUSION
In this paper, we present some results of the modeling of the PS-OCT procedure for diagnostics of optically anisotropic biological tissues. The information is recovered via interference with the controllable reference wave in a modified Mach–Zehnder interferometer with two output channels responsible for the two orthogonal polarization states. The amplitude of the interference signal and its dependence on the reference wave phase retardation allow to extract the data on the sample longitudinal inhomogeneity. The longitudinal resolution of the method depends on the coherence length [image: image] but in favorable conditions can be less than [image: image]. The lateral resolution depends on the probing-radiation focal spot and is determined by the numerical aperture of the objective and by the central wavelength [image: image]. Upon reasonable requirements to the focus depth permitting the longitudinal scanning of samples with a few-micrometer thickness, the lateral resolution [image: image] is possible. Such parameters noticeably exceed the accuracy available with other non-invasive approaches to the structure reconstruction, e.g., of the lamellae forming the eye cornea [40, 41]. Besides, our approach can be realized in the fully automatic regime, under the CPU control, which additionally contributes to the diagnostics accuracy and makes the procedure less time-consuming.
As immediate results, the interference measurements enable to determine the depths where the sample optical properties abruptly change (positions of the external and internal boundaries) and the parameters of separate layers between the boundaries (their widths and the values of ordinary [image: image] and extraordinary [image: image] refractive indices). The measuring approach discussed in the paper is naturally combined with the ellipsometric characterization of the object waves, which gives additional information on the sample’s optical anisotropy. Following to the known concepts of the lamellae’s structure [25–30], these data permit to learn the local alignment of the collagen fibers: (i) angle [image: image] between the plane to which the fibers are (locally) parallel and the main lamella plane, which is supposed to coincide with the coordinate plane (x, y), and (ii) angle [image: image] of the fibers’ orientation with respect to the reference axis x within the (x, y) plane.
An important advantage of the proposed approach is that it permits to detect and quantitatively characterize a thin near-surface lamella layer with a non-zero [image: image], even if its thickness is ∼100 nm and the mean refractive index [image: image] differs from the index [image: image] of a non-perturbed lamella less than by 1% (Section 5). Remarkably, such impressive results are available in a contactless way, free of accompanying damage to the lamella surface [16, 17].
For simplicity, and in agreement with the common laboratory conditions, the simulations were performed for isolated lamella samples situated within the air environment. However, the similar results can be obtained for the lamella samples in the natural biological environment; the only difference is that in Eq. 12, instead of [image: image], the refractive index of the base medium [image: image] [18] should be taken. Accordingly, the reflection coefficients of the main boundaries would be much smaller, [image: image] (cf. Eq. 20). As a result, the magnitudes of reflected signals will decrease proportionally but these signals are still available for modern detectors, together with the whole information contained in their polarization and phase. In this situation, the relative “weight” of the internal reflection caused by the NSL boundary 1b (see Section 5; Figure 6) would increase essentially, which may be favorable for the NSL diagnostics.
At the same time, it should be emphasized that in this paper, only the first and the most evident applications of the proposed approach are described. Its further development will bring new useful improvements, which promise the enhanced accuracy and spatial resolution of the PS-OCT techniques. In particular, the principles of the sensitive detection and measurement of the “weak” interference signal originating from the NSL-boundary reflection (see the band B1b in Figure 8) can be elaborated in order to reveal not only the difference between the mean refractive indices [image: image] and [image: image] but also the “residual” difference between the NSL and lamella main volume, which occurs when the mean indices coincide, [image: image] (all the collagen fibers lies in mutually parallel planes but the optical axes’ orientations αa in the NSL and α in the volume differ). Obviously, the methods described in the paper can be adapted to other optically anisotropic biological samples, and their applications will be useful for the solution of many specific diagnostic problems.
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FOOTNOTES
1Here and in the following text we frequently demonstrate the process of recovering the sample characteristics from the graphical information which, in turn, was calculated based on the preliminary assigned parameters. At first glance, these manipulations may seem senseless: obviously, starting from a certain set of parameters, we finally cannot arrive at something other than the same set of parameters. However, the calculation errors and inevitable graphical inaccuracies model, to a certain degree, the noise and measurement errors occurring in real systems, and the quality of reconstruction of the initial sample parameters in our examples meaningfully illustrates the efficiency of corresponding algorithms in real experimental situations.
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