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Wavefront-modified spherical vector beams for THz cornea imaging
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Ocular diseases can be detected in early-stage with non-
destructive terahertz imaging by analyzing cornea thickness and
water content changes. We propose wavefront-modified spherical
vector beam imaging, which reduces nominal 4-5 % super-
confocally focused Gaussian beam imaging errors to less than 0.1
%.

I. INTRODUCTION

TERAHERTZ imaging is a promising method to diagnose
ocular diseases in the early stage by analyzing changes in
cornea thickness and water content (CTWC) [1]. The
cornea is typically imaged by Gaussian beams, and the
scattering is compared to the stratified medium theory (SMT)
model [2]. However, the mismatch between the Gaussian
beams' wavefront and the cornea's spherical surface creates a 4-
5 % error in this analysis due to the mismatch in the coupling
between the incident and scattered fields [3], see Fig. 1.
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Fig. 1. Incident Gaussian beam with the mismatch between the wavefront and
spherical surface.

This research investigates cornea imaging with wavefront-
modified spherical vector beams (SVB), whose wavefronts are
modified to match the spherical surface of the cornea, reducing
the original analysis error down to less than 0.1 %. The imaging
properties are evaluated with the coupling coefficient (K),
describing spatial matching between the incident and scattered
fields [4], and it is defined as

— H[Einc'Escat]dS
K H[Einc'E;nc]dS (1)
where E;,. and E,.,; are the incident and scattered fields,
respectively.

Cornea possesses gradually increasing water content from
the anterior surface to the posterior surface. This radial
permittivity gradient can be modeled as multilayered spherical
structure, whose electromagnetic scattering is obtained using
Mie theory. However, wavefront modified SVBs do not have
unequivocal and symmetric focal planes and must be
synthesized using the 3D angular spectrum method (3D ASM)
combined with the vector spherical harmonic (VSH) expansion

[5]. Scattered fields are mapped from the incident fields by
extended boundary condition method (EBCM) [6].

To maximize the CTWC analysis properties of electro-
magnetic beams, the scattering behavior from layered spheres
should approach plane wave scattering from planar SMT
models. The scattering behavior of wavefront modified SVBs
for cornea imaging is studied by modeling the corneal radial
permittivity gradient as 50-layer spherical structure and the
results are compared to the reference plane wave scattering
from the SMT model and to super-confocally focused Gaussian
beam scattering [7,8].

Desired incident fields are computed using 3D ASM method
by integrating VSH expanded source points at the spherical
surface as

1
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where VSH expanded source points are defined as
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where ML, M2, N and N} are the VSH of the first kind and
Qe,a,,b, and b, are the beam shape coefficients (BSCs).
Scattered fields are presented similarly by changing VSH to
third kind and mapping scattered field BSCs with EBCM as [9]

[fe fo 9e go]T =Tla, a, b, bo]T )

where T is T-matrix, and f,, f,, g., and g, are the scattered
field BSCs.

II. RESULTS

Desired wavefront modified SVBs are synthesized by
Gaussian distributed electric fields with equal phases positioned
on the surface of the cornea. This approach enables inverse
beam design to compute incident field distribution on the
location of optical element (P1) for creating the goal field on
the cornea’s surface. Also, the scattered field and beam
coupling K can be computed at P1 from the multilayered cornea
model, see Fig. 2.

Fig. 2. Simulation arrangement: a) the incident SVB field and b) incident +
scattered SVB field from the 50-layer cornea model.



Spherical cornea model is defined as a 580-pum or 680-um
thick shell in a 7.8-mm radius sphere with a lossy water core.
Cornea’s gradient permittivity is modeled as a 50-layer
structure, in which permittivity of the layers are obtained with
the effective medium theory via the Bruggeman model [10].
The lossy core permittivity is calculated by the double-Debye
model [11]. Also, the cornea anterior water content (AWC) is
fixed at 40 %, while the posterior water content (PWC) is
changed between 70 % and 90 %.

The total fields of SVB are simulated on the propagation
plane to illustrate the beam behavior and the equal phase
wavefront on the spherical surface, see Fig. 3.
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Fig. 3. a) Cornea model with radially changing permittivity and b) amplitude
and c) phase of the total electric fields of SVB outside the 50-layer cornea
model. Top part in b) shows a zoom-in plot in the vicinity of cornea marked
with the rectangle.

The K from cornea model is computed on the evaluation plane
P1 in the 200 — 400 GHz frequency range with SVB and super-
confocally focused Gaussian beam [8]. Obtained results are
compared to the reference SMT model with the same layer
thickness and permittivity values, see Fig. 4. SVBs show almost
perfect match with the SMT theory, which increases cornea
imaging properties compared to the Gaussian beam imaging.
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Fig. 4. The amplitude and phase of the coupling coefficient from the SMT
model, SVB, and focused Gaussian beam at 200 to 400 GHz frequency range.
Cornea is modeled with 580 and 680 um thicknesses (CT) along with 70 and
90 % PWC.

III. SUMMARY

Wavefront-modified spherical vector beams have clear
advantage in cornea imaging compared to the nominal super-
confocally focused Gaussian beams. The scattering profile of
SVB is in a perfect match with the planar SMT model
increasing the cornea imaging accuracy by reducing analysis
error from 4-5 % to less than 0.1 %.
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