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Introduction
Submillimeter astronomy and terahertz optics falls into a middle ground between classical geometric optical design and radio wavelength antenna design.  As a result, most of the commercial optical design software packages that are currently available are not well suited for this regime.  The paper Developments in Quasi-Optical Design for THz by Créidhe O’Sullivan et al. discusses the development of a new method of optical design software created at the National University of Ireland.  In this report I will summarize their motivations, methods, and conclusions, as well as discuss how this work is helpful to those who work in this field.
Synopsis
As astronomical receivers and telescopes push further into the terahertz (THz) regime – with next-generation observatories such as the Atacama Large Millimeter Array, ESA’s Planck, and NASA’s Herschel Space Observatory – there is increasing interest in modeling and optimizing optical systems for these regimes.  Standard commercial optical packages, such as Zemax, Code V, and ASAP, work primarily by tracing rays.  This works fine in the geometric limit when a given optical element is hundreds of thousands of wavelengths across or more.  However, once you being to work in and past the far-infrared regime, an optic may only be hundreds of wavelengths across.  In addition, the detectors in this regime can be as small as a few wavelengths across.  At this point, the geometric limit is not satisfactory for optical analysis.  Diffraction must always be considered and light must be treated as Gaussian beams.  Previous to this paper the authors had made a number of studies into the capability of standard commercial software to design for these wavelengths.  They used another software package, GRASP, as a verification benchmark for these other programs.  However, GRASP simulates very slowly and is not suited toward active design.
The purpose of an optical simulation algorithm is to setup the electromagnetic field on a given surface, propagate that field as designed, transform that field as required by surface interactions, and recalculate the resulting field at another surface.  Short of completely solving Maxwell’s equations, one common method of simplifying this calculation is to decompose the field into modes and then propagate those modes independently.  Software packages such as GLAD use this technique by breaking a source field down into plane waves.  Gaussian beams are well described by the Hermite-Gaussian modes.

At optical wavelengths, far from the diffraction regime, these calculations simplify to transmission along curves, i.e. ray tracing.  The rays obey geometrical laws and software designed with this in mind work extremely accurately.  The ray trace packages can, in general, give generally accurate results for even submillimeter regime optics.  However, they are only good to first order, and other problems can occur anytime an aperture or optic introduces diffraction.
To investigate these discrepancies, the authors performed a comparison of simulations performed by GLAD, representing the geometric packages, and GRASP, which uses a physical optics (PO) method.  They noticed that for large distances, well into the far-field, the Gaussian and geometric regimes approached each other and software results were very similar.  However, for short distances (in the near field) and small apertures (a few wavelengths), paraxial assumptions break down and the geometric packages are not satisfactory.
To accommodate this undeveloped region, the authors have designed another program, MODAL (Maynooth Optical Design and Analysis Laboratory), which uses an alternate simulation method, to efficiently and accurately model optical systems in this wavelength regime.  The program uses an improved Gaussian beam mode analysis (GBMA) method that utilizes Singular Value Decomposition (SVD) which they claim improves upon the simulation time required while retaining the accuracy of PO methods.
Modal decomposition using SVD works by describing an electric field by a sum of its Gaussian beam modes, which are complete orthonormal basis sets that are solutions to the paraxial wave equation.  With a properly described field, the modes can be individually propagated easily by tracking their beam waist, radius of curvature, and the phase slippage between the modes.  However, this is only effective when it can be assumed that any optical elements that interact with the field do not scatter power between the modes.  For any off-axis system, which are quite common in submillimeter astronomy, this assumption breaks down and the standard GBMA matrix calculations becoming prohibitively time consuming.  The authors have developed another method which simplifies the matrix calculations and greatly reduces the computation time.  The matrix is essentially simplified by fitting the full field to a linear combination of mode-set functions at a limited number of sampled points.  This leaves non-zero values only on the diagonal of the first quadrant of the matrix describing the beam width.  The authors claim that this SVD method is stable for a variety of inputs and sufficiently accurate to justify its vastly increased speed.
One critical factor in utilizing this method, the author’s have found, is proper selection of the modes chosen to represent the field accurately but without being cumbersome.  The paper points out two primary theories for choosing these modes – to maximize the power in the fundamental mode or such that the effective spatial extent of the highest order mode matches that of the field.  They give an example of decomposing plane-wave illumination on a circular aperture using both methods.  The first method works well and produces the approximate shape, but the power is fairly equally distributed amongst the higher-order modes, which means that they would all be required to accurately describe the field.  However, choosing the modes such that the highest order mode corresponds spatially to the edge of the field (at the edge of the aperture) produces a better result than the other method, without requiring too many modes.  The comparison between the fundamental mode method and the spatial matching method is shown in Figure 1, taken from the paper.  The authors, as a rule, chose to use this second method for defining modes in their SVD reconstructions.
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Figure 1: Comparison of Mode Selection Methods
Having set up their fields appropriately, their program propagates the modes, reconstructing them at each interface before propagating to the next.  The author’s provide an example of their code working on a system consisting of a source, two off-axis ellipsoidal mirrors, and the detector plane.  The results they achieve are shown in Figure 2, taken from the paper.  Their results matched the PO technique (as produced by GRASP) very well above the 20 dB level, for all grid spacing except the most coarse.  However, the SVD method ran as much as 1000 times as fast as the PO method.  The SVD technique described is what the author’s use in their GUI-driven MODAL software package.  
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Figure 2: SVD vs. PO Methods Comparison
Comments and Conclusion
The MODAL software described by Créidhe O’Sullivan et al. in this paper is very interesting to someone who works in the submillimeter or terahertz fields.  Working in the Steward Observatory Radio Astronomy Lab, I spend a significant amount of time designing optical systems in these diffraction-limited regimes.  I typically have to design first-order systems in Zemax, which gets pretty close to a final solution.  However, I then have to recreate that system in ASAP, which better simulates the effect of Gaussian beams.  This is especially important for beam sizes and vignetting.  In the geometric limit, the beam bundles have a definite size as defined by the marginal rays.  Gaussian beams, however, have no stark cut-off radius, their beam waists are defined by the 1/e power level.  Whereas Zemax might say that a given optic or aperture can be a certain size for the geometric beams, they would in fact have to be as bigger, sometimes as much as 150%, to avoid cutting off the trailing edge of the Gaussian beams.  ASAP does a satisfactory job of analyzing a Gaussian beam system, but it fundamentally still uses ray tracing.  It simply decomposes the fields into sub-bundles that approximate the full Gaussian field.

At the other end of the spectrum, microwave simulation programs such as Ansoft’s High Frequency Structure Simulator and CST’s Microwave Studio are used for waveguide, antenna, and feedhorn applications in the microwave regime.  These programs, however, completely solve Maxwell’s equations at every mesh point in the structure.  This is extremely computationally intensive even for waveguides structures.  This method is not a possibility for free space propagation beyond a few wavelengths.  MODAL’s method, while still an approximation, bridges the gap between these two methods, and has the potential to quickly and accurately simulate these systems after designing them in a standard optical design package.  There is not an exhausting amount of literature in this area, because of the very reason the authors have designed MODAL – a lack of software packages suited toward this regime.  There are studies analyzing the accuracy of other packages, including some from the authors of this paper, as well as papers which discuss techniques for Gaussian optics design and analysis.  This would be an extremely useful tool for anyone who works regularly in these fields.  
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