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ABSTRACT

Time-dependent modeling of controlled opto-mechanical systems (e.g. astronomical telescopes) is part of the VLTI
system engineering work at ESO. For creation of optical models to be integrated within a dynamic Matlab/
Simulink® simulation, a novel optical modeling tool has been developed. It offers a versatile set of geometrical and
wave optical propagation algorithms each with its specific strengths. The article describes the algorithms —both
from a theoretical and practical point of view. The VLTI as a “real world” application example is presented.
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1. INTRODUCTION

Within the scope of the Very Large Telescope Interferometer (VLTI) project, ESO is developing a software package
for “integrated modeling” of single- and multi-aperture (quasi-)optical telescopes.T’ 1 Integrated modeling is aiming
at time-dependent system analysis combining different technical disciplines (optics, mechanical structure, control
system with sensors and actuators, environmental disturbances). Examples of its application are feasibility assess-
ment, performance prediction or reverse engineering for error tracking.

For implementation of dynamic control system simulations, Matlab/Simulink® has been chosen as baseline. All sub-
system models will be integrated into this environment. The “Integrated Modeling Toolbox ” is formed by a set of soft-
ware modules —each being responsible for model creation of a given subsystem (e.g. optics, structure). Presently,
the two most advanced modules of the toolbox are the Structural Modeling Interface “SMI” and the optical model-
ing tool “BeamWarrior ”. Developed in collaboration with the Institute of Light Weight Structures, Technical Univer-
sity of Munich, the Matlab®-based SMI provides an interface to the commercial Finite Elements Modeling (FEM)
software ANSYS®. It enables the evaluation and creation of condensed structural models to be integrated into the
Simulink® environment. BeamWarrior is used to generate models of the optical signal flow influenced by perturba-
tions. Its development has been initiated in February 1997 driven by the non-availability of a powerful, open-archi-
tecture optical modeling code which can be customized to create optical models for integration into a dynamic
control loop simulation. The institutions that have supported this work are Astrium GmbH, Germany, German Aero-
space Center (DLR) and ESO. Present and future development is done in joint effort by Astrium GmbH and ESO.
The European Space Agency (ESA) is considering BeamWarrior as a basis for their planned effort on an integrated
model of the infrared space interferometer “DARWIN”. For performance and cross-platform portability reasons, the
code is written in ANSI C extended by a graphical postprocessor in Matlab®. This article focuses on the beam prop-
agation algorithms. The overall architecture and a description of other features including the creation of optical
models for export to Simulink® can be found in other publications.7’ 10,11, 12

9 Email: rwilhelm@eso.org, World Wide Web: http://www.eso.org/projects/vlti
1 The term “quasi-optical” denotes that the wavelength is very small compared with the dimensions of the optical surfaces, i.e.
the propagating beams have properties resembling those of light waves.



The following Section 2 describes the algorithms for light propagation. Section 3 discusses the algorithms with
their individual advantages and drawbacks with regard to their application in practice. A short paragraph addresses
the validation of the algorithms. Section 4 shows the application to the VLTI as a “real-world” example. The article
ends with a summary and an outlook to future work in Section 5.

2. THEORETICAL DESCRIPTION OF THE PROPAGATION ALGORITHMS

The assumption of a lossless, isotropic and homogeneous medium (refractive index n) is common to all
propagation algorithms. For a given medium wavelength A = A,/n, the task is to compute solutions of the scalar
Helmholtz wave equation

(A+K)Ey(r) = 0 ¢))

in form of scalar complex amplitudes E (r) (q =X, y, z) representing the three Cartesian components of the electric
vector field. The medium propagation constant k is defined as k = 21t/ A

2.1 Geometrical optical propagation algorithm

Geometrical optics (GO) considers the limiting case A - 0. The electric vector field locallyﬂ behaves as a homoge-
neous plane transverse electromagnetic (TEM) wave. Substituting the “trial” solution E (r) = Eq(r)-
exp (—jky, J(r)) into the Helmholtz equation and regarding the case A — 0 one obtains the etkonal equation
(m (r))2 = n®. The scalar function (“eikonal”) O(r) is a measure of the optical path. The surfaces [(r) = constant
define GO wavefronts. Light rays are defined as orthogonal trajectories to these wavefronts. In the assumed case of
a homogeneous medium a light ray has the form of a straight line. With the unit vector i denoting the direction of
the light ray, the eikonal can be written as [I(r) = ni* r. The corresponding GO wave signal is

E,(r) = E(r) Cexp(jkoni = r) = E,(r) Cexp(<ik 1) (a=%,3,2). @)

The electric and magnetic field vectors E and H are mutually perpendicular and parallel to the wavefront. Both are
perpendicular to the wave vector k = kyni. E and H share the same phase. The ratio of their magnitudes is the
wave impedance Z = |E|/|H| = Z,/n with the vacuum wave impedance Z, = (H4,/ 80)1/2 =377Q.

A GO beam is modeled by a grid of light rays each having assigned a 2 x 1 Jones vector J . The vector J holds a pair
of complex amplitudes (Epl, EpZ) with respect to the two local orthogonal polarization directions p, and p,. The
three unit vectors p,, p, and i form a right-handed orthogonal triad with p; x p, = i (see Figure 1). The amplitude
ratio and phase difference of the two components E , and E,, determines the local state of polarization. A fast
vector-based ray tracing algorithm (Redding & Breckenridge 19919) propagates the ray grid through the optical sys-
tem consisting of flat, conicoid or cylindrical conicoid surfaces. Each ray is regarded as a sample of a locally plane
TEM wave. Therefore, the effect on its Jones vector for reflection or refraction at an optical surface can be
described by Fresnel equations. For computing the calibrated power flux through the system, a computationally
efficient algorithm has been developed. By using a triangular grid interconnecting the rays (see Figure 1) the
approach allows to compute the electric field distribution on a grid of pixels on an optical surface at the expense of
a single-forward ray tracing run. For performing the same task, software codes based on stochastic ray tracing
require several ray tracing loops from the light source to the target surface. The change in cross-sectional area of a
light tube is taken into account for scaling the local squared field amplitude in accordance with the “intensity law of
geometrical optics” I [A = constant with the triangle area A and the local intensity I = 1/(2%) IIIE(I')\2 . A detailed

description of the radiometric polarization ray tracing algorithm can be found in the references.'>

9 The term “locally” means “in a region of the spatial extension of some wavelengths.
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Fig. 1: Triangular ray tubes are used for radiometric scaling of the GO electric field.

2.2 Wave optical propagation algorithms

The limits of validity of the GO model arise from the derivation of the eikonal equation. Practical cases where the
GO model is not adequate are the computation of a field distribution close to focus or modeling the propagation of
a spatially confined beam over long distances. In these cases, diffraction (i.e. wave optical) effects play an impor-
tant role. To model such effects, BeamWarrior provides a set of different wave optical propagation algorithms
which are discussed in the following Subsections 2.2.1, 2.2.2 and 2.2.3. Common to all approaches is their assump-
tion of scalar diffraction theory: the coupling of the various vector components of the electric and magnetic field
through boundary conditions is neglected. The solution of the Helmholtz equation (Eq. (1)) is computed indepen-
dently for the three Cartesian components of E resulting in a complete description of the vectorial field. Scalar dif-
fraction theory is an adequate model if (1) apertures are large compared to the wavelength, and (2) a field is not
observed too close (= M) to an aperture.

2.2.1 Direct method

Both, the “direct method” and the “angular spectrum method” (discussed in Subsection 2.2.2) compute the electric
field on a “target surface” X, (locations r;) assuming the knowledge of the electric field on an “object surface” X
(locations r,). The Helmholtz equation together with the Kirchhoff boundary condition for the field on both sides
of the aperture on 2, and the Sommerfeld radiation condition define a boundary value problem.4 Applying the
Helmholtz—Kirchhoff integral theorem (derived from Green’s theorem) with the choice of Sommerfeld’s Green’s
function, one gets the Rayleigh—Sommerfeld diffraction integral which forms the base equation of the direct
method:

Eq(rt) - %JJ’EQ(I‘Q) Dexp (_jk‘rt — I'O‘)

.. n, LAS (a=x,y, 2). 3

‘rt 0‘
For implementation on the computer, the integral in Eq. (3) is replaced by a sum. The field on the target surface is
computed as a coherent superposition of spherical wave contributions originating at ray positions r, on Z,. The
approach presumes that the grid of ray triangles is known on the object surface Z . Each ray on ¥ —with its Jones
vector— is interpreted as a Huygens secondary source. The spherical wave contributions to a pixel at location r;
are weighted with an “obliquity factor” r,, * n, where r,; = |r;— ro\_l dr,—r,) is the unit vector pointing from r,,
to ry, and n, is the local unit surface normal at the ray location r,. The surface element dS (which becomes AS, in
the sum) associated to the ray at r, is derived from the local ray triangle grid structure around r,,. Figure 2 illus-
trates the principle of the approach.



target pixel . s |

wave propagation
pixel grid on 2,

0
ray triangle grid
on surface 2

Fig. 2: Principle of the direct method for wave optical propagation

Direct method in paraxial approximation:

The “paraxial approximation” assumes that the field E,(r,) can be written as product of a “primary” plane wave
propagation factor exp(—jkz) and a wave amplitude Eq(x, y, z) whose remaining z-dependence is slow compared to
one wavelength and to the transverse variations (along x- and y-direction) due to the finite width of the beam. By
dropping the second partial derivative in z, the Helmholtz equation (Eq. (1)) reduces to the paraxial wave equation
2 2
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Considering the paraxial approximation, the “direct method” solution Eq. (3) becomes
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with the operator F,;, denoting a two-dimensional Fourier transform {x,, y,} 0—® {f;, f,} defined as follows:

+00

FZD{ l'I'}(Xo! YO)} = IIqJ (XO’ YO) bep [jZT[(foO + nyo)] dxodYO' (6)

—00

The spatial frequencies {f,, f,} are defined as f; = x;/(Az) and f; = y,;/ (Az,). Eq. (5) assumes that the initial field
E (X0 ¥, 0) is given on a plane X, parallel to the (x, y)-plane and located at z = 0. The diffracted field E (%, y, z)
is computed on a plane %, parallel to 2, at a distance z = z, (“plane-to-plane propagation”). It is proportional to the
Fourier transform of the product of the initial field on >, and a “quadratic phase factor” exp[—jk(x?J + yi)/ (2z))].

For computing the Fourier transform, BeamWarrior makes use of the FFTW library'" —a freely available ANSI C
library for computing the Fast Fourier Transform (FFT) in one or more dimensions with arbitrary grid size.

2.2.2 Angular spectrum method

A solution to the boundary value problem mentioned in Subsection 2.2.1 is also obtained by superposing all homo-
geneous and evanescent plane waves traveling in directions k whose complex amplitudes are given by the spatial
frequency spectrum (“angular spectrum”) of the initial field defined in a plane X

E(xXuyu2) = JJ’F2D{EQ(X0’y0’O)} Cexp[—ikr] dk = Fop {Fop{E,(X,, v, 0} TH(f, f,2)} (1)

9 The FFTW (Fastest Fourier Transform in the West) library can be downloaded at the URL http://www.fftw.org



with the transfer function of the homogeneous medium H(fy, f;, z) being defined as
H(f, f,,2,) = exp[-i2md01/ A =2 =% 3] ®)

with = +1 for fi + fi <(1/ )\)2 or & = —j for fi + fi >(1/ )\)2 (evanescent wave case). As in the paraxial approxima-
tion case of the direct approach, Eq. (7) describes a “plane-to-plane propagation” between two parallel planes X
and 2, separated by a distance z,.

Angular spectrum method in paraxial approximation:

In the paraxial case, the transfer function in Eq. (7) reduces to
H(f,,f,,2,) = exp[—jkz] Cexp[jmhz, (f; +£,)] . ©)

2.2.3 Gaussian beam decomposition method

The “Gaussian beam decomposition method” has been invented by A. W. Greynolds5’6, based on ideas of
J. A. Arnaud’. In contrast to the two “classical” approaches described above, this powerful alternative technique
allows to compute a pure wave optical propagation in an “end-to-end” way —without the need for intermediate geo-
metrical optical propagations. The basic idea of the algorithm is to decompose a field distribution at an aperture
into a set of spatially confined “fundamental beams”. For calculating the field pattern on any surface of the optical
system, the fundamental beams are propagated —including self-diffraction effects— to the surface where they are
superposed. The fundamental beam type used in BeamWarrior is an astigmatic Gaussian TEM,, beam which repre-
sents a solution of the paraxial Helmholtz equation (Eq. (4)). Its propagation can be modeled by ray tracing of five
rays. The “base ray” defines the main direction of propagation, i.e. the optical axis of the Gaussian beam to which a
Jones vector is attached. Four “parabasal” rays (two “waist rays” and two “divergence rays”) grouped around the
base ray define the self-diffraction of the beam. Figure 3 illustrates the ray-representation of a Gaussian beam
whose propagation starts at its beam waist.
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Fig. 3: Representation of an astigmatic Gaussian beam by a base ray and four accompanying parabasal rays. For illustra-
tion, the divergence angles are exaggerated.

The propagation of an arbitrary optical field is simulated by decomposing the field into a coherent superposition
of equidistantly spaced rotationally symmetric Gaussian beams (waist radii wy; = wy, = W in Figure 3) starting their
propagation at their beam waists. For each fundamental beam the four parabasal rays are set up in two orthogonal
“astigmatic planes” each holding a waist ray and a divergence ray. The initial divergence angles 8, = 8, = atan(A/
(4-w)) are determined by the waist radius w,,. The divergence angle must be small enough, i.e. the initial waist w,
wide enough, to ensure the validity of the paraxial approximation. The waist should be at least 100 wavelengths
wide (e.g. A =2 pm - W, 2 0.2 mm). Assuming a minimum number of 10 fundamental beams along one dimension



the spatial extension of the field region to be decomposed has to exceed a minimum value of [(11000-A. However,
there exists an alternative way of decomposing a field distribution which is also applicable for spatial extensions
below the above mentioned limit: instead of performing the decomposition in the spatial domain it is carried out in
the angular spatial frequency domain. A narrow field region is synthesized by a discrete number of fundamental
Gaussian beams propagating in different directions, the waist of each beam being wider than the field region to
decompose (“directional decomposition”). We intend to add this decomposition technique in a future release of
BeamWarrior . It is of practical importance when simulating diffraction at narrow pinholes or optical fiber heads.

Each fundamental beam is propagated by tracing its base ray and the four accompanying parabasal rays using the
ray tracing algorithm described in Subsection 2.1. Reflection or refraction at optical surfaces is modeled by reflect-
ing or refracting the beam-constituting rays. As a consequence of the ray-based description of the Gaussian beam it
has to be made sure that the region of an optical surface sampled by a single beam is locally parabolic or flat. Within
the paraxial approximation each beam has a small self-divergence. The angular deviation of its wavefront from a
plane is always quite small. Hence, the distinction between the normal to the wavefront and the base ray direction
is not significant. The longitudinal component of the electric field vector is negligible. The local Poynting vector
direction is equal to the base ray direction. Since the wavefront of each fundamental beam can be considered as
plane, the interaction with a reflecting / refracting optical surface can be modeled by applying Fresnel equations, i.e.
the Jones formalism used in the polarization ray tracing (Subsection 2.1) can be used.

The field pattern on an arbitrary surface can be computed from the positions and directions of the base and para-
basal rays of the complete set of fundamental beams. Mathematically, each pair of a waist ray and divergence ray is
expressed as a complex ray. Complex 2 x 1 ray vectors are defined in a local transversal coordinate system {X, Y}
perpendicular to the base ray (compare Figure 4):

e Complex ray position vectors: Px = Pp,x ti Pw,x (k = 1, 2 for the two astigmatic planes)
¢ Complex ray direction vectors: iy = ip i 0w x (k = 1, 2 for the two astigmatic planes)

where the subscripts “D” and “W” denote divergence and waist ray, respectively. For each pixel on the target sur-
face Z, the positions p, and directions i, are computed in a plane perpendicular to the base ray which contains the

pixel. The contribution of a single Gaussian beam to the electric field at the location ry,, = (Xix, Yy,;) iS given by

E,(0,0)
((P1 X P2),)

E(riee) = C Cexp [—jKL] Cexp| - (10)
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where L is the distance travelled by the beam and (a x b), denotes a two-dimensional vector product whose result
is a scalar value (a x b), = axby—ayby. The real-valued constant C is needed for power calibration.
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Fig. 4:  Contribution of a Gaussian fundamental beam to the electric field on a target pixel (simplified 2D-case)



If the total beam is clipped by an intermediate aperture placed in the beam train a re-decomposition at the aperture
may be necessary. In such a case, the sampling rate of the recreated fundamental beams is adjusted to the spatial
structures of the obstruction.

3. PRACTICAL CONSIDERATIONS

Following the theoretical description in the previous Section 2, this Section focuses on a more practically oriented
summary of pros and cons of the various methods for wave optical propagation.

The direct method (Subsection 2.2.1) has the disadvantage of relatively long computing times. For a grid of N x N
rays (i.e. Huygens sources) and a N x N target pixel matrix, the complexity of the algorithm scales as [N". Since the
continuous field distribution on Z is sampled at a discrete spatial frequency the calculated diffraction pattern on 2,
repeats itself in space. Aliasing effects arise in case of too low sampling rates on Z . The method has the advantage
to be very accurate except for very small propagation distances. It is applicable to problems with complex and / or
skew geometries without requiring a specific coordinate system or the usage of “reference surfaces” to sample the
beam. The pixel grid on the target surface Z, can be flexibly chosen allowing a high spatial resolution in the com-
puted field. Due to its high accuracy, a typical application is cross-checking a result obtained by another algorithm.

Employing an FFT, the direct method in paraxial approximation (Subsection 2.2.1) provides a significant
increase in computational efficiency. For a pixel grid size of N x N the algorithm has a complexity of DN2~log2N. Asa
consequence of the FFT the pixel sizes on object and target surface Z, and 2, are linked to each other, i.e. they can-
not be chosen independently. For a square grid the relation linking the object pixel size Ax, to the image pixel size
Ax, is: Ax, [Ax, = Az,/N. To improve the spatial resolution on X, columns and lines of zeros are added to the pixel
matrix on ¥, (“zero padding”). Two requirements must be met by the pixel size Ax,: To avoid aliasing errors in the
target field distribution Ax, has to be small enough to ensure that no significant fraction of the diffracted energy is
located at spatial frequencies beyond the maximum value f, = 1/ (2Ax,) captured by the FFT. Second, Ax, must be
small enough to capture phase variations of the field on Z, corresponding to one wavelength. For meaningful
results there should be at least a few samples per phase change of 211 A value of 5 samples has proven to be sensi-
ble in practice. Therefore it is desirable that the phasefronts of the propagating wave are well aligned to the planes
2, and Z,. Being more efficient and less flexible than the direct method, this approach is well suited to model the
propagation of an almost collimated beam over a large distance.

With and without paraxial approximation the angular spectrum method (Subsection 2.2.2) has the computa-
tional cost of two FFTs, hence a complexity of DZNZ-logzN for a square N x N grid. The object and target pixel sizes
are equal, Ax, = Ax; which is useful for nearfield problems and is a drawback in the farfield case (where one is
typically interested in having a large Ax; and a much smaller Ax_). Requirements in terms of zero padding and pre-
vention of aliasing are similar to those for the direct method in paraxial approximation. The paraxial approxima-
tions of the angular spectrum method (Eq. (7) with Eq. (9)) and the direct method (Eq. (5)) are mathematically
equivalent. Both are exact solutions of the paraxial Helmholtz equation (Eq. (4)). However, they differ with respect
to their numerical behavior. The oscillating quadratic phase factor in the direct paraxial solution Eq. (5) is propor-
tional to the Fresnel number N = A/ Az, leading to a decrease in accuracy for large values of Ny, i.e. in the near-field.
In contrast, the transfer function Eq. (9) in the angular spectrum paraxial solution Eq. (7) becomes more oscillatory
for small N values, hence this solution is less accurate in the far-field. A criterion to decide which method is prefer-
able according to computational efficiency and accuracy has been derived by Mendlovic et al. 1997% A critical dis-
tance is given by z, = (2A1/2 [B)/A with the initial beam area A (unit mz) and the object’s finest detail & (unit m).
For distances z < z_. the angular spectrum approach should be used whereas for distances z > z_. the direct paraxial
method is more adequate.



The Gaussian beam decomposition technique (Subsection 2.2.3) has many advantages over the “classic”
approaches discussed above. Based on tracing rays (“beam tracing”) it is the only wave optical algorithm capable of
accurately modeling an “end-to-end” propagation through an optical system. Using the direct or angular spectrum
methods, such an “end-to-end” propagation is only possible by combining the wave-optical propagations with inter-
mediate geometrical optical propagations within a “hybrid propagation model”." The hybrid model allows to recon-
struct a ray triangle grid (compare Subsection 2.1) on the basis of an electric field pattern resulting from a
diffraction propagation. However, this “mixed” approach does not provide sufficient accuracy for imaging applica-
tions with a narrow field-of-view, such as the pupil re-imaging process in the VLTI (field of view 200 arcsec =
1.e-03 rad, see example in Section 4).

Because it does not rely on discrete sampling of the initial field rather than synthesis of the field by continuous fun-
damental beams, the Gaussian beam decomposition technique does not suffer from aliasing problems. Similar as in
the direct method, the target pixel size can be chosen freely. Due to the finite spatial extent of a Gaussian beam the
number of pixels on the target surface receiving a significant field contribution is generally lower than the total
number of pixels where the field is to be computed. A quick pre-selection of the “illuminated” pixel region for each
fundamental beam provides a high computational efficiency, especially in near-field computations. The efficiency
inversely scales with the “amount of diffraction” present in the field, i.e. the required time for computing the field
pattern at a (intermediate / exit) pupil plane is much shorter than the time required for computing the field pattern
at an image plane.

Since for each fundamental beam the integrated optical path is known, temporal coherence effects due to a finite
bandwidth AA << A of the radiation can easily be taken into account during field computation. By incoherently com-
bining several spectral bands, a broadband (polychromatic) partial coherent intensity pattern can be computed.

The accuracy of the decomposition technique heavily depends on the sampling quality in the object surface, i.e. the

number of fundamental beams, their waist size(s) and the distances between the individual beam centers. Ques-
. " . . 5

tions and tradeoffs related to the decomposition are discussed in reference".

Validation of the modeling concept:

All described algorithms have been extensively validated by different methods. Hereafter, only a short list of the
used methods for validation is given:

e Comparison of numerical results (spatial distribution of field amplitude and phase, phase of the spatially
averaged field) obtained with different algorithms

e Comparison of numerical results with analytical ones (in cases which can be described by analytical formulae
(e.g. diffraction at a circular or rectangular aperture)

¢ Checking the A — 0 convergence of wave-optical results towards the geometrical optical result

4. MODELING THE PUPIL RE-IMAGING IN THE VLTI

The VLTI is formed by the coherent combination of the four “VLT Unit Telescopes (UTs)” (diameter 8.2 m) and sev-
eral movable “Auxiliary Telescopes (ATs)” (diameter 1.8 m).3 The stellar interferometer array is located on top of
Cerro Paranal in the Atacama desert, Chile. While some subsystems are still under construction, the VLTI recorded
its “first fringes” on the star Alpha Hydrae in March 2001 using two “test siderostats (SIDs)” (with flat primary mir-
ror, 40 cm diameter) as photon collectors separated by a baseline of 16 m. The diameter of the star was measured to
be 0.00929+0.00017 arcsec, i.e. with an error of less than 2 %. The initial observations proved the concept of two
core subsystems of the VLTI: (1) the “Delay Lines” which are precisely movable cat’s—eye retro-reflectors used to
equalize the optical paths in the two (or more) interferometer arms (see Figure 5), and (2) “VINCI”, the “VLTI Inter-



ferometer Commissioning Instrument” which performs the coherent beam combination at the near infrared wave-
length A = 2.2 pm. First fringes with the UTs are planned for end of 2001. Within the following years, additional
beam combination instruments operating in different spectral bands will be added. The presence of ATs will
enhance the spatial frequency coverage of the array. A dual-feed facility that allows simultaneous observation of
two objects will boost the sensitivity by allowing long integration times on faint sources while tracking the fringes
of a bright unresolved “reference star”.

At ESO the optical modeling tool BeamWarrior has been employed to analyze the effects of diffraction on the prop-
agation of the starlight beams and laser beams which are used for high-precision metrology. One important result is
the loss of optical energy due to clipping of the starlight beam at the 20 cm Delay Line entrance aperture. The effec-
tive propagation distances along the underground light duct and Delay Line tunnel can reach up to 200 m. This
causes significant diffractive spreading of the starlight beam with its pupil diameter of 8 cm (UT / SID) (1.8 cm for
AT). In addition to the inevitable losses due to beam clipping, diffraction causes the stellar beams in the interfero-
metric laboratory to considerably differ from their geometrical optical footprints leading to difficulties in certain
beam combination schemes. This effect can effectively be compensated by actively re-imaging the telescope exit
pupil to a fixed location in the beam combination laboratory (see Figure 5). Besides this, the original objective of
pupil re-imaging is a wide unvignetted field-of-view. The pupil re-imaging will be performed by two convex spherical
field mirrors located in the beam train: (1) the VCM (Variable Curvature MiI‘I‘OI‘)Z of the Delay Line Ritchey—Chretien
telescope whose curvature can be adjusted using a pressure chamber, and (2) the fixed-curvature field mirror of a
beam compressor telescope which reduces the beam diameter of a starlight beam (UT / SID) entering the labora-
tory from its initial value of 8 cm to 18 mm.
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Fig. 5: Left: Scaled BeamWarrior model of a test siderostat; Right: scaled BeamWarrior model of the VLT Interferometer arm
related to a siderostat at station “GO”. The instrument tables in the laboratory are shown.

In the current commissioning phase a mirror with a fixed radius of curvature of 1 m is taken in place of the VCM.
The effect of the resulting incorrect “pupil re-imaging” has been assessed by calculation of an “end-to-end” wave



optical propagation from the sky to the exit pupil in the laboratory assuming two different radii of curvature for
the VCM: the current fixed value R; = 1 m and a value of R, = 2.073 m adjusted to correctly re-image the SID exit
pupil located in the SID beam Compressor.ﬂ In this simulation, the section of the incident plane wavefront cut out
by the SID primary mirror is decomposed into a set of 4790 paraxial Gaussian beams. Each fundamental beam has a
waist radius of 3 mm (= 1300 A). The ratio of the distance between the centers of two adjacent beams versus their
waist diameters is 0.75. A pointing towards {altitude, azimuth} = {50°, 270°} has been chosen. The resulting electric
field distributions in the nominal exit pupil are shown in Figure 6 (amplitude) and Figure 7 (phase).
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Fig. 6: Electric field amplitude [V /m] (one Cartesian component) at the nominal exit pupil in the beam combination labo-
ratory (see Figure 5) (Siderostat starlight beam, A = 2.2 ym, AX = 200 nm, star magnitude m = —6, Aluminum
mairrors); Left: with a VCM radius of curvature of R ; = 1 m (as in current operation); Right: with a VCM radius of
curvature of Ry, = 2.073 m —adjusted to correctly re-image the pupil. The two transversal coordinates v and w refer
to the VLTI site coordinate system {u, v, w} as shown in Figure 5.

Electric Field Phase [rad] Electric Field Phase [rad]
; T “ T T — T T T ;
6r | I | :v i 1 6r ! i ! : )
| 1 N ~ 1 I\ SN - 1 < 3 \ N ~ 1 |l S L, h |
I\ N7\ | b : [ R [ )
! . Il / N 7N i ’ \ 1 ! ! |l N - ! N \| (.
51 a ! YAl ae L " by 5 i N ] t " by
gl ! ! R P i RN
= |t ! | " P = |1 I i o [
8 i ! i T s il i bt
o4kt | i bt St | b by
9 :H i L 1 V‘I“:H 9 :H i | i V‘I“:H
< e | A1 [N < gty | || [N
% L (e ! il [ERERT % HRTRE (Ml i pitit
@3t TR R gt B3t IR T b
o |y (I RN [ i ety
2 l\“\’v‘ “‘: "':H“ 2 l\“\‘v“t Rifs : "":H“
3 J“\“' i, v:vl“ln 8 J“\“' 1 R wv:vl“ln
f . 1 1 B 1
g2l By B2 i
ERINHE! | i HRUNE ! | R
i o i i i e
IR LI ““‘\ IR BN \‘“\
AR (R 1 Iy R I (| e Iy
| e 4y e Tl i)
RN W —— VCM ADJUSTED || P Rk —— VCM ADJUSTED ||
i i ‘ - - VCM FIXED b i ‘ - - VCM FIXED
0 . . . . .
-0.01 —0.005 0 0.005 0.01 -0.01 —0.005 0 0.005 0.01

v [m] w [m]

Fig. 7:  Electric field phase [rad] (one Cartesian component) at the nominal exit pupil in the beam combination laboratory
(see Figure 5) for two different curvatures of the VCM (R ; = 1 m and R, = 2.073 m); The two plots show the phase
map drawn in sections along the two transversal directions v and w.

The field pattern corresponding to the fixed VCM radius of curvature R; shows clearly noticeable diffraction effects
in amplitude and phase. In the VINCI beam combiner the stellar beams are coupled into optical fibers before their

9 The correct VCM radius of curvature is computed using a paraxial geometrical optics formula.



interferometric combination in an X-coupler. Therefore, the pupils are focused onto fiber heads. A quantity of inter-
est is the coupling efficiency into the fiber which has an impact on the signal-to-noise ratio of the fringe detection
process.

The computed intensity pattern of the pupil image focused on a VINCI fiber head is plotted in Figure 8 for the VCM
radius of curvature R;. The differences between the intensity maps obtained for R, and R, are very small —with a
maximum difference of 1.7 % on the optical axis. This means that the diffraction effects visible in the pupil for R,
will not have a significant influence on the coupling efficiency, i.e. they will not lead to a significant decrease in sig-
nal-to-noise ratio.

It is emphasized that the presented example represents one of many possible interferometer geometries of the
VLTI The results strongly depend on the chosen configuration, i.e. telescope location and Delay Line position.
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Fig. 8: Intensity [dB relative to maximum] of the pupil image focused on a VINCI fiber head; The first zero occurs at an
angle of A/d = 2.2 ym /18 mm =30 arcsec. The image corresponds to the case R ; = 1 m (incorrect pupil re-imaging).
The solution for R, = 2.073 m (not shown here) differs only slightly (< 1.7 %) from the R ; = 1 m case.

5. SUMMARY AND FUTURE WORK

Aiming at the generation of optical models to be integrated into time-dependent simulations of controlled opto-
mechanical systems, a novel modeling tool (BeamWarrior ) has been developed. It is based on a set of different algo-
rithms for modeling light propagation through homogeneous media. The geometrical optical domain is covered by a
radiometric polarization ray tracing algorithm. Wave optical (diffraction) propagation is handled by three alterna-
tive approaches, each being suitable for specific cases: (1) the direct method based on the Rayleigh—-Sommerfeld
integral, (2) the angular spectrum method using a decomposition of the optical field into a set of homogeneous and
evanescent plane waves, and (3) the powerful Gaussian beam decomposition technique which allows to simulate
an “end-to-end” wave optical propagation. All algorithms consider polarization effects and are radiometrically cali-
brated.

Following a theoretical description of the propagation algorithms, the article summarizes pros and cons of the dif-
ferent methods with regard to their application in practice. The modeling concept is illustrated by showing some
results of an analysis which has been performed to assess the effect of diffraction on the pupil re-imaging process in
the VLTI A main future objective is the extension of the Gaussian beam decomposition algorithm towards a “direc-
tional decomposition scheme” which is required to model diffraction at fine structures as mentioned in
Subsection 2.2.3.
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