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Coating Optimization in a Nutshell

Summary of Work Done

Motivation: thermal (structural) noise in the coating is the
limiting factor in setting LIGO sensitivity in  key frequency band 

Rationale: Standard quarter-wavelength (QWL) coatings are
optimal only in the sense of providing the minimal number of
layers for a prescribed transmittance.
They do not yield the lowest possible noise among all designs
yielding the prescribed trasmittance, in view of the different
noisiness of silica and tantala, viz.:

Coating noise PSD     
2 2 5

, 1SiO Ta OL Lγ γ∝ + >

physical length of silica/tantala
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Genetic Optimization Approach

Summary of Work Done

Motivation: Flexibility [more than two materials;  multiple goals
(e.g., reflectance, noise, optical losses)  and constraints combining 
continuous (e.g., layers thicknesses) as well as discrete (e.g.,no.
of layers) design optimization parameters;

Main Result(s): for 2-materials coatings,  minimum-noise coatings
w. prescribed  reflectance are made of stacked non-QWL-doublets,
except for the top and bottom layers.
Led to studying optimized stacked doublet (SD) designs, with or 
without end layer tweaking
Products/deliverables: genetic coating optimization code, based
on public-comain PIKAIA engine (FORTRAN)

LIGO-G060088-00-Z



GA Engineered Prototype

Goal: 1-|G|2 < 15 ppm. γ=10. (after 105 generations)
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GA Engineered Prototype, cont.d

QWL-1 Genetic QWL-2

N (cap included) 36 44 28

1-|G|2      ppm 16.20 14.91 235.46

L(Ta2O5) nm 2359.43 1815.61 1835.11

L(SiO2)   nm 3479.98 5217.4 2747.35

Ltot nm 5839.41 7033.01 4582.46
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Summary of Work Done, contd.

Linearization of Rigorous Coating Noise Formula

Motivation: Backing up naive formula used in genetic simulations

understanding the underlying coating physics,  finding a formula
For the specific-loss-ratio γ based on first principles.  

2 2 50 ( )SiO Ta OPSD L Lγ= Π +

Main result(s): accurate linearized approximation (rel. accuracy
of the order of 0.5%) obtained. 

Products/deliverables: code computing linearized structural
coating noise formula, symbolic & numeric form (MATHEMATICA)
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Rigorous Coating PSD Model - Linearization

kB = Boltzmann constant
T = absolute temperature
f = frequency 
w = beam half-width

[G. Harry, LIGO-T040029-00-R, 2004]

Poisson ratio 
Young modulus    (substrate, coating-normal, coating-parallel)
Loss angle

=
=
=

||, ,σ σ σ⊥

||, ,Y Y Y⊥

||, ,φ φ φ⊥

2σ⊥ σ

Warning !!!
Formula propagated  w. errors

through technical Literature

Sporadic errors
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Coating PSD Model – Linearization, cont.d

[G. Harry, LIGO-T040029-00-R, 2004]

defines implicitly ||σ

Quadratic equation. Elementary solution in analytic form. 
Has one and only one  positive (acceptable) root.
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Single doublet  noise contour plots vs.   z1= nTa2O5 ∆Ta2O5/λ0 and  z2= nSiO2 ∆SiO2/ λ0.
Left panel: exact. Region of interest for optimization highlighted.
Right panel: first-order truncated  Taylor-McLaurin expansion with initial point 
midway optimization range, z1 = 1/8,  z2 = 3/8  (white-cross marker).
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Coating PSD Model – Linearization, cont.d
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truncated Taylor - McLaurin (linearized)  expansion  w.  initial  point   z1 = 1/8,
z2 = 3/8 as a  function of  z1 in  the  range 0 <  z1 < 1/4,  z2 = 1/2 - z1 .
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Summary of Work Done, contd.

SD (TSD) Optimization Approach

Motivation: suggested by blind genetic optimization using only
two refractive materials. 

Main result(s):Tradeoff curves, coating reflectance vs. noise PSD,
for fixed no.of doublets; Optimization curves (coating noise PSD
vs.  number of doublets, at prescribed reflectance); Design tables, 
yielding the corresponding layer thicknesses.
Plain SD, end-layer-tweaked SD, and naive (z1+z2=1/2) syntheses
investigated. 

Products/deliverables: codes for computing the above curves 
tables (MATHEMATICA)

LHO March 16-22 2006 LIGO-G060088-00-Z



…

Nd - doublets

zH substrateλ/2 zLzH zLzH zL

Stacked-Doublet Coating (w.  λ/2  silica cap)

Noise thickness:
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End-tweaked Stacked-Doublet Coating Geometry

…

(Nd-1) doublets
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Noise thickness:
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SD Optimization: Exact (left) vs Approximate (right)

…finding the lowest-noise doublet w. prescribed reflectance
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constant reflectance line 

constant noise line 

constant reflectance contours squeeze along z1+z2 =1/2 line
corresponding to naive (Bragg) synthesis.
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SD Coating Tradeoff Curves

Each point on any curve
corresponds to a specific
(z1,z2) value. 
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Stacked Doublet (SD) Designs with 8.3P ppmτ =
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SD Coating Design Table γ =17.4836, 8.3P ppmτ =

z1z2z1 z2
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ETSD Coating Design Table γ =17.4836, 1.12P ppmτ =

zH zL zH zL
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Summary of Work Done, contd.

Coating Characterization Codes

Motivation: Characterizing the optimized coatings. 

Main result(s): Spatial distribution and amount of optical losses;
frequency response; angular response (TE and TM incidence);
Robustness analysis (distribution of reflectance on populations
of realizations differing by the addition of  random (uniform or 
gaussian) thickness errors.

Products/deliverables: codes for computing the above curves 
tables (MATHEMATICA)
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Optical Losses, I
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Optical Losses, II
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ETSD Coating Characterization, 1.12P ppmτ =

Transmittance [ppm] distribution over 
104 realizations featuring random uni-
form layer thickness errors ∼ ±1nm .
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Loss Angle Measurements 2003-2006

γ =  10.5 (5.4 - 43) γ = 3.8 ( 3- 5)

Silica figures changed by a factor 2 during last year
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Loss Angle : Crucial Issues

•Reduction in the available loss-angle ratio, due to different (better) modeling
of the measurement process by a factor ≈2  between 2005 and 2006;

•Further reduction expected from using low-noise Ti-doped tantala. 

•Coating-thickness optimization makes sense if and  only if loss angle ratio
related quantity γ sensibly different from unity.

•LMA results [J.M. Mackowski] for Ti-doped Tantala (formula 5, old formula 2)
suggest a value γ≈ 6 ± 5% (would translate into γ ≈ 15 for plain tantala).

More measurements needed for meaningful prototyping.
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Loss Angle Uncertainty-Related Issues

•In deciding the design criterion to adopt, loss-angle uncertainties should be
likely treated differently, depending on their nature, e.g.,

-measurement-related uncertainties in  φ should be likely assumed
as being Poisson distributed with peak at the minimum, and the 
minimum value should be accordingly used in the synthesis;

-technology-related (process) uncertainties in φ should likely be
assumed as Gaussian distributed around the average value, and
the average or least-favourable value should be used for synthesis.

We need better knowledge of material properties 
in order to produce a final prototype design

LHO March 16-22 2006 LIGO-G060088-00-Z


