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Freeform Optics Will Stretch Your Imagination 



Matrix of interrelated research & industries that are involved 
in bringing state-of-the-art imaging systems to market  

Discrete  
Industries 

Emerging Technologies Enable New Shapes   

Large companies may contain all of the 
capabilities (e.g. SAGEM, THALES, SELEX, ZEISS ). 

In the commercial market, advanced research is 
evolving in companies that often specialize in 
only one cell – creating a challenge and an 
opportunity to better link these domains 

2011 OSA Incubator Meeting on Freeform Optics 



http://www.optics.arizona.edu/Colloquium/default.htm 
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•   Progressive Lenses Design 

•   Alvarez Lens 70s  

•   Polaroid SX70 Single Lens Reflex Camera 

in 1972 brought to the consumer market in the millions (ends 2005) 

• Computational imaging (Cubic Phase Plates) 
    Dowski & Cathey 95; Chi & George 01 
•   Airy Beams  Vo, ../Rolland, JOSA A 2011 

 First Signs of Freeform Optical Surfaces “XY”  

Maitenaz, 1953, French Patent 658,760 
Area became active in the 90s with 
diamond turning of advanced molds   



1980s - The advent of the Reagan’s administration Star Wars 
program led to the first substantial work in off-axis conic optics 
(offset aperture) led by three mirror anastigmatic (TMA) designs 
by Lacy Cook/Hughes to reduce the straylight component in 
down-looking satellite optics.  This initiated the race in the 
industry to develop everything needed to deliver these types of 
designs. 

1990s – A first publication appears on the first TMA assembled by 
Figoski at Hughes Santa Barbara  

2010  SAGEM delivered multiple TMAs for the JWST (NIRSPEC) 



17:26:18SPIE09 MULTIPLE TMA InstrumentScale:0.08     26-Jul-09333.33  MM

An All-Conic  
NIRSPEC-like Example NIRSPEC 

Conic+C,D,E 

Rolland et al. , “Using Nodal Aberration Theory to Understand the Aberration Fields of 
Multiple Unobscured TMA Telescopes”, Proc. of the SPIE 7423  (2009). 

*Roland Geyl, “JWST and NIRSPEC Optics polishing and integration”, SPIE (2011) 

In the last 20 years the assembly of TMAs has matured as 
presented recently by Roland Geyl* (Sagem) for the NIRSPEC 



•   Sphere 

•   Asphere  

•   Anamorphic Asphere 

•   x-y Polynomials  -  early freeform surfaces used in systems 

•   Off-axis conics 



Let’s jump to the present … 

To our surprise …. 



Ernst Abbe 
(1840-1905) 



Bin Ma (Opt. Exp. 19(22) 2011) has shown that Q-type 
aspheric surfaces that are optimized with slope constraints 
are not only more testable, an original motivation, but, they 
can also lead to solutions that are less sensitive to assembly 
induced misalignments for lithographic quality lenses.  

* Recently (2006) it has been demonstrated that power series aspheres are 
mathematically unstable and Dr. Forbes/QED has proposed a new surface formulation 
that avoids these instabilities  



The Q-type (QBFS) aspheric description of the departure of a 
surface from spherical 

-  Based on a form of Jacobi polynomials (i.e. orthogonal set) thus 
avoids the numerical problems encountered with a power series 
description 

-  Importantly, the Q-type (QBFS) allow computing the RMS slope 
of a surface during optimization as the sum of the Q-type 
aspheric’ coefficients squared. 

G. W. Forbes, "Shape specification for axially symmetric optical surfaces," Opt. 
Express 15, 5218-5226 (2007).  

G. W. Forbes, "Robust, efficient computational methods for axially symmetric 
optical aspheres," Opt. Express 18, 19700-19712 (2010). 



For a representative 
NA 0.75 lens 

Bin Ma et al 
Optics Express 19(22) (2011) 
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Forbes Extension to 2D  
Forbes, Opt. Exp. 20(3) (2012) 

Zhao and Burge Opt. Exp. 15(26) (2007) 



A φ-polynomial surface takes the form: 

the sag, z, is represented by a function that depends on 
         the radial component, ρ, and  
         the azimuthal component, φ 

e.g. Zernike 
Polynomial 
surface 

Note:  Aspheric surfaces only consider the ρ dependence 

2007, slow servo is introduced to diamond turning to allow these 
surfaces to be fabricated, triggering activities in other industries 



The evolution to φ-polynomials I 
Centered 

conic/asphere 
Z9 

Z9 
contribution 

Spherical 
Base 

Spherical 
Base 

Off-Center 
conic/asphere 

Z7/Z8 
contribution 

Z5/Z6 
contribution 

There is a fixed relationship between the terms 



The evolution to φ-polynomials II 
Traditional radial polynomial 

φ polynomial 

Z9 

Z9 

Z7/8 

Z5/6 

Base sphere/conic 

There is a variable 
relationship 
between the terms 



Aberration Fields of φ-Polynomial Surfaces 

•  2012 – Kyle Fuerschbach has discovered and is 
establishing the direct link between φ-Polynomial 
Surfaces (e.g Zernike) and Nodal Aberration 
Theory (To appear in Opt. Express and JOSA A) 

•  This work is part of a path that has led to the 
optical design of the first fully rotationally 
nonsymmetric that is diffraction-limited at 1 
micron 

Fuerschbach, Thompson, Rolland "A new family of 
optical systems employing φ-polynomial surfaces,"  
Opt. Express 19(22) (2011)  




