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Background

Traditionally, testing, design and alignment of optical
Imaging systems, including space telescopes, have
relied heavily on interferograms to provide pupll
dependence of the wavefront aberration function, W.

However, this is only half the available information that
can be obtained from the wavefront aberration function,
It being a function of pupil and field parameters.

Potential Benefits
- testing procedures
- new design strategies/tools
- alignment procedures
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Methodology

Utilizing pupil and field dependence will require

e an analytic equation for W that provides explicit field
dependence of the expansion coefficient functions, and

e new ways of displaying the field dependence of the
aberration function.
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Outline

e Derive the wavefront aberration function for rotationally
symmetric imaging systems in terms of Zernike
polynomials

e Show explicitly the field dependence of the expansion
coefficient functions

e Qualitative validation of the equations using Matlab® and
real raytracing from CODE V ® for a JWST-like model
(design data from SPIE 2004)
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Coordinate System

The coordinate system:
e Right-handed coordinate system
e Optical axis = +z-axis, direction of propagation
e Angles measured from +x-axis

Image plane
Ji
Exit pupil plane
Y =
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Aberration Function Exit pupil plane {
—— y T
P '

A familiar form (modified) x i

W(I:I,,B):ZZZZWkIm;ijp' cos" (6 —¢)
jop o onom
k=2p+m, I=2n+m

We do not assume H is aligned along the +x-axis.

We have also implicitly normalized H and p per surface |.

0y
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Through 5t Order Plus 7t Spherical

Dropping the sum over each surface for the moment,

W = AW, p° + AW, H pcos(8—¢)+W,,p* + W, H p° cos(8—¢)
+W, 05 H? p® +W,,,,H * p® c0s* (8 — ¢) +W,,,H> pcos (6 —¢)
+Wyeo 0" + Wi H p° €0 (0 — @) +W, 0 H *p* +W,,,H *p* cos® (6 —¢)
+ W, H?p cos (60— ¢) + W, H  p° c0S* (0 — ¢) + W0 H * p°
+W,,,H*p? c0s® (0 — @) + Wy, H® pcos (0 — @) +Wgo 0°

We wish to convert this to an expansion in Zernike polynomials
of the pupil coordinates p and ¢. This will separate the field
angle from the pupil angle and convert cos?() and cos?()
functions to cos(2_) and cos(3 ) functions, respectively.
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Zernike Polynomials

We use standard Born & Wolf Zernike polynomials because
- They are orthogonal and complete over a unit radius
circular aperture (exit pupil)
- They are familiar to the various optics communities
- There are established methods for finding the expansion

coefficients
cos(mg) for +m

Z." (p’¢):Rrr‘n('0){sin(m¢) for —m

(n—m)/2 (_1)S(n_s)|
Rm — . n-2s
" (P) 2. Su(””” —s)!(”_m _Sj!p
2 2

2 (0u)f = [ [2:7(0.9)22" (p.6) pi pi =

7 (1+ 8, )
2(n+1)

nm
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Obtain Expansion Coefficient Functions

W=+ A Z2(p.¢) |+ A7 2,7 (p.4)|  {Astigmatism}
+A [ Z(pg) [+ A 2 (pg) ] {Comal
+ A Z7(p.8) |+ {Spherical}

To obtain the Zernike expansion coefficients A, we use the
orthogonality of the Zernike polynomials.

27 1

A" (H.0) =< [ [W(H.0.p.8)2." (p.6) pd pdg

nm 0 O

A’s are functions of the field parameters.
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Field Dependent Zernike Expansion

For Zernike Astigmatism, Coma and Spherical aberrations
(in_ pupil parameters) we obtain

1 3 1 |
W = e 4+ (EWZZZ +§W242 +§W422H 2) H 2 COS(ZQ) |:Zz (IO ¢)]
- - {Astigmatism}
1 3 1 _
+ 2W222+8W242+2W422H H sin(20) | 2,° (p.9) |
(1 2 1
T 3W131 T 5W151 T 3W331|v| H jH COS }[Z; ,0 ¢ }
- . , X {Coma}
+ 3W131+ 5W151+3W331M jH sin }[231 ]
1 1 2 1
T EW040 + ZWoeso + 7W080 + EW24OM H 2}[22 (,0, ¢)] +--- {Spherical}
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Use Matlab® & CODE V® For Validation

A Matlab® program was written to plot the field dependence
of the Zernike expansion coefficient functions (not the
Zernike polynomials) using the Zernike equation for W.

We used CODE V® macros fifthdef.seq and forder.seq to
obtain the W,,-coefficients.

And we used CODE V® (FMA; FFD) to produce real raytrace
data and plots of the field dependence of the aberrations.

A qualitative comparison between the plots was performed.

11
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An Example
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One of the CODE V® models we used was an early version
of a James Webb Space Telescope-like (JWST) model.

(Arrows indicate aperture stop.)

- 3 mirror telescope
- Field biased
- New look using the new

fleld oriented tools

Gray, et al., Optics Express, Vol. 20, Issue 15, pp. 16436-16449 (2012)

12



The Institute of (VN
OPTICS

JWST: Zernike Spherical (Field Function Plot)
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We learn that Zernike spherical depends on field. Use this in design.
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JWST: Zernike Coma (Field Function Plot)
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CODE V® Analytical equations
Real raytracing plus fitting é:) Matlab® program
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JWST: Zernike Astigmatism (Thru 5™ order)
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JWST: Zernike Astigmatism (Thru 7t order)
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We learn that JWST is limited by 7" order astigmatism, not 5" order.
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Design Tools

The field curves for astigmatism is an important tool in design.
Calculated using Coddington’s equation, is fast. We'd like a
similar tool for displaying the field dependence of coma. The
developed field equations is a step in this direction.

Coma Field Plot
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Conclusion

We have developed the explicit field dependence of the
Zernike expansion coefficient functions for the wavefront
aberration function.

These equations are in good qualitative agreement with
the results from real raytracing optical design software.

Developing new tools that allow us to more fully utilize field
dependence in design.

The next step Is to explore extensions of the field dependence
equations to include decenters and tilts in rotationally
symmetric imaging optical systems.

Acknowledgement: R.W. Gray was supported in part by a
NASA Graduate Student Research Program Fellowship. =
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