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» Frieden (JOSA, 57, p56, 1967) scalar 3D OTF assumed paraxial rays
» Sheppard (JOSA A, 11, p593, 1994) assumed a radially symmetric pupil function

» Sheppard (Optik, 107, p79, 1997) was vectorial but results were 2D projections



Why asymmetric?
Vectorial focussing is not radially symmetric.

Aberrations are modeled as phase functions across the
pupil which are often not radially symmetric.

We therefore need to generalise the 3D transfer function
Integrals to deal with arbitrary pupil functions.
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Fourier optics

Electromagnetic diffraction in optical systems ]
I1. Structure of the image field in an aplanatic system 3 D Fou rier tran Sform

By B, HicganDpst
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axn E, Worrt
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{Communicated by D. Gabor, F.R.S —Recetved 19 February 19508)

An investigntion = made of the strociore of the eleotromagnstio field near the foros pf an

1 aplanaio sysers which images & paint soares, First the cass of & Lssarly polarized incident
fiekd is examined wnd expressions sre derived for the elsctrio and magnetio vectors in tha
iEage e, Some genaral consequence of the formulse are then discusssd. In particulnr
.t symmetTy proparties of the Seld with respect to the focal plane are noted snd the stats
of polarization of the imags region is investigatad. The distribution of the tme-averaged
elootric and mognetio energy densities and of the snergy Sow [Poymting wector] in the foesl
1Enne le gtadsed e decail, and the resulis are Qluserated by disgraccs ond in s tabulated
form based on daia obiamed by extensive caloulations on sa electronse computor. The case
af an unpolarized feld s also invastigatad,

4 The solution = not restncted to systams of low sperture, and the computational results
er, in fnet, selected valuna of the angular somd-aperturn = on the mage slde, in the whols
g= 0 % a2 & B0, The limiting cass & -~ 0 is axamined in detail and it is shown that che

2 in then eccmplotaly charscesrized by s single, generally complex, scalar funetson,

which tumes oar to be idention]l with that of the classion]l soalar theory of Airy, Lommel

snd Strave.
Tlss resubis havwes an immadiate bearing on the resolving powar of images forming syutema;
thu;rlh:}ﬂphlmd-rlhnd.ingﬂfthli'niﬂ of tha e diffrsction theory, whizh
in cromtemarily eployed, without & proper justificasion, in the analysis of imoges in low.
ayabarns.
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3D Fourier transform




Fourier optics

a, = flycostB(cos 6 —1)cos ¢ sin ¢],
a, = —flycost @ sinf cos ¢,

b, = flycost6[(cosé—1)cos ¢ sin ], J

4 = fzuws*a[ceswsinwl—ﬂmﬁ)l:} 3D Fourier transform

b, = flycostO[1-—sin®g(1—cosd)],

v

b, = —flycos? @ sin 4 sin ¢.




3D vectorial pupils
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Correlation of 2D pupil functions
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Correlation of 3D puplil functions
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Correlation of 3D puplil functions
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Circle of intersection
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Correlation inte gral
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Correlation inte gral
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Correlation inte gral

' o 1
PrOJ.ECted P.(m,n) = —=d(m,n)S(m,n)T(m,n)
pupil s
Auto 7 K K

C L OR) = — /ﬁ-* R.8)+ =) Py (K. 3) — =)as.
correlation () M\T(a)_lﬁ (T, 5) 2) (To(5, ) 2) |
Circle 7o(K,B) = Ry[— arctan(n/m)|R,[rm /2 — arccos(s/K)]7o (Ko, B)
of (rnﬁ [mscosp — nK sin 3] \
Intersection

= | rogp [nscosP -+ mK sinp]

\ —r{]%cns[} /




Widefield vectorial OTF
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What does it all mean?

The vectorial OTF is simply the frequency spectrum of the
vectorial intensity point spread function: perhaps “transfer
function” is a misnomer

For weak scattering or fluorescence imaging, if the object
response is insensitive to polarisation, you could use this for
accurate modeling

Might also be useful for analysing high NA polarisation
microscopy

Another way of exploring the symmetries of vectorial focusing



Conclusion

- We have developed a general vectorial 3D OTF for
arbitrary pupil functions.

. |It's straightforward to calculate for any point in
frequency space - no massive FFT arrays required!

- S0 we have a Fourier version of vectorial focusing
theory, suitable for high aperture analysis.

Stay tuned to Optics Communications for details.



