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Student Photo 

Phase contrast transfer function deopends on 
1.  Illumination angle 

2.  Aberration type 
3. Object strength 

Imaging system performance degraded by aberrations�
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Defocus Spherical Astigmatism

Aberrations  

PSF I(x) 
Defocus Spherical Astigmatism

I(x) =| E(x)⊗ P(x) |2
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Imaging system

Pupil P(u) 
 

However,  aberration 
recovery from intensity 

measurements is a ���
non-linear problem���

Point object 

δ(x)

∠P(u)

Speckle from blank mask encodes system aberrations in its spectrum1,2�

Speckle Image I(x) 
Defocus Spherical Astigmatism

I(x) =ϕ(x)⊗ h(x)
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Spectrum of image Spectrum of image

Spectrum of image

Speckle Spectrum I(u) ≈ H(u) 

ℑFourier Transform
Weak phase approximation  E(x) ≈ 1+iφ(x)�

I(u) =Φ(u)H (u)

Linear approximation

Phase contrast 
transfer function

x 

eiϕ (x )

EUV mask blank

For weak phase object

Properties of the Phase Contrast Transfer function (PCTF) imaged by speckle spectrum���

H (u)∝ P(u−usource )−P*[−(u+usource )]

source

Recovering Aberrations in �
SHARP EUV MICROSCOPE�

In
se
t

I(u) ≈ H(u) ≈                    since the speckle spectrum Φ(u) is flat   ���
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Aberration Estimation

u : spatial frequency ,  x : spatial coordinate�

H (u) = sin[∠P(u)]

Speckle Spectra vs. source position

0 

1 

Diffraction Tableaux4:�
Off-axis measurements can recover odd aberrations�
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PCTF Speckle 
Spectrum
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PCTF depends on source position and aberration symmetry�

Source position 
changes the 

PCTF�

Odd**���
aberrations are 
invisible in the 
PCTF on-axis�

` 
` 

usource 

For even aberrations���
���

Odd 
aberrations 
revealed by 

off-axis 
illumination�
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CONCLUSIONS�
���
Speckle from a blank mask is used to 
estimate system aberrations.���
���
Both even and odd aberrations can be 
estimated using illumination angle tilt.���
�
Future: use knowledge of system 
aberrations to improve imaging 
accuracy. �

Defocus axis stays centered 
about object spectrum�
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Object 
spectrum 
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Even* 
aberrations 
captured by 

the PCTF�
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Defocus seen on-axis�

Coma breaks radial 
symmetry off-axis�

Coma breaks radial 
symmetry off-axis�

The PCTF :  coherent system pupil + its flipped conjugate 

*Even aberration(centro-symmeric) :                                     **Odd aberration (centro-antisymmetric) :  ∠P(u) =∠P(−u) ∠P(u) = −∠P(−u)
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