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Abstract: The field of infrared detectors is experiencing a strong movement towards smaller
pixel pitches, and it is now common to see pitches close to the wavelength. This raises major
problems in measuring their characteristics, especially their transfer function. The latter can be
measured by optical pattern projection methods using a low F/# objective, such as the spot scan
method. However, in order to obtain the quantitative transfer function measurement of detectors,
the objective spatial response should be measured and deconvoluted precisely, since the size of
the focused optical spot is close to the pixel pitch. Therefore, the purpose of this paper is to
propose a protocol that performs an absolute measurement of a high-quality infrared objective.
The main idea of the article is to link the measurement standard to a fundamental theory, the
Huygens-Fresnel principle, using a particular wavefront sensor as a secondary measurement
standard. This has various metrological advantages, that allow the uncertainties of the optical
transfer function measurement to be controlled and evaluated. The protocol and the propagation
of errors described in the article are both used to demonstrate the value of this approach.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The development of the infrared FPAs’ technology mirrors the evolution of the need for infrared
imaging, especially when spectral and spatial resolution need to be higher at the request of
scientific communities and optronic systems industry [1]. As a result, the quantum Focal Plane
Array (FPA) tends to have a bigger format which is generally accompanied by a decrease in pixel
size. For example, in the Midwave Infrared (MWIR) band, over the past 20 years, the pixel
pitch has dropped from 30 um through 15 um [2,3], 12 um [4] and 10 um [5] to reach 7.5 or
even 5 pum in recent publications [6,7]. Absolute spatial characterization (through Modulation
Transfer Function (MTF) or Point Spread Function (PSF) measurements) are essential for both
the detector designers (in order to precisely design optical systems) and the scientists (in order to
operate and deconvolute scientific data) [8—11]. Some recent work [12] uses electronic beam
scanning to restore the FPA’s spatial response, but in this article, we will concentrate on optical
measurement methods. Accurate FPA MTF and PSF optical measurements are harder to obtain
when the pitch is close to the wavelength. This difficulty is linked to diffraction’s limitation of
the fineness of the optical patterns that can be projected onto the FPA. Typically, for a normalized
FPA MTF between 0 and 1, an uncertainty on the FPA MTF amplitude less than 0.01 (1%) is a
desirable (but yet hard to obtain) metrological target. To achieve this goal on FPA MTF, it is first
necessary to know the Optical Transfer Function (OTF) of the test bench, at least to the same
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level of precision, and it is on this latter point that this article focuses. Indeed, it is challenging to
link a fundamental value with such MTF measurements. The following are the most common
techniques and their associated metrological strategies.

Interferential and speckle techniques: for example, the FPA MTF can be estimated using the
laser speckle-based approach [13]. This method does not require moving parts nor requires
high-quality imaging optics. It is based on a diffuser placed upstream of a scattering aperture
[14,15]. Itis also linked to a fundamental principle, speckle interference theory, but it has its own
inherent limitations regarding the power spectral density estimation, which is needed to extract
MTF data [16]. Recent research found a way to accurately estimate the MTF of FPAs when the
Fresnel approximation is violated [17].

Pattern metallization techniques: one method [18] consists of uniformly illuminating the back
of the FPA, gold-coated with 4 um square holes in precise locations. No scanning or imaging
with high-quality optics are required since this implies a spatial uniformity of illumination,
allowing the reconstruction of the PSF of the pixel while assuming that the pixels are identical.
However, the smaller the pixel pitch, the finer the metallization pattern is required (sub-lambda
size), raising questions about possible unwanted optical diffraction effects within the pattern, that
should be taken into account for absolute measurements.

Optical projection techniques: the projection of an object pattern (slanted edge, slit, hole for
spot scan. . .) using a high-quality infrared objective is a very common category of FPA MTFs
measurement techniques [19-22]. Nonetheless, in order to achieve absolute MTF measurement of
the FPA, the characterization should be followed by an absolute deconvolution of the measurement
system OTF. This deconvolution is even more crucial when pixel size gets closer to the wavelength,
because the size of the impulse function of the optics used (the Airy spot for perfect diffraction
limit optics) is very close to the pixel pitch [23].

In this article, we focus on the latest category and demonstrate a new method for obtaining
absolute objective OTF characterization. The proposed protocol uses the application example
of the characterization of a mid-infrared high-aperture spot scan objective. The choice of this
example was driven by the simplicity of the spot scan principle, which makes the absolute
measurement of OTF, among the other possible noise and bias sources (detector noise, scanning
issues), a major contributor to the metrological quality of the spot scan result, particularly for
pixels of size close to the wavelength. However, the protocol could easily be adapted for slits and
slanted edge methods, as well as any other application where an absolute optical characterization
is required. The considered infrared objective has an aperture of F/1 (Nypernre = 1), with a
25mm pupil diameter. Nonetheless, in our spot scan configuration, in order to reduce the infrared
thermal background and to precisely work on the optical axis of the objective, the latter is used in
a finite conjugation: a 15um object hole is placed at 150mm in front of the objective, so that, at
this conjugation, the geometrical image of the 15um object hole is smaller than the diffraction
Airy disk. The spot is imaged 30mm behind the objective, leading to image aperture angle
of Oupermre = 22.6° (equivalent to Nypermre = 1.2). The choice of this high aperture is driven
by the pixel size. Typically, we need the focal spot to be smaller than the pixel size, so that
24X Naperture< pixel size, which means Npernure < ixezl;ize
and at A = 4um, Nypernre<1.25, which is the case here.

The metrology protocol, which relies on the Huygens-Fresnel principle through the calibration
of our working measurement standard (the mid-infrared objective), will be described in section
2 at a wavelength at 3.75um, and error propagation through measurement will be analyzed in
section 3.

,i.e., with typically a pixel size of 10um

2. OTF measurement through the Huygens-Fresnel principle

The strategy adopted to achieve an absolute measurement of the objective is illustrated in Fig. 1.
The idea is to compare in-situ the primary standard wavefront to the working standard wavefront
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using a wavefront analyzer, to eventually compute the OTF of the working standard. This section
will describe the different parts of the protocol, from the primary standard to the measurement of
the working standard wavefront and OTF.

Primery standard Secondary Working Absolute FPA
Huygens-Fresnel standard standard PSE
Pinhole Wavefront Objective
se:sor 2 . free space
[ %, b &
generate calibrate S, generate propagation W
3 [l Yo ¥ -~ b co\\“o
@
. Absolute . &
Reference spherical obiective Optical Convoluted
wavefront from pinhole ! PSF & OTF FPA PSF
wavefront

\ Calibration OTF measurement / \ application on spot scan )

Fig. 1. Overall description of the metrological strategy (on the left), and example of absolute
spot scan application (on the right). Red quantities are described and computed in the article,
while green quantities are left to the end user.

2.1.  Primary and secondary standards

Since an absolute characterization of the objective OTF is required, the quantitative measurement
must be linked to a fundamental optical principle. The Huygens-Fresnel principle was considered
a good candidate: firstly, its theory and experimental implementation are straightforward and
well described in the scientific literature [24,25] and, secondly, the spherical wave diffracted
by an ideal point source has the same wavefront shape as the ideal optical spot focused on the
FPA. Consequently, the starting point of our metrology is simply to use a circular diffractive
hole which will be our primary standard. The size of the hole is chosen in conformity with the
wavelength in order to achieve a diffraction point source.

Reference [26] demonstrate the validity of using a wavelength-sized pinhole under converging
illumination to generate a spherical reference. According to [27] which uses the same principle to
calibrate a Shack—Hartmann sensor in the visible range, a diffractive hole can be used as a spherical
reference if its diameter Dy, is nearly equal to 0.5 * lambda / N.A., where N.A. is the numerical
aperture over which the spherical reference should be accessible. In our case, the numerical
aperture we need to address is linked to the spot scan configuration: with the air refraction index
approximated to 1, this numerical aperture is then equal to sin(6upermre) = sin(22.6 deg) = 0.38,
which should be compared to zD/lm ~ (0.38 at A = 3.75um and Dy, = Sum. In the infrared
range, the size of the hole should be a trade-off between diffraction criterion and noise-to-signal
ratio criterion. The size of Dy, = Sum, which is the upper limit in respect to the spherical
criterion, was therefore chosen. Reference [27] and also a paper on the Rayleigh-Sommerfeld
Fraunhofer diffraction, concerning in the Fraunhofer conditions and the impact of the inclination
factor approximation [28], remind us here that there is a point to watch out with other choices of
diffractive holes (depending on the application), especially if we are considering larger apertures,
or using holes of non-negligible size.

Besides, the distance Z,,; = 9mm between the reference hole and the wavefront sensor has
been calculated to ensure agreement between the usable aperture of the primary standard and
that of the working standard, in relation to the size of the analyzer’s detector (320 x 256 array
with 30um pixel pitch). In those conditions, we can compute that Fresnel number Ng;egne; 1S
sufficiently small, so that we are in the Fraunhofer regime for A between 3 and Sum, and at the
distance Z;,, the wavefront can be supposed perfectly spherical. For example at 4 = 3um, we
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have:

2

D
Npresnel = —22¢ 2~ 0.001 << 1 1
Fresnel Zdet/l ( )

The objective and the diffractive hole are illuminated by a collimated infrared beam from
a blackbody. The latter is a cavity-type blackbody at 1200 °C with a 4mm pinhole placed at
the focal plane object of the collimator, such as illustrated in Fig. 2. The collimated beam then
enters the cryogenic bench and is focused by the objective, which acts as a condenser, so that the
reference pinhole is properly illuminated. The general set-up principle is similar to Refs. [26,27],
with the strong constraint of the infrared cryogenic environment.

. ( 1. .
collimator mirror cavity blackbody diffraction Wavefront

: 1200 ° Objective pinhole
focal length : 762mm) (S5um diameter) sensor

ESNE

1 — diffracted reference
ZnSe wavefront
window

-

cryogenic chamber

Fig. 2. General set-up: a cavity-type black-body is placed in the focal plane of a 762mm
collimator, and the collimated beam enters the cryogenic chamber by a ZnSe window. Inside
the chamber, the cryogenic objective is used as a condenser for the calibration step.

In order to compare this reference wave with the working objective wave, a wavefront analyzer
is used and acts as a secondary measurement standard. The hole, illuminated by the black body
through the working standard objective, is placed upstream of the analyzer within the same
cryogenic bench (Fig. 3). The choice to use the working standard objective as a projecting system
for calibration is made to minimize the set-up changes between the calibration step and the final
measurement of the working standard wavefront, so that calibration and final measurement steps
take place in the exact same cryogenic set-up conditions.

In the following discussion, W,.s(x,y) will represent, in the analyzer plane, the spherical
reference wavefront coming from the diffractive hole and W, (x, y) will represent, in the analyzer
plane, the wavefront coming from the infrared objective. Each of these quantities is a local
distance of the corresponding wavefront referenced from the analyzer plane (Ox, Oy).

The wavefront analyzer used in this calibration is the (QWLSI) placed in the plane (O, x, y),
where O is the center of the grating. The QWLSI is based on a specific 2D grating called Modified
Hartmann Mask (MHM) [29,30], and contrary to the Shack-Hartmann experiment in Ref. [26,27],
no coupling optics is needed between the diffraction pinhole and the sensor since the QWLSI can
work with converging or diverging beams as well as collimated ones [31]. It diffracts four tilted
replicas of the incoming beam that constitute the first four orders of the grating in the transverse
directions (x,y and —x, —y) of the analyzer plane. The shape of the interferogram obtained by
overlapping these replicas depends on the gradients of the incoming wavefront (that is to say
W,.r(x,y) during the calibration step) in the orthogonal directions (Ox, Oy) of the coupled grating
orders and their diagonals [32]. Extraction and integration over these gradients is then conducted
through a specific algorithm to retrieve the entire incoming wavefront [33]. For the purpose of
the experiment, the QWLSI is placed upstream at 4 mm from the 30 wm pitch 320 by 256 pixels
HgCdTe FPA, and the grating period is equal to 240 um, so that the captured interferogram is
properly sampled on the infrared FPA. The reference interferogram is illustrated in Fig. 4(c).
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Objective Diffractive pinhole Wavefront sensor
Working Primary Secondary
standard standard standard

Fig. 3. Calibration principle of the wavefront analyzer using diffraction pinhole. W,¢(x, y)
is the wavefront coming from the pinhole, in the analyser plane, and (x, y) are the orders’

axis of the (QWLSI) analyzer.

Wavefront sensor

Objective
Working Secondary
standard standard
— g
- T X 7z x
— 0 T~ « det_—]
aperture(\‘\ l - of >Z
0 A
object hole — _— spot Objective ™
— — wavefront
Wopj

(a) Measurement of objective wavefront W, (x, y)

(b) Objective wavefront (c) Reference wavefront

interferogram interferogram

Fig. 4. Measurement of the objective wavefront W,;(x, y)(a), and associated interferogram
(b) which is then confronted to calibration interferogram (c) captured in the previous
configuration of Fig. 3. Interferograms are in the (x, y) plane, whereas the focused spot is in
the (X, Y) plane. The distance between those planes is Z;,; = 9 mm so that the objective
pupil is complete and sufficiently sampled.
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2.2. Working measurement standard analysis

Once the analyzer has been calibrated with the primary measurement standard described in
section 2.1, the reference hole is removed and the wavefront W,;;(x, y) generated by the spot scan
objective is measured, as shown in Fig. 4.

As previously said, the typical distance between the focal plane of the objective and the
analyzer is 9 mm, so that the projected pupil of the objective covers as much of the FPA surface
as possible, while still being fully visible on the acquired image. Since wavefront analysis is
spectral, filters are placed upstream of the objective in order to monitor the black body spectrum.
In this article, we present the results obtained with a 500 nm Full Width at Half Maximum
(FWHM) centered at 3.75 pm.

Once the interferograms have been acquired, a reconstruction algorithm [33] is applied to
determine the absolute deviation W,;(x, y) of the objective wavefront from the perfect spherical
reference wave (called the normal deviation from the sphere) [Fig. 5] :

Waps(x, ) = Wopi(x, ) — Wier (x,y) 2)
]
Filter : 3.75um
ogus = 1. 10e —07 m
opy =8.83e —07 m 1e-7
3 - -6
2 - -4 g
g
AR PR
= 7
§ 0- .o 8
= 3
g -1- LD
=
- 42
a .
- -6
-2 0 2
Position (mm)

Fig. 5. The wavefront reconstruction W,;(x,y) represents the difference between the
wavefront coming from the objective and the one coming from the reference wavefront.

Firstly, the Peak-to-Valley (PV) and Root Mean Squared (RMS) standard deviations are 1/5 and
A/35 at A = 3.75 um, which means the objective presents high optical quality. For the spot scan
application, these results establish that the wavefront is not too aberrant for the deconvolution
step to work properly. In addition, the decomposition of the wavefront based on the Zernike
polynomials makes it possible to analyze the aberration types generated by the objective, as
illustrated in Fig. 6. For the sake of clarity, the tilt and defocus have been removed as they are
related to the optical bench layout.

The astigmatism and the coma aberrations are predominant. Their presence might be due to
the optical system’s eccentricity which can be triggered by thermal effects during thermal cooling
cycles, or by mechanical assembly default. However, the magnitude of Zernike coefficients
suggests that the eccentricity is very small.

2.3. From the wavefront to the OTF

The absolute wavefront W,;(x, y) was measured in the wavefront analyzer detector plane. For the
spot scan application, we need to perform deconvolution in the focal plane of the objective. In
order to get the PSF and associated OTF in this focal plane, we compute free space propagation
using classical Fourier wave optics theory. The final OTF result is presented on Fig. 7.
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Fig. 6. Fitting with the Zernike polynomials and Zernike Coefficients (Zernike polynomial
convention from Ref. [34]).
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Fig. 7. OTF cross-sectional views. On the left are the diffraction theorical curve, and
experimental OTF in x and y directions. On the right is the difference between experimental
and diffraction curves.

Linked with the small measured wavefront aberrations, we can observe a minor degradation of
the OTF values from diffraction limit, especially in the mid-frequencies (low and high frequencies
are very close to diffraction), which is typical of optics design. The overall degradation is low (less
than 0.02) but is still comparable to the MTF accuracy required for FPA MTF measurements (0.01)
and this shows the importance of the OTF deconvolution for detector spatial characterization.
The key here is that the objective can be used as a working measurement standard whose spatial
response is known quantitatively.

3. Estimates of measurement uncertainties and biases

The purpose of this section is to propagate the error on the final OTF result. Beforehand, we need
to estimate the noise standard deviation oy of the reconstructed objective wavefront W,(x, y).
To do so, a simple measurement of the standard deviation in a small area of the pupil wavefront
is not enough, as it is impossible to know whether we are analyzing the standard deviation of the
Optical Path Difference (OPD) (which is related to the term oryvs) or the standard deviation oy
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of the measurement noise itself. Instead, a tool inherent to QWLSI, that provides direct feedback
on the quality of the analysis, is used.

3.1. Measurement noise estimates: PDCM

As seen in the previous section, the interferogram first provides information on the wavefront
gradients. Using the derivatives over x and y, the errors in the measurement can be traced through
what is known as the (PDCM). It is expressed as follows [35]:

PCDM(x,y) = dx [3,W(x,y)] = 8y [0:W(x, )] 3

With W,(x, y), the OPD at the point (x,y), and the notation 9, is the partial derivation : 6—‘1.
In the case of an error-free wave surface, we would have:

Y(x,y) : PCDM(x,y) = 0. E)

However, the PDCM will not equal zero if at least one of these 3 errors occurs [35]: A first
error e, due to measurement noises (FPA, optics. . .), a second error e; due to the presence
of phase jump or dislocations, and a third error e, due to the frequency undersampling of the
measurement (error evolving spatially too fast compared to the frequency sampling).

In our case (measure of a high-quality objective), no wavefront dislocations are measured, and
the chosen sampling is sufficiently small compared to the measured error. Consequently, we can
hypothesize that ey, e, <<ep, and thus we can approximate:

V(x,y) : PCDM(x,y) = ep(x,y). %)

Thus, the spatial standard deviation oppcys of the PCDM is directly equal to that of the spatial
noise ep(x, y). In practice, the PDCM is computed numerically via Eq. (6), resulting in confidence
map as illustrated in Fig. 8, and then oppcy is then calculated.

Reduced (99%) size support
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Fig. 8. Phase Derivatives Closure Map. Computation is made over 99% of the surface of
the pupil, in order to avoid edge issues.

In order to avoid Gibbs effects on the noise estimation, the 1% edge values are not taken into
account for the computation of the standard deviation oppcy of the PDCM, and we obtained
oppey = 3.73x107 m~L,

According to Southwell [36], Freischald and Koliopoulos [37], when the wavefront is estimated
using the least-squares method, the standard deviation o of the noise in the reconstructed
wavefront is proportional to the standard deviation of the noise ep(x, y):

ow =R X oppcum- (6)

where R is the proportional factor which could be retrieved from simulation.
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3.2. Establishment of the ratio R

In order to determine the ratio R, a noisy sample simulation under the same measurement
conditions is used to generate interferograms of different wavefront noise levels. From each
of these interferograms, a reconstructed image and a PDCM are also generated and analyzed
for standard deviation evaluation. The ratio R is obtained by looking at the evolution of the
standard deviation in the PDCM in relation to the standard deviation of the measurement noise
implemented into the input wavefront, as illustrated in Fig. 9.

20 - § .
Fit [
—— ¥=1.933¢+07 XX+ —2.386¢ —02
R?=0.998

1.5

1.0

oppem (m™1)

05

0.0 -
0.0 02 0.4 0.6 08 1.0
1e-7
ow (m)

Fig. 9. Ratio evaluation through simulation.

Applying the curve fitting to the data enables us to obtain the ratio R which is 2x10~7 m~2.
This value will lead to the standard deviation value of the measurement noise which is 1.87x1078
m. For a filter used at 3.75 um, the standard deviation of the measurement noise oy is estimated
at ~ 4/200 which is nearly ten times less than the standard deviation of the OPD.

3.3. Relation between the measurement noise and the OTF error

The link between ow and oprr has been here established in the case of a white phase noise. The
demonstration and its hypotheses, presented in the appendix of the article, leads to the following
formula: For (f;,f;) # (0,0):

2roy
A

corr(fofy) = ( )* OTF(f.f,) )

2
In the particular case of our experiment, with oy =~ 1/200, the quantity (27”) 0'%, equals 0.001,

which should be compared to the required error of 0.01 for MTF measurements. Therefore, when
applied to spot scan measurements, the optical deconvolution error will be negligible compared
to the required MTF error, guaranteeing metrological control of these measurements.

4. Conclusion

In this paper, an absolute measurement using the Huygens-Fresnel principle is used for the
characterization of a high aperture infrared cryogenic objective. Thanks to the QWLSI wavefront
analyzer used as the secondary standard measurement, the quality of the working standard has
been established. The inherent features of the QWLSI have made it possible to establish the
standard deviation of the wavefront measurement noise using the PDCM approach, and then the
link between wavefront noise and OTF was derived. Among the other possible metrological uses
of this method, those results are of interest for absolute FPA MTF characterization, and will soon
be applied to the study of small-pixel FPAs.
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A. Appendix

Notations and purpose

We consider the transverse pupil coordinates (x,y) in the wavefront analyzer plane, and the
coordinates (X, Y) in the focalized spot image plane. We define ¢,;(x,y) = 2T’rW(x, y) as the
difference between the real phase wavefront of the lens and the spherical reference wavefront.
The associated complex amplitude will be denoted A, so that:

Aobj(x,Y) = Spupit(x, y) X exp(idop;(x, y)) (8

where S, is the image pupil surface of the objective.

We then define Aes, dmes as the complex amplitude and phase associated with the noisy
measured OPD, measured on the pupil surface Sp,i(x, y). The phase measurement noise will be
denoted &g, so that:

¢mes(xs y) = ¢0bj(x7 y) + 8¢(x9 y) (9)

In this appendix, we demonstrate the link between the OTF error and the initial phase
measurement error. We will first see the equations in the general case (small error £4(x, y) but the
arbitrary phase of objective ¢, is not necessarily small), and then we will see the particular case
of a high-quality objective (small phase error £4(x, y) and small phase difference ¢,; thanks to
low optical aberrations).

General case

With the described notations, we can compute:

Apres(x,y) = Spupil(x» ) X exp(i@mes(x,y))
Spupit(x, y) X exp(igoni(x,y)) X exp(ieg(x,y)) (10)
Aopj(x,y) X exp(igg(x, y))

On the hypothesis of a small phase error comparing to the measured phase value (for the
record we have here a phase error of oy =~ 1/200 for a typical measured phase value of 1/5 PV
and 1/35 RMS), so we can write g5 <<¢,;, we can then make the following Taylor series first
order approximation:

Apes(x, Y) = Aobj(x,y) X (] + i8¢(x,y))

. (11)
= Agpi(x,y) + iAgpi(x,y) X £4(x,y)

The noisy measured optical transfer function OTF,,.s; can be written as an autocorrelation
function of A,s:
OTFmes(fx,f;I) = <Ames> = Ames * Ames (12)

where ( ) is the spatial autocorrelation, # is the spatial convolution product and A is the complex
conjugate of A. The coordinates (f, f,) = (%, A—’;) are the dual coordinates of (X, Y) in the Fourier
image plane, with d = 9 mm the distance between the (x,y) image pupil plane and the (X, Y)
focalized spot plane. For ease of reading, coordinates are omitted in the following formula. We
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have then:

OTF o5 = (thj + ithj X 8¢) * (Agbj + ithj X 8¢)

(Aobj +iAopj X g¢) * (E — i Agpj X s¢)
<Aobj> + (8¢ X Aobj> - iAobj * (Irbj X 8¢) + iz?bj * (Aobj X 8¢)

(Aopy)  + (&g X Aopy)

= OTF + <8¢, X A()hj>
(13)
We can then identify the right term to be the error realization on the OTF : dorr(fy.fy) =
(e X Aobj)(fe.fy). It is worth noting here that the OTF error results from the autocorrelation
of a quantity related to the aberrant phase of the objective and its noise. In the case of weakly
spatially correlated noise (which in practice is the case of the analyzer detector noise), we will

observe an error peak around zero frequency, linked to the noise autocorrelation.

Particular case of a high-quality objective

The term &4 X A,p; can be further analysed, if we make a hypothesis of a high-quality objective,
we can apply a second Taylor series first order approximation: exp(igop) = (1 + igop). This
approximation means here we do consider that very low amplitude aberration has a negligible
impact on the measurement. Typically for the worst case scenario here: A/5 error (which is the

peak-to-valley value), the second order in Taylor serie is here % = 1/50.
We can then compute the product £4 X Ay

Ep X Aopj = ¢ X Spupit X (1 + idhop;)

. (14)
= Spupil X ¢ + iSpupit X £ X Pob;.

The wavefront estimation error £4(x, y) and the wavefront ¢,;(x, y) are supposed to be spatially
and temporally uncorrelated. So the autocorrelation of g4 X ¢,; Will be statistically close to
zero. Thus we have:

Oo1F = {Spupit X €4) (15)

We can assume uncorrelated (white) phase measurement noise. This hypothesis is valid only
for a sufficiently sampled wavefront, i.e. with low-amplitude and slowly variable aberrations
(as compared to the size of the pixels of the analyser’s detector), which is the case here since
orms = 4/35 (50 ¢opi<<2m) and low-order aberrations (coma, astigmatism of first and second
orders) are predominant. The phase noise £4(x, y) can be expressed by the following expression:

2n
gp(x,y) = W Avhire(X,y) (16)
where oy is the standard deviation of the wavefront measurement noise, computed in section 3.2
(ow is a scalar), d,nize @ White noise distribution. Then we have:

Sorr = (€p X Aopj)(fr fy)
20 17

= 7 4 <dwhite X Spupil>

For (f.,fy) # (0, 0), we finally have the relation:

2now

corr(fefy) = ( )* OTF(f.f,) (18)
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