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Smart and Quantitative Near-Infrared Point-Diffraction Interferometer
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Abstract This paper describes the development of a novel infrared point-diffraction interferometer (IPDI), which
can be readily applied to real-time quantitative phase measurement. We generate reference wave with the help of
Michelson-like unit combined with a low-pass spatial filter, and extract the phase information using windowed Fourier
transform algorithm from single off-axis fringes. The arrangement of the proposed setup offers a quasi-common-path
geometry, which could significantly minimize the systematic errors. The proposed method of IPDI is effective and
sufficient for the dynamic process measurement of small deformation with higher spatial resolution compared with the
conventional off-axis scheme. The feasibility of the proposed setup is demonstrated, followed by methods of
reconstruction and system calibration. The nanoscale repeatability is achieved in our experiment.
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1 Introduction wavefront aberration. The basic principle of point-
The point diffraction interferometer (PDD™ ™% is diffraction interferometer is to generate diffracted
desirable for high-end applications of optical surface wavefront internally, so called self-referencing.
quality test and highly accurate measurement of Furthermore, most of these setups are built with the
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common path interferometric geometry, and both object
wave and reference wave travel the same path as
opposed to two widely separated paths, such as in the
configurations of Twyman-Green. or Mach-Zehnder
interferometer. Because of its common path geometry,
the PDI is much less sensitive to certain types of
environmental  disturbances such as mechanical
vibration, temperature fluctuations, and air turbulence.
These unique features are due to the common path
geometry and the reliable phase retrieval algorithm.
The concept of PDI was first described by Linnik,
and fully developed by Smarttet al. ', which was used
to test wavefront quality of the astronomical telescopes.
Following these pioneering efforts, many attempts have
been made to construct the point-diffraction
interferometer, particularly designs with wavelength
near extreme ultraviolet for the purpose of optical

[4.5]

lithography**'. These methods include applying liquid-

crystal spatial light modulator™; introducing new
elements such as Savart plate, holographic, and
diffractive optical components to generate phase-shifted

[7-12]. exploring new design principles

interferograms
such as using micro-polarized mask array to replace a
conventional

mechanical phase-shifting unit in a

[l ,

interferometer design"”'; and employing multiple

detectors to record the phase shifting interferograms

[ Besides, Guo et al.™ applied point

simultaneously
diffraction interferometer to microscopy and performed
the quantitative phase measurements by adopting the
polarization phase-shifting mechanism. Although these
systems can either provide a common-path configuration
or be used in the off-axis geometry, all of the above
methods have been limited to that they either require
mechanical phase-shifting unit, holographic elements,
or polarized optics. In addition, those methods cannot
be used for the broad-spectrum approach due to the
dispersion effect of the elements.

Recently, windowed Fourier phase interferometer
(WFPI) has been developed in our laboratory for
checking the quantitative transmitted wavefront quality
of the silicon entrance windows, which will be installed
in the next-generation wavefront sensor cryostat for
very large telescope instrument (VLTD ™. WFPI is a
new technique that extends the concept of complex

fringe analysis to the spatial domain and measures

b4 b
quantitative phase distributions from only one spatial
interferogram.

In this paper, an infrared point-diffraction

interferometer (IPDD) is extended to perform off-axis
high resolution phase measurements by adopting
localized spatial Fourier transform algorithm. The
method combines the principle of the common-path
interferometer and the spatial analysis algorithm to
realize the dynamic measurement of the phase map.
The principle and system layout of the proposed method
are presented. The principle of the windowed Fourier
filtering algorithm for phase reconstruction is described
in detail. To verify the feasibility of the proposed
method, we performed an experiment and made

stability tests.

2 Optical setup of the IPDI

The optical configuration of the proposed infrared
point-diffraction interferometer is sketched in Fig. 1.
Briefly, the fiber-coupled near infrared frequency-
stabilized laser with a wavelength of 1523 nm is
collimated and wused to illuminate the sample in
transmission. The neutral density filters are used to
control the intensity of the laser beam. After the
collimated beam passes through the test specimen, a
lens (L2) is located behind the test specimen to convert
the beam into a converging beam. The converging beam

falls onto the infrared non-polarizing cube beam splitter

pinhole filter ) -
L1 L2 ; \ NPBS

M2

single-mode fiber ~Sample

infrared laser

telesentric
lens

Fig.1 Experimental setup for slightly off-axis point-
diffraction interferometer for compact wavefront
measurement with common-path configuration at
1523 nm. L1~L5, achromatic lenses; focal lengths
of the lenses f; =200 mm, f, = f; =100 mm, f, =
150 mm, f;= 45 mm; the pinhole filter has a

diameter of 25 pm.
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(NPBS) and then is split into a transmission beam and a
reflection beam. The two beams from the beam splitter
enter the gold-coated mirrors and are reflected at their
Fourier plane, and combined by the beam splitter
again. The reflection beam is low-pass filtered by using
the pinhole spatial filter positioned in the spatial filter
plane, which is the Fourier plane of L2, and
transformed as the reference wave. The accuracy of
PDI method largely depends on the accuracy of the

L7 To guarantee the quality

diffracted spherical wave
of the illumination, the pinhole diameter is 25 pm,
which is approximately 1.4 times the half of the Airy
disc given by d = 1. 22)f,/D, where A = 1523 nm is
the wavelength and D (10 mm) is the input diameter of
the collimated beam. Another lens (L3) is placed in the
conjugate position of the first lens (L2) to form a 1:1
4 f spatial filtering system. The first lens performs the
Fourier transform of the input field of the object, the
transformed field is then filtered by the pinhole, and
then the product is Fourier transformed again by L3.
The normal of the mirror M1 has a small angle with
respect to the optical axial direction, thus the reflection
beam travels in direction with a small angular offset to
the optical axis, and the slightly off-axis fringe pattern
is formed. A diaphragm in the Fourier plane of the
telescope system is used as the field stop to eliminate
ghost images and other unexpected stray light. An
infrared camera is located at the back of a 4f imaging
system to capture the fringe pattern. Since the sample
beam only splits at the end of the optical chain. the
proposed setup can be considered as a quasi-common-
path interferometer, and its stability will be

significantly higher compared with conventional

interferometers.

3 Wavefront reconstruction
For simplicity, we denoted the object wave after
passing through the test specimen as O,(x,y).
Considering a tilted angle introduced by mirror M1, the
reference wave can be expressed as
O, (xsy) =T IO, (xsy) 1 X Toytexplin(xsy) ],
@)
where 7 [ +] and 7 "'[ +] denote the 2D Fourier
transform and the 2D inverse Fourier transform,

respectively. The term 7{7[ O, (x,y) ] X Twy} denotes

the average or non-diffracted component of the object
wave obtained by the pinhole filtering. T, denotes the
transmittance of the pinhole filter; x(x,y) is the spatial
frequency induced by the tip/tilt of the mirror M1
respect to the optical axis. Here, the carrier
frequencies can be determined from the fringes of the
off-axis interferogram.

It should be noticed that the intensity of the
reference wave is much lower than the intensity of the
signal wave after the pinhole filtering. To ensure the
best possible signal-to-noise ratio, the fringe contrast
provided by the interferometer should be maximized.
Either a variable neutral density filter or the coating
method™” can be applied, with which adjustable
contrast of the fringe pattern can be realized by
adjusting the relative intensities of interfering waves.
For the slightly off-axis IPDI, the interference pattern
recorded on the image plane can be written as
[(x,y) = I,(x,3) + y(x,y)cos  kax + by + go(x,y)] ,

(2)
|O, (o |2+ |O(zsy) |* and
y(xsy) =2]0,(xsy) | | O,(x,3) | denote the background

where I,(x,y) =

intensity and the modulation factor, respectively; ¢(x,y)
is the phase delay due to the specimen.

In fact, the direct current (DC) component of the
fringe can also be determined by subtracting the
average intensity. After that, the proposed method
effectively extracts the phase from a slightly off-axis
fringe pattern by employing the windowed Fourier

transform algorithm™*"*7 ,

S

77"- ~
O(x,y) :iJJ ([T (x.y) * hiz,y.&mp]*
i

4dx

h(x,y,é,q)}dédq, 3)
where O(x,y) denotes the complex amplitude distribution
of the object wave; h(x,y,&,p) = g(x,y)exp(ibr +iny)
is the basis of windowed Fourier transfom, and x
denote the convolution with respect to the coordinates x
and y. In this paper, the Gaussian window g(x,y) =
exp[— (2" + 3*) /25" ] is chosen as the window function
used for local frequency spectrum filtering; o is the
standard deviation of the Gaussian function. & and 7 are
the spatial coordinates in the frequency domain. Phase
ambiguities will still exist after the Fourier-transformed
local frequency spectrum filtering. This is exactly the

same phase unwrapping issue that exists in the standard
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fringe analysis. Next, an unwrapping algorithm is
applied to obtain the final wrapped object phase™™ .
After removal of the 2x ambiguity by a phase
unwrapping process, the total phase information can be
obtained. By using the above mentioned reconstruction
method, the phase distribution of the tested specimen is
obtained.

Since WFPI is performed localized transform from
pixel to pixel, it is more tolerant to the area of the
wrapped phase map, and possesses both the advantages
of the Fourier transform method and the localized
Window filtering algorithm to eliminate the nonlinear
errors of the fringe. As a result, the only limitation is

the recording time of the detector.

4 Experiment and discussion

To demonstrate feasibility of the proposed system,
the experiment of slightly off-axis interferometer for
transmitted wavefront test is performed based on the

experimental setup depicted in Fig. 1. The infrared

camera (FLIR SC 2000, FLIR Systems) has a maximum
acquisition rate of 206 frame/s at the full resolution of
320 pixel X 256 pixel and the pixel size of 30 pm X
30 pm. The L4-L5 lens system has the magnification of
f4/f5=3.3, so that the cosine modulation of the fringe
is approximately sampled by 10 pixel per period.

In our experiment, an entrance window designed
for the adaptive wavefront sensor cryostat of VLTI was
used as specimen. The whole process of the phase
retrieval is demonstrated in Fig.2. Fig.2(a) shows the
fringe formed in the IPDI setup as a result of the
interference of the low-pass filter reference and the
object beams. Fig. 2 (b) shows that the complex
amplitude of the object wave is retrieved by using
windowed Fourier filtering method, where the phase is
still wrapped. The reconstructed quantitative phase

profile of the entrance optical window is obtained by

subtraction of the background and is depicted in
Fig.2(¢).

nm

Fig.2 Experimental results based on off-axis infrared point-diffraction interferometer. (a) Typical slightly off-axis

interferogram of a multi-layer coated optical window; (b) wrapped phase distribution extracted by the windowed

Fourier transformed spatially filtered method; (c¢) reconstructed object wave.

The measurement was taken without the presence
of the specimen in order to calibrate the instrument.
This background phase subtraction allows us to correct
the residual errors associated with experimental setup.
Using these data, the wrapped background phase can be
calculated. Fig.3(a) presents a quantitative transmitted
optical-path difference (OPD) of the entrance window
after the OPD of setup is subtracted. The reconstructed
wavefront deformation [ see Fig.3(b) ] is represented
by a set of orthogonal functions with suitable
coefficients’. Here the Zernike polynomials are
implemented as the sets of orthogonal function.

To quantify the stability of the instrument against

environmental disturbances, and thus identify the

repeatability of measurements, we continuously
measured sets of 100 frames without the sample, with
intervals of 18 s (covering in total 30 min). The
integration time of infrared camera is about 10 ms for
each frame. The standard deviation of the optical-path
difference associated with the full field of phase map is a
standard deviation of 0.20 nm, as shown in Fig.4(a).
An arbitrary 4 pixel X 4 pixel average point,
characterized by a standard deviation of 0. 13 nm. is
also shown in Fig. 4 (b). The repeatability obtained
better than

( RMS ) for the

during preliminary tests is several
nanometers in root-mean-square

wavefront phase measurement.
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RMS: 5.1 nm

0

Fig.3 Measured transmitted wavefront error of the opical window. (a) Optical path difference of the blocking filter after
calibration; (b) Zernike fitting of the wavefront deviation of a central circular part of the blocking filter with a
diameter of 15 mm. The Zernike fitting is calculated to a maximum of 10, and the focus and offsets (tip. tilt) have

been removed.
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Fig.4 Stability test for the proposed setup in nanometers associated with the background of the full field of view (red dashed
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Fig.5 Quantitative phase maps of the normal BK7 optical window measured by (a) infrared point-diffraction interferometer

and (b) phase shifting Twyman-Green interferometer.

We also compared quality of the phase BK7-made optical window transmitting both in optical
measurement results of the prototype step phase- and infrared region was used as a specimen. The RMS

shifting interferometer with our proposed setup. A values of the results obtained by the proposed method
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[Fig. 5(a) ] and that by using pphase interferometer
(TRIOPTICS GmbH, Germany) [ Fig. 5 (b)] were
24.6 nm and 21.3 nm, respectively, which shows great

consistency with each other.

5 Conclusion
In this paper, we presented infrared point-
diffraction interferometer as a novel approach to study
the transmitted wavefront quality of the silicon optical
windows, which combines the high spatial resolution
associated with slightly off-axis feature and intrinsic
windowed Fourier spatial analysis techniques. The
proposed IPDI is compact, vibration-insensitive, and
sufficient for the dynamic process measurement. The
major advantage of the setup is the simplicity, high
temporal stability and its potential low cost. In the
slightly off-axis IPDI experiment, the certain spatial
resolution of the test specimen is well preserved, and
the instrument presented here requires only simple
other proposed

components in comparison with

[4~12]

setups These advantages could be attractive for

many other applications and will enable new advances in

wavefront sensing for astronomical science.
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