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The precision and accuracy of profile measurement achieved by a point diffraction interferometer (PDI) is 
determined by a spherical diffraction reference wavefront, whose quality is mainly controlled by pinhole’s 
alignment. In consideration of a Gaussian beam incidence, different diffraction wavefront errors stemming from 
misalignment of pinhole including lateral shift, defocus and tilt are analyzed with the help of a proposed systematic 
model and a new evaluation criterion established under spherical coordinates. The full-field distributions of 
various diffraction wavefront errors are obtained through simulation. The predicted accuracy of an actual PDI 
makes a good agreement with the experiment results. The achieved results will be benefit to the accuracy 
evaluation of a PDI before and after its design.    © 2019 Optical Society of America 

http://dx.doi.org/10.1364/AO.99.099999 

1. INTRODUCTION 

In modern science and technology, spherical and aspheric lenses play 
critical roles in a diverse range of applications including illumination, 
aerial surveying, communication, telescopes, microscopes, 
semiconductor manufacturing and defense [1-2]. In order to achieve 
the highest degree of functionality required by these high-tech areas, it 
is essential that the surfaces of these lenses are free of any 
imperfections and are manufactured to approach their ideal design 
within a suitable margin of error. An example of this is shown in the 
emergence of extreme ultraviolet lithography (EUVL), a next-
generation lithography technique; the projection system of which 
utilizes of a number of aspheric lenses with each one required to have a 
manufacture accuracy in the range of 0.1~0.2 nm root mean square 
(RMS) [3]. Due to the fact that measurement technology plays a 
decisive role in the manufacturing of spherical and aspherical lenses, it 
has become imperative to develop new metrology techniques capable 
of determining the surface profile of these lenses, to within nanometer 
or even sub-nanometer levels.  

In response to the continually increasing demand from industry, 
various measurement methods have been developed depending on 
the manufacturing process and processing status. For traditional 
spherical interferometric instruments such as Fizeau or Twyman-
Green interferometers, these desired sub-nanometer levels have 
proven highly difficult to achieve due to their dependence upon 
standard spherical reference surfaces. These spherical reference 
surfaces to which all tested surface must be compared, are machine 

manufactured and therefore the achievable measurement accuracies 
from these instruments are highly restricted by these reference 
surfaces with limited accuracy. On the other hand, point diffraction 
interferometers (PDI) [3-6] making use of a diffracted spherical 
wavefront as reference surface, so are therefore self-referential and not 
subject to imperfections of reference surfaces due to manufacture or 
condition of maintenance and storage. As the accuracy of a PDI is 
heavily reliant upon this reference wavefront, the error evaluation for 
diffraction wavefront is crucial to the design and optimization of such a 
PDI.  

The theoretically accuracy achievable for a point diffraction 
interferometer can reach a peak-to-valley (P-V) error of less than λ/104 

(λ=632.8nm). However, this theoretical predicted error will increase 
when the diffraction reference wavefront may be affected by a number 
of different error factors. Various analyses [7-12] for diffraction 
wavefront used in PDI system have been conducted to understand the 
influence of pinhole size, however, all these studies are insufficient due 
to the fact that the diffraction wavefront will inevitably be affected by 
relative adjustment errors resulting from focusing the incident beam to 
the pinhole (referred to as pinhole alignment errors). Moreover, plane 
wave approximations for the incident beam in all these analyses are 
incompatible with the real focused Gaussian incidence used in a PDI 
system, and therefore cannot be used to analyze the influence of 
pinhole alignment errors. Although some limited analyses have been 
conducted to understand the influence of pinhole alignment error of 
lateral shift [13-15], the performance of a PDI system may be 
deteriorated by misalignment of pinhole in other planes of motion; 
known as defocus error and tilt error. Furthermore, all of the previous 
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analyses providing a 2-D error distribution along a particular linear i.e. 
a horizontal line within the diffraction wavefront, however, are 
inadequate to accurately evaluate full-field error due to the fact that the 
error distribution for diffracted wavefront may not possess rotational 
symmetry.   

This paper is devoted to producing a full-field (3-D) and complete 
evaluation for the diffraction wavefront in a PDI under various 
misalignment of Gaussian incidence. Based on Rayleigh-Sommerfeld 
diffraction theory, the influences of pinhole lateral shift, defocus and tilt 
alignment errors were analyzed systematically under spherical 
coordinates with a newly proposed evaluation criterion. The full-field 
distributions of various diffraction wavefront errors are obtained 
through numerical simulation. Also, a comparison of theoretical 
evaluation and experiment results of an actual PDI system was done to 
demonstrate the feasibility of the proposed analysis approach.  

2. THEORY OF DIFFRACTION WAVEFRONT ANALYSIS 

A. Principles of PDI and Diffraction Wavefront Analysis 

The layout of a basic PDI is shown in Fig. 1(a). This diagram 
demonstrates how an expanded and collimated He-Ne laser beam is 
focused on a pinhole aperture by a focusing lens. A nearly ideal 
spherical wavefront is generated from this pinhole and separated into 
two parts: the test wavefront and the reference wavefront. The test 
wavefront is first reflected by the test surface and then reflected again 
by the pinhole substrate. Next, this reflected test wavefront will 
interfere with the reference wavefront to produce interference fringes 
to be imaged onto the charged couple device (CCD). Using a piezo 
electric transducer (PZT) to drive the test surface axially, a series of 
phase-shifting interference fringes can be recorded and the full-field 
figure error of the test surface is measured through the processing of 
these phase-shifting images. 

As the He-Ne laser focusing spot in the pinhole plane can also be 
expressed as a Guassian beam, we can simplify the point diffraction 
model, as shown in Fig. 1(b). In ideal conditions, the waist of Gaussian 
focusing beam is centred perfectly on the pinhole. However, pinhole 
alignment errors are inevitable in any real PDI system. Three pinhole 
misalignment conditions may arise,which are: lateral shift error Δs, 
defocus error Δz and tilt error Δγ (as shown in Fig. 1(c)). Since the 
diffraction wavefront error of a pinhole is always less than a 
wavelength of the incident light beam, the calculation of diffraction 
wavefront error can be simplified as calculating the phase deviation 
between two point P and P0 on a spherical surface with its radius being 
r. Here the reference point P0 has been chosen on the optical axis as 
intersection with the spherical surface. Let Uo (r, θ, φ) and Uo   (r, 0, 0) be 
the optical fields described under spherical coodinates at the two 
points P and P0 respectively, with their phases being

P  and 
0P , 

therefore the diffraction wavefront error in unit of wavelength can be 
given by 

0
( ) 2 .P PW       

 

 

 

Fig. 1.  Principles of PDI with pinhole alignment errors (a) Schematic 
diagram of a PDI; (b) Simplified model of diffraction wavefront under 
misalignment Gaussian incidence; (c) Three misalignment conditions. 

B. Analysis model of Diffraction Wavefront under Gaussian 
Incident Beam  

As the diffraction wavefront is crucial to the functionality of a PDI, it is 
essential to be able to evaluate and quantify the error affecting the 
reference wavefront. The first step in this evaluative process is to 
determine the optical field at the pinhole plane. Consider the radius of 
the pinhole as a (diameter d=2a) and the waist radius of the incident 
Gaussian beam as ω0. As shown in Fig. 1(b), the optical field of the 
incident Gaussian beam at the pinhole can be described as ( , )iU  

[16] 
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where z0 is the distance from Gaussian waist plane to the pinhole plane,
2 2 1/ 2

0 0 0 0( ) [1 ( ) ]z z      is the radius of focusing spot in pinhole 

plane and 2 2

0 0 0 0
( ) [1 ( ) ]R z z z   is the radius of curvature of the 

beam’s wavefront. A0 is the amplitude of central beam in waist plane 
with its wave number k=2π/λ. Based on Rayleigh-Sommerfeld 
diffraction integral theory [17], the diffraction field at any point  
P can be described as  

1 exp( ) 1 cos
( , , ) ( , ) ( )( ) .

2
o i

ikR r
U r U ik d d

R R R


     




  

                                                                                           

   (2) 

where 2 2 2( sin cos ) ( sin sin ) ( cos )R r r r           is the 

distance between point P and a point within the pinhole area Σ and the 
integral of Eq. (2) will be calculated over this pinhole area. 

Through integration of Eq. (2), Uo (r, θ, φ) on the subject spherical 
surface with a radius of r can be obtained and therefore the diffraction 
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wavefront error ΔW may be determined. It should be noted that when 
the area of the pinhole aperture is very small; almost all the energy of 
the diffracted wave is focused solely on the central bright spot of the 
diffraction pattern and it is this central spot that limits the effective 
diffraction angle 2θmax. It can be reasonably calculated that 
2θmax≈1.22λ/a. This diffraction angle determines the measureable 
numerical aperture (NAtest)of the PDI. In our later simulations, the 
value range of θ is always restricted to no more than θmax.  

C. Evaluation Criteria for Full-Field Wavefront Error  

In order to analyze the full-field diffraction wavefront error 
distribution, Uo (r, θ, φ) in different θ and φ coordinates must be 
calculated. Preceding analysis techniques implemented a evaluation 
criteria that was applied over only a specific linear fragment of the 
wavefront. However, as error distributions may not be uniform over 
the entirety of the wavefront, this technique is inaccurate for 
determining full-field error distribution. Therefore, new error 
evaluation criteria for error evaluation in spherical coordinates, using 
standard deviation, is proposed over the entire effective diffraction 
angle as follows 
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In the following section, the above evaluation criteria is applied to 
analyze full-field wavefront error distributions, stemming from 
configuration errors in the optical system of the PDI. This will allow us 
to determine a single cumulative measure of wavefront error resulting 
from distinct configuration errors.  

3. NUMERICAL ANALYSIS AND DISCUSSION 

A. Influence of Pinhole Size  

It is expected that the diffraction wavefront error and effective 
diffraction angle will vary significantly as the pinhole size is altered and 
this analysis will attempt to quantify this relationship. Without loss of 
generality, in each following error evaluation the test spherical surface 
was analyzed at a distance of r=200mm.The full-field distributions of 
diffraction wavefront error are shown in Fig. 2(a), where pinhole 
diameter has been selected as d=1.5m and 2m respectively. As 
expected, for an ideal PDI system without alignment errors, the full-
field wavefront error distributions possess a paraboloidal distribution 
about the optical axis. As the diameter of the pinhole aperture 
increases, the transmitted wavefront has a larger deviation from its 
ideal spherical form, resulting in steeper error distribution of greater 
magnitude.  

Fig. 2(b) displays the relationship between cumulative error  and 
pinhole diameter. The minimum x-axis value for this graph has been 
set to 1m, as Eq. (2) will not be physically valid for pinhole diameters 
smaller than the wavelength of the incident light (λ=632.8nm). For 
pinhole diameters smaller than 4m, the cumulative wavefront error 
will reach a value of less than λ/105. This confirms that an optimised 
point diffraction interferometer, without alignment errors, can reach a 

subnanometer measurement accuracy. It should be noted that, the 
larger the pinhole size is, the smaller the effective diffraction range will 
be. For a pinhole diameter of 1μm, the effective diffraction angle 2θmax 
will be around 75 with the corresponding NAtest being 0.3. Conversely, 
if the diameter of the pinhole is chosen as 4μm or more, 2θmax will be 
less than 22° with the NAtest being reduced to less than 0.1. While a 
smaller diameter pinhole may be desireable in terms of wavefront 
error and effective diffraction angle, a decrease in pinhole area will also 
result in diminished light intensity. To achieve a signal-to-noise ratio 
that is sufficient for accurate measurements to be recorded, the pinhole 
must be large enough to ensure adequate light intensity to meet this 
ratio. Therefore, to reach a desired accuracy and effective 
measurement range, the pinhole size needs to be carefully selected. 

 

Fig. 2.  Diffraction wavefront error for an ideal PDI system (without 
alignment error). (a) Full-field distribution; (b) Cumulative error σ vs. 
pinhole diameter d. 

B. Influence of Pinhole Alignment Errors 

The following section will investigate the effects of optical alignments 
errors upon full-field wavefront error distribution, as well as 
cumulative error over an entire diffraction wavefront. Different 
magnitudes of lateral shift, defocus and tilt errors will be systematically 
analyzed and their impacts upon PDI wavefront error will be discussed. 
Understanding of these errors will allow us to construct an optimized 
PDI system, for comparison against an industry standard 
interferometer. In order to simplify future calculations, for each of the 
following analyses of pinhole alignment errors, the waist radius of the 
incident beam has been selected as ω0=2a. This size of dimension also 
satisfies the experimental requirement that the center of the Gaussian 
beam should completely cover the pinhole aperture.  

1. Influence of Lateral Shift Error 
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For a PDI under ideal alignment, the waist of the focused Gaussian 
beam should be perfectly aligned with the centre of the pinhole. 
However, should the incident beam be misaligned from the pinhole 
inany direction in the  or  planes (Fig. 1(b)), the resulting diffraction 
will not possess uniform light intensity over the entirety of the 
wavefront, which will inevitably cause inaccuracy in recorded 
measurements. Without loss of generality, here considering a lateral 
shift Δs in the  direction, the incident focusing Gaussian beam on the 
pinhole plane be adapted from Eq. (1) to the following: 
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Substitution of Eq. (4) into Eq. (2), allows for the diffraction 
wavefront error from different lateral shifts to be calculated. Once 
again, in this example a pinhole with a diameter of 2μm has been 
chosen for analysis. Fig. 3(a) shows the full-field distribution of 
diffraction wavefront error when Δs=0.1μm. It is shown that even for 
this small of a lateral shift, the magnitude of wavefront error will 
increase to λ/10-2 (P-V error) and the full-field distribution will no 
longer have a rotational symmetry. Fig. 3(b) presents the linear 
relationship between cumulative error and lateral shift. It is clear from 
this graph that if we want to obtain a cumulative error of no more than 
λ/200 (when d=2m), the lateral alignment error needs to be 
restricted to under 70nm.Therefore, in order to produce such low 
error figures, the optical configuration needs to attain a remarkably 
high precision. 

 

Fig. 3.  Diffraction wavefronterror in a PDI system subject to pinhole 
lateral shift error (when d=2μm). (a) Full-field distribution (when 
Δs=0.1μm); (b) Cumulative error σ vs. different lateral shift Δs. 

2. Influence of Defocus Error 

Just as lateral shift error stems from misalignment in the ,  plane, 
defocus error occurs when the incident Gaussian beam’s waist is 
displaced from the pinhole aperture in the direction of the optical axis, 
and the magnitude of this propagation distance is known as defocus 
shift (Δz). In accordance with Eq. (1), the optical field of the focusing 
Gaussian beam subject to a pinhole defocus shift can be expressed as 
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Then diffraction wavefront error stemming from defocus error can 
be determined through substitution of Eq. (5) into Eq. (2). Fig. 4(a) 
displays the full-field distribution of diffraction wavefront error from a 
d=2μm pinhole when Δz=1μm. From this analysis, it can be shown that 
when this defocus error is introduced, the full-field distribution of 
diffraction wavefront error maintains its rotational symmetry and will 
increase rapidly from λ/106 to λ/103 (PV).  

 

Fig. 4.  Diffraction wavefront error in a PDI system subject to pinhole 
defocus error (when d=2μm). (a) Full-field distribution (when 
Δz=1μm); (b) Cumulative error σ vs. different defocus shift Δz. 

Fig. 4(b) shows the cumulative error σ resulting from pinhole 
defocus errors Δz. As the magnitude of defocus shift increases, 
cumulative wavefront error quickly reaches a maximum value before 
starting to decrease when defocus shift exceeds around 20μm.When 
Δz further increases, the area of the incident Gaussian beam upon the 
pinhole plane will also increase. This will produce insufficient light for 
the PDI system to achieve a suitable signal-to-noise ratio, which will 
negatively influence the accuracy of error estimation. Taking a defocus 
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shift of Δz=40μm as an example, for a Gaussian beam with its waist 
ω0=2μm, the diameter of the focusing spot 2ω(Δz) on the pinhole will 
be expanded to 16μm and most of the laser energy incident to the PDI 
system will be blocked by the pinhole plate. When an optimized PDI is 
designed, the effects of defocus shift upon the incident Gaussian beam 
must be carefully considered. 

3. Influence of Tilt Error 

Taking a tilt of the incident beam in the ξ-axis direction (Fig.1 (b)) as 
example, the center of the Gaussian beam has a relative tilt angle of Δγ 
from the optical axis in the pinhole plane. Without loss of generality, 
the diffraction integral formula can be derived from Eq. (2) as follows; 
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Fig. 5(a) shows an example of full-field wavefront error distribution 
for a d=2μm pinhole under illumination from an incident beam with a 
tilt of Δγ=0.5°.This figure demonstrates that diffraction wavefront 
distribution is no longer perfectly paraboloidal nor fully symmetrical, 
with the P-V error maintaining a magnitude of less than λ/106. Fig. 5(b) 
shows the variance of cumulative error with different tilt angles being 
applied. For each initial incremental rise in tilt angle Δγ, the cumulative 
diffraction wavefront error increases only marginally. However, when 
tilt angle magnitude exceeds 1.5°, cumulative wavefront error will 
begin to increase sharply. Note the fact that, in a practical PDI system 
with reasonable alignment, the tilt angle of the incident beam rarely 
exceeds 2°. This demonstrates that beam tilt error is practically 
insignificant and will have only a minor influence upon wavefront 
error.  

 

Fig. 5. Diffraction wavefront error in a PDI system subject to pinhole tilt 
error(when d=2μm). (a) Full-field distribution (when Δγ=0.5); (b) 
Cumulative error σ vs. beam tilt angle Δγ. 

4. ACCURACY EVALUATE FOR AN ACTUAL PDI SYSTEM 
With respect to the above theoretical analysis, the measurement 
accuracy of an actual PDI can be estimated indirectly from a 
combination of wavefront errors caused by different inaccuracies 
within the system configuration. In our newly designed PDI 
experiment system, the diameter of the pinhole has been chosen as 
2.5μm, a 10x microscope objective has been used as a focusing lens to 
generate an incident Gaussian beam with its waist of 2ω0≈3.1μm and 
the total diffraction angle 2θmax is about 34°. A CCD camera with a 
resolution of 782 × 582 pixels has been used to record the 
interferograms. With the help of a 7-step phase-shifting algorithm, the 
phase information of the object beam with sample’s surface profile 
information has been extracted from the recorded interference fringes. 
Based on the chosen pinhole size, the estimated diffraction errors for a 
spherical wavefront at a spherical surface radius of r=500mm is about 
0.0311λ for P-V error and 0.0061λ for cumulative error, respectively. 
In our experimental system, only a central part of the wavefront with a 
diffraction angle of about 18° was used as an assumption of a uniform 
illumination for generation of the interferograms. Therefore, the 
corresponding wavefront error in this proportion of the diffracted 
beam is roughly 0.0193λ for P-V error and 0.0039λ for cumulative 
error, respectively. Both of these results have demonstrated that the 
potential measurement accuracy for our PDI system will be just close 
to a traditional interferometer.    

Based on the specifications detailed above, an experimental PDI 
system was constructed. Fig.6 shows the experimental setup of our PDI. 
Fig.7(a) shows the figure error recorded by our PDI when testing a 
concave spherical mirror with an aperture of 50mm and a curvature 
radius of 500mm. As a rough comparison, the figure error recorded by 
a 4″ Zygo interferometer about the same sample were also given in 
Fig.7(b). From the figure error in Fig.7(a), we can see that the figure 
error recorded by our constructed PDI system were 0.2993λ for P-V 
error and 0.0546λ for cumulative error, respectively.  

Both of these results are similar to those achieved by the Zygo 
interferometer as shown in Fig.7(b) with a P-V error of 0.276λ and a 
cumulative error of 0.051λ. The PV and cumulative error differences of 
the PDI to Zygo interferometer are only 0.0233λ and 0.0036λ, 
respectively. The outcome of this comparison yields results that are in 
remarkably close proximity to those predicted using the proposed 
accuracy evaluation model above, with difference of only 0.004λ for P-
V error and 0.0003λ for cumulative error, respectively. Following this 
successful testing, it is justified to say that the proposed error analysis 
model outlined within this paper is helpful and highly effective for the 
accuracy evaluation of a PDI before its design. 

  

Fig. 6.  Experimental system of our PDI 



 

Fig. 7.  Figure error results from tests of the same spherical surface 
obtained by (a) Our PDI; (b) 4″ Zygo interferometer. 

5. CONCLUSION  
In this paper, an improved theoretical model was proposed in order to 
better analysis of diffraction wavefront errors and subsequently 
evaluate the overall accuracy of a point diffraction interferometric 
system. This new method utilizes Gaussian beam profile to describe 
the incident light and introduces a cumulative evaluation formula in 
spherical coordinates to determine full-field wavefront errors 
stemming from three distinct pinhole misalignments.  

Through an analysis with the help of the proposed models, 
diffraction wavefront error in perfect alignment can be reduced to as 
low as λ/105 for peak-to-valley, when the pinhole diameter is smaller 
than 4m. As expected, all three alignment errors are proven to affect 
the quality of the diffraction wavefront and result in a decline in 
measurement accuracy of the PDI. However, the most prominence 
from these misalignments was identifed to be lateral shift, with a 
doubled error for wavefront diffraction under an increase of shift 
displacement of tenth of a nanometer. The outcomes of these analyses 
have been applied to the design and construction of an acutal PDI 
system with an achieved measurement accuracy comparable to that of 
a commercial interferometer.  

The results obtained in this paper will have direct application in the 
design and optimization of a PDI to achieve a required measurement 
accuracy, through appropriate selection of the pinhole size and 
alignment configuration necessary. Understanding the influence of 
each error condition upon overall instrument accuracy is critical when 
optimizing a PDI system to achieve the most accurate measurement. 
Conversely, should such pinpoint accuracy not be necessary, then this 
methodology developed in this paper can also be applied to designing 
configurations for PDI systems with lower accuracy in order to reduce 
the manufacture costs associated with heightened accuracy.  

It is truly that an absolute measurement maybe needed in order to 
realize an accurate calibration of the reference wavefront error in a PDI, 
and a special calibration system is necessary in the calibration. This 
part of work will be discussed later in another paper. 
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