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1 Introduction

The Ronchi test and the Hartmann test are used in the optical workshop to evaluate the final quality
of optical surfaces under fabrication, both tests compare patterns from partial stages of the system against
to an ideal reference pattern [1]. The reference pattern is numerically generated according to the design
parameters. Currently, this task is also carried out using a Shack-Hartmann wavefront sensor (SHWs). The
SHWs technique relies its operation principle on the Ronchi test and Hartmann tests, being part of the group
known as screen tests.

In the SHW s test light comes from an optical system, passes through a micro lenslet array located
close to the focus of the optical system or near to center of curvature of the surface under test, this allows
to know the wavefront after a numerical processing. This feature results in SHWs being acknowledged as a
testing method commonly used in the optical test laboratory and other areas of science and technology, such
as astronomy [2] or ophthalmology [3]. On the other hand, the SHWs are expensive devices that require
additional hardware, and their quality depends entirely on the quality of the micro lenslet array.

We propose an alternative method to know when the wavefront coming from a surface under
fabrication has met the required design parameters. Based on the Ronchi test, and the Hartmann test, we
applied the theory from the Hartmann null test [1.4], to compute the Shack-Hartmann null screen. The
Shack-Hartmann null test avoids the construction of any other additional null optical system or null optical
surface to probe the system under fabrication.
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The aim of the work is to obtain the Shack-Hartmann null spotfield, whose pattern is organized
in a rectangular arrangement, easily recognizable by a technician in the workshop laboratory. The Shack-
Hartmann null test avoids the construction of any other additional null optical system or null optical surface
to probe the system under fabrication.

This work presents an innovation in the design and construction of the null screens, simplifying its
fabrication. The null screen for the Shack-Hartmann test is generated using a pinholes array avoiding the
micro lenslet array presented in the SHWs. The test is performed using coherent and incoherent lighting
sources.

The paper is organised into five sections, including introduction. Section 2 includes a review on
screen tests classic theory [1]. In section 3, the null Shack-Hartmann screen test is introduced, and the
process to obtain the null screen is explained. Section 4 describes the experimental results. Finally, in section
5 conclusions and proposed future work are given.

2 Screen tests

The Ronchi, the Hartmann, and the Shack-Hartmann tests give information on the wavefront coming
from the system being tested. All of them measure the wavefront slope giving us information on transverse
aberration [1]. Using the Rayces formula [5] we represent them by
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Here, W represents the wavefront, T4, the transverse aberration along the x direction, 74, the transverse
aberration along the y direction, / measures the distance from the exit pupil of the system to the screen used
in the Ronchi test along optical axis, L is the distance from the vertex to the center of curvature, d represents

the distance between two consecutive dark fringes in the Ronchi ruling, see Fig (1),

Optical axis

Fig 1. A screen test scheme, Ronchi test.
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Cordero et al described Ronchi and the Hartmann tests on the same mathematical theory [6]. We
apply that mathematical description to the Shack—Hartmann test, based on the similarity of their experimental
setup and in the fact that the Hartmann test and the Shack-Hartmann test only differ where the plane of the
screen grid is positioned [7].

According to Malacara [ 1] and Hopkins [8], the central point of each spot in a spotfield pattern in
a Hartmann test, falls over lines following curves obtained in the Ronchi fringe pattern. Hence, we need
to calculate the position for each spot in the null Shack-Hartmann spotfield pattern. We started from the
transversal aberration expression, TA(S) [9,10] as,
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The variables involved in Eq (2) are schematized in Fig (2).
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Fig 2. Variables used in transversal aberration 74(S) expression.

Where S is a distance from the optical axis to a point over optical surface, Z is the sagitta function, ¢
represents the ruling inclination from the y-axis, and 6 is the angle of any point (x,y) in the wavefront
W(x,y) over the Ronchi ruling.

Restricting this work to the case of ¢ = 0, we can express 74 as:

_ md
TA®) = sinf )
We evaluated the fringe pattern assigning values to S and calculating  for different values of m,
here md is the position along the # axis in the coordinate of the Ronchi ruling.
The error of considering the Ronchi fringes or the Hartmann screen over the surface instead of the
exit pupil [1] is compensated through,
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S?=x>+ yz, c¢=1/r, and 4,, 4,, A3, A4 are the aspherical deformation constants, and X is the conic

constant.

For all conical revolution surfaces, except paraboloid, we have.
1
28) =g Ir=Ar? =k + 1)s? ] (6)
The position of each pinhole in the Shack-Hartmann null screen [4,11], is given by
x =md,y = nd @)
Here, m and n are integer numbers, d represents the distance between two consecutive dark fringes, the

transversal TA(S) aberration represents the distance from any point to the origin of the coordinate system
expressed by the Eq (2), that now takes the form,

TAS) = d (m? +n?) (®

through Eq (8) and Eq (2), we obtain a value for Eq (3). The position (x, y) of each spot center is given by
m n
)
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We solve Eq (8) as a function of S. Equation (9) gives us the position of the entire spotfield pattern in the
Shack-Hartmann null screen grid.

3 Null Shack-Hartmann screen fabrication

In a previous work, we reported the implementation of the Shack-Hartman test with a microholes
grid screen [12]. That screen was developed using a microlithography process, showing the feasibility of
replacing the lenslet array with a pinhole array. Now, as one of the main aims of this paper, we go a step
forward, by simplifying the screen fabrication avoiding the microlithography process, shifting the procedure
to a negative print process as described in the next paragraph.

The null Shack-Hartmann plate presented here represents a great simplification compared
to any other kind of null test [13,14] or null optical configuration that requires additional
optical elements, extra surfaces or compensators [15,16]. Making this null test easy access,
fast made and reliable allowing it to be used in any optical workshop or optical test laboratory.

Once the calculation of the null pinhole geometric array distribution is done, as described in section
two, the set of points is imported into vector graphics software; allowing us to draw apertures centered in
the correspondent point position, the apertures could be modeled with different geometries such as circular
apertures with 150 um in diameter or square apertures with also 150 um per side. After this digital treatment
the screen is printed in a FEP (Fluorinated Ethylene Propylene) film sheet, through a commonly lithographic
process used in offset printing. The printing process also has the capability of printing negative films at a
resolution of 600 points per inch, giving us the ability of printing geometric apertures with 100 um in size
and a pitch of 300 um, with a total contrast change from zero to one at a single point of resolution. The
printing process is also cheaper and faster compared to the previous microlithography process.

It is essential to mention that the pinhole distribution in the Shack-Hartmann null screen requires
to considers two cases depending on where the null screen will be located at the experimental setup, the
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first case will be positioned in a plane before the curvature center (BCC) the second case will be set in
a plane after the curvature center (ACC). Figure (3) display examples of the pinhole distribution in the
Shack-Hartman null screen for both cases BCC and ACC. Here we can see a distribution of white dots over
a black background, this is shown not to scale and without any assigned dimension.

Fig 3. Pinhole distributions in Shack-Hartmann null grid screens: (a) used at BCC, and (b) used at ACC.

4 Experimental results

The experimental setup used in the Shack-Hartmann null test is schematized in Fig (4). Light beam
from a point source PS is reflected from a concave parabolic surface producing a source image PS', PS
& PS' are located outside the optical axis in the paraxial region at the same plane as the curvature center
CC. The Shack-Hartman null screen is positioned perpendicular to the optical axis, at BCC plane or ACC
plane, it must be located precisely in the calculated plane. The null Shack-Hartmann spotfield observed is
registered in a posterior plane perpendicular to the optical axis, called NSH plane.
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Fig 4. Shack-Hartmann null screen test experimental setup scheme.
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When the surface under test meets the parameters established in the design stage, the optical
element is considered well fabricated. Then, when applying the Shack-Hartmann null test, the spotfield
pattern retrieved should be arranged in a rectangular uniform spotfield, This condition is easily recognizable
by the technician who carried out the test.

We applied the Shack-Hartmann null test to a concave parabolic surface, which has a diameter of
110 mm and a radius of curvature of 950 mm and a conic constant K = —1.

In Fig (5) the Ronchi patterns and the Shack-Hartmann spotfield patterns obtained for the element
under test are shown. The Ronchi patterns, as well as the Shack-Hartmann patterns, must be registered at
the BCC and ACC planes, in our case at 10 mm from the point PS.

The Shack-Hartmann spotfield was recorded using a Shack-Hartmann plate with microholes of
100 um in diameter and a pitch of 400 um. Pictures in Fig (5) and all pictures displayed henceforth were
registered with a CCD camera, calibrated to remove effects of lens distortion with an overall mean error of
2.2 pixels to record planar objects.

In Fig (5¢) there is a distortion effect observable on some of the spots at the border of the vision
field when we are close to the exit pupil of the element under test. This effect changes the fringe order as
we change the plane position of the Shack-Hartmann plate, and it is more pronounced at the BCC planes,
without affecting our results.

When testing the designed Shack-Hartmann null screen, three different LED light sources were used,
one incoherent white light source, and two coherent light sources. The first coherent light source emitting
at A = 632nm and the second one emitting at A = 550 nm. We performed the experiment with different light
sources, since Ronchi test and the Shack-Hartmann test can be done with coherent and incoherent light
sources.

Fig 5. Ronchi patterns and Shack-Hartmann spotfield patterns at (a and ¢) BCC plane, (b and d) at
ACC plane.

Figure (6) shows the spotfield patterns obtained for the different light sources configurations, as
we proposed. We retrieve a set of spotfield patterns organized in a rectangular arrangement. Even though
the null spotfield presents modulation due to diffraction effect and some spot deformation in the elements
of the corner, the spotfield array stays in rectangular array.
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Fig 6. Shack-Hartmann null spotfield patterns, (a) at BCC plane, (b) at ACC plane both using an
incoherent light source, (c) at BCC plane, (d) at ACC plane both using a coherent light source at
A =632 nm. (e) at BCC plane, (f) at ACC plane both using a coherent light source at A = 550 nm.

4 Conclusions

We succeeded in developing an accessible, convenient, and inexpensive method to get a qualitative
Shack-Hartmann null test, using the same mathematical concepts as in the ideal Ronchi test and Hartmann
test. This method is reachable and appropriate to be used by any optical surface test laboratory. The Shack-
Hartmann null screen permits us to know when an optical surface under test meets the projected parameters
required by its design, recovering a rectangular spotfield pattern easily recognizable. The observed pattern
is a null test since the Shack-Hartmann null screen developed compensates the profile of the surface under
test.

In a forthcoming paper, a polynomial wavefront representation will be presented to complement
the qualitative analysis developed in this work.
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