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ABSTRACT

In order to evaluate either qualitative or quantitatively the shape of fast plano-convex aspheric lenses, a method
to design null screens type Hartmann is proposed. The null screens are formed with non-uniform spots, which
allows to have uniform images at detection’s plane. The screens are printed on a foil sheet and placed in front of
the lens under test, they are illuminated with a collimated monochromatic beam propagating along the optical
axis, in such a way that through the process of refraction will form a uniform spot patterns which are recorded
at a predefined plane of detection. Finally, processing properly its image recorded we could be able to get a
quantitative evaluation of the lens under test. The designs of these null screens are based on the equations of the
caustic surface produced by refraction. A preliminary test for a fast plano-convex aspheric lens with F//# = 0.8
is presented in this work. This method could also be applied to alignment of optical systems.

1. INTRODUCTION

Nowadays aspheric lenses are widely used in both imaging and no-imaging optical systems, because this kind of
lenses eliminate spherical aberration and reduce other aberrations more efficiently than spherical lenses. Among
their properties we can state that the radius of curvature changes along the distance with the optical axis. In
other words aspheric lenses can help to simplify optical system design by minimizing the number of elements
required, additionally, these can yields sharper images than conventional lenses, they are currently useful for
correcting distortion in wide angle lenses. To sum up, aspheric lenses deliver higher performing, more compact,
and lighter systems in a wide range of applications such as light concentrators, telescopes, intra ocular lenses, or
collimators of light.

The traditional Hartmann test uses a screen having a rectangular array of holes with a uniform separation
between them, which are based on the spot diagrams obtained through an exact ray tracing, in such a way that
the screen is placed close to the entrance or exit pupil of the system under test. The Ronchi test use a ruling
with a uniform distribution of fringes alternates between dark and bright strips well defined, which produces
either by reflection or refraction a non-uniform distribution of alternate dark and bright fringes at the detection
plane only if the optical system have imperfections on the optical surface.!The Hartmann and Ronchi tests
have been successfully implemented to evaluate either qualitative or quantitatively lenses and mirrors assuming
F/4# > 1.%3 For fast optical surfaces F/#<1, the no-uniformity in the size for each bright spots on the pattern
recorded at detection’s plane is very common, complicating subsequents analysis in order to evaluate the surface
under test, to overcome this problem a null test has been developed for aspherical convex surfaces, in which
instead of using an array of point light sources, the null screens are printed by using a common laser printer as
was explained in reference.*

In earlier papers, special rulings with curved lines were constructed to test spherical concave mirrors and this
approach was denominated null Ronchi test. In reference® the ruling was computed according to the following
procedure: using a ray tracing program, a transverse aberration curve (T'A) is computed at an approximate plane
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where the ruling will be placed. A system of five linear simultaneous equations is solved in order to determine the
coefficients of the aberration polynomial to get a formula for T'A. Finally, using geometrical considerations and
the computed T A the null screens are designed. Alternatively, in reference® a predetermined equation is used
to provide T'A and with the aid of an expression to compensate the error introduced by the Ronchigram fringes
on the mirror surface under test, and assuming some geometrical considerations, an equation was provided an it
can be solved numerically by using Newton’s method, in order to design null screens.

Recently an alternative method to design null screens in order to test qualitatively a plano-convex spherical lens”
and roughly quantitatively a plano-convex parabolic lens®® has been proposed, but instead of an array of point
light sources, the null screen was printed on an acetate foil using a traditional laser printer specified at 1200
dpi. In this work we extend these ideas to design null screens in order to test aspherical lenses. The null screen
will be formed with a no-uniform array of drop spots, in such a way that through the process of refraction we
obtain a uniform distribution of circular bright spots with similar sizes at the detection plane, only if the lens
under test do not present deformations on its surface. The design of these screens are based on the knowledge
of the caustic surface by refraction also called diacaustic or alternatively by using the exact ray tracing through
aspherical lenses, considering a plane wavefront propagating along the optical axis impinging on the lens under
test.® This kind of null screens allows to make straightforward the detection of the spots for the measurement
either Longitudinal Spherical Aberration (LSA) or Transversal Spherical Aberration (TSA). The main idea in
this work is to retrieve the shape of the lens under test by using null screens through the traditional procedure
of either Ronchi or Hartmann tests.

2. THEORY

Throughout this manuscript we define the Z axis parallel to the optical axis, we assume that the Y — Z plane is
the plane of incidence, which is a cross section of a plano-convex aspheric lens whose paraxial radius is R, and
the origin of the system O is placed at the first vertex of the lens. We assume that there is rotational symmetry
about Z axis and a bundle of rays are incident on the left side of the lens parallel to the optical axis, crossing
the plane face of the lens without being deflected, and they are propagated to the aspheric surface where they
are refracted outside of the lens. Let H be the entrance aperture, ¢ the thickness of the lens, n; the index of
refraction of the lens for a predefined wavelength, considering that the lens is immersed in a medium with index
of refraction ny, (n; > n,), and where we have assumed that Sy, ,, represents the aspheric equation in a meridional
plane which can be written as

ch? al
Shy = + A ihm, 1
Y14 /1 (k+ D2h? ; ? o
where ¢ = 1/R is the paraxial curvature, k is the conic constant, A, Ay, ..., Aan, are the aspheric coefficients

with N the number of aspheric terms included in the polynomial and h represents the height for each one of the
arbitrary incident rays, where Eq.(1) is valid in the range h € [—-H, H]. It is important to state that if N = 0,
then Eq.(1) is reduced to the equation which represent the profile for conic surfaces. According to reference®
the caustic surface (z.,y.) for a Plano-Convex aspheric lens when the point source is placed at infinity can be
written as

12+ 02 = )5, ] |24 a2 + 02 = )8R
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Figure 1. (a) Ray tracing process. (b) Process to design null screens.

where the subscript ¢ means caustic surface and S;sz S;{N are the first and second derivative with respect to h
respectively, thus from Eq.(1) we obtain

N

h .
- ¢ + 5791 Ay, B2
T T= (k+ 1)@k ; ’

(3)

C N )
Sy = +Y 7 2i(20 — 1) Ag; B2,
" (ke 1)e2h? g

It is important to remark that Eq.(2) gives the coordinates of the locus of points that parametrically represents
the envelope of the family of refracted rays produced by an aspheric lens in a meridional plane as shown in

Fig.1(a). From Eq.(2) if the radical [nﬁ + (n2 —n2)S'7 N} < 0, then physically there are rays that undergo total
internal reflection, where h. means the critical height, in other words, the incident rays above this value undergo
total internal reflection as is shown in Fig.1(a).8

3. DESIGN OF RULING FOR THE NULL SCREEN

To design null screens, we can follow all the steps well explained in references,”!! where have been used the

caustic equation providing a polynomial equation which can be solved through numerical methods, yielding a
non-uniform drops which allows to recover a uniform array of spots with similar sizes recorded at a plane of
detection only if the surface under test does not have any deformation on their surface. It worth to state that we
defined previously the position for the plane of detection, which can be placed at arbitrary distances along the
optical axis and being perpendicular to it. Furthermore, it is important to consider the size of the CCD sensor
where is recorded the Hartmanngram, taking into account the number of spots already defined to be registered
on the active area of the CCD sensor. An alternative method to design null screens is explained as follows: We
proceed starting at the detection’s plane: The z; and y; coordinates of the point of incidence of the ray on the
aspheric surface lens are not selected a priori but must be calculated as is traditionally done: given an arbitrary
point Py = (20, yo) at the detection plane, we trace a ray back through P; = (z;, ;) as is shown in Fig.1(b), by
using the exact ray tracing equation through aspheric lens, which according to reference® was written as

(3 = 7] [20 — (t+ Shy )] S
nd +n?\[n2 + (n2 — n?)Sp,

Yo = + h7 (4)

where n, and n; are the indexes of refraction, ¢ is the thickness of the lens, yq is the height for a point lying
on the border of an arbitrary spot, and z; is the distance between the vertex of the lens under test and the
plane of detection, Sy, and S}, are given by Egs.(1) and (3) respectively. In resume, we can solve numerically
Eq.(4) for h providing the values for h; which will form the null screen as is shown in Fig.1(b). We can notice
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that there are two important cases for the positioning of zy: For zy > EFL, we have a unique solution whose
values lie in the range [0, H] for yo < 0, where H is the entrance aperture of the lens. For zy < EFL the plane
of detection lies inside the caustic surface. In this particular case there are three possible solutions because we
have rays from the lower part and rays arriving from the upper part of the lens which coincide in yy when the
plane of detection is placed inside of the caustic region, as was explained in reference.”

It is important to say that commonly the CCD sensors have a rectangular area with Lys X [,,, where Ly, and
l,, are the largest and shortest sides of the sensor respectively. To design the null screens in such a way that
its image formed by refraction through the lens under test yields a uniform square array of bright spots equally
spaced between them at the image plane, we set a square array of spots inside the detection plane as follows:
we define a point (zq, yo), where zp is the distance along the optical axis where the detection plane is placed.
In order to provide a circular spot on the null screen, we define yg as a length given by yo = (v2,, + w?m)l/ 2,
where vy, = @ X rq, and wj, = j X rg for i,5 = 0,1,...,G, where G is the number of circular spots lying
inside the sensitive area of the CCD sensor, and m is the number of the discrete points to form each one
circular spots, additionally we have defined r¢ = [,,/(4G — 2). Even more due to the lens under projects
a circular area on the CCD sensor in a similar way like the Circle of Least Confusion, we demand to get a
length equal to shortest side of the CCD sensor l,,,, where for simplicity we have removed the spots lying
outside of this circular area, considering their radius as [,,,/2 as is shown in Fig.2(a). We can notice that
Yo € [—ln/2,+1, /2], and for an arbitrary point A, = (Vim, Wjm) it could be represented in polar coordinates
as A, = [v}, + wf-m]l/z(cos 6, sinf) = yo(cos b, sinf), where 0 = arctan (w;m /vim ), and substituting the values
for zp and yo into Eq.(4) covering all the points for each one circular spots and solving numerically for h, we
obtain the values for h; lengths placed in a meridional plane, demanding that h; € [-D/2, D/2], where D is the
diameter of the lens under test. We can multiply those values times the angle 6 yielding the null screen according
to NS = h;(cosb, sinf) = (v},,, w}m), where NS means null screen as is shown in Fig.2(b). Finally by joining
contiguous points belonging to each spots in order to get a close polynomial curve with m — 1 points.
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AY AY
K7 K7
{v.w
Q ! N . e
= B .
MR Co— v w1}
B e 1 h im jm
¢ _oO ;
y0 -<_{Vim’vvjm}
HE e Wre WS Nnx
Y

(a) (b)

Figure 2. (a) Sample with circular drops in the detection plane. (b) No uniform drops in the incidence plane.

We can extend the ideas explained above to design null screens to test aspheric lenses in the configuration
convex-plano, where the exact ray tracing equation assuming a plane wavefront incident on the convex surface
according to reference!? can be written as

2 _ 2] [t — Sp. ]S 2 _ 2] 120 — 1]
yo=h— [nl na][ hN] hn _ [nz na] [ZO ]hN ’ (5)

2 2 2 _ 2)qQr? 2
it n“\/ni +(nf —ng)Sh, \/n?l [na + /17 + (nf — ng)SZQNJ — [n? —n2]2S;
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by substituting the values for zy and yg, and solving for h from Eq.(5), following all the steps as was explained
above we can also obtain the null screens for this configuration. In Fig.(3) are shown three null screens for
G = 7,11 and G = 15 respectively with m = 60 for each spot. We clearly see that increasing the number of
bright spots the size of the null screens keep constant for distances zy predefined.

(@) (b) (©)

Figure 3. a) G = 7 bright spots. b) G = 11 bright spots. ¢) G = 15 bright spots, in all the cases m = 60, and
z0 =1.0FEFL.

4. QUALITATIVE EVALUATION

In this work we evaluate qualitatively a plane-convex aspheric lens. The diagram of the experimental setup is
shown in Fig.(4), where we can also see two polarizers which have been used to reduce the intensity of the laser
beam incident on the CCD sensor. We have printed the null screens on acetate foils using a 1200 dpi laser
printer, assuming a uniform distribution of transparent equally spaced spots at detection plane. The parameters
of the aspherical lens are: R = 13.859mm, n, = 1 and n; = 1.5212 for A = 633nm, diameter D = 30mm, effective
focal length EFL = 26.5mm, with F//# = 0.88, and three aspheric terms Ay = 7.9 x 1076, A4 = 1.5 x 1077,
Ag = 1.3 x 1072, We have used a CCD sensor with an active area A = 6.6mmx8.8mm and 480 x 640pixels
respectively. The light source is a He-Ne laser with spatial filtering and a collimated beam, where a collimator
lens with F'/# = 6 has been implemented to reduce the hot spot by increasing the distance between the collimator
lens and the pinhole. The NS have been designed to be placed outside of the caustic surface zo = 1.0EFL. An
important consideration is that if visual observations are made to be in real time, the computed null screen can
be calculated to produce an observable pattern of adequate size for the lens under test at a unique detection
plane, as is shown Fig.(5) for different images recorded outside of the plane of detection.

Figure 4. Diagram of the experimental setup to test a plano-convex aspherical lens using null screens.

Following the procedure described above we design null screens as are shown in Fig.6(a) for plano-convex con-
figuration and, Fig.6(c) for convex-plano configuration considering a plane wavefront incident impinging on the
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Figure 5. (a) Image recorded inside the caustic region. (b) Image recorded close to circle of least confusion. (c¢) Image
recorded slightly far from plane of detection.

aspheric lens, we predefined 15 bright spots along either X-axis or Y-axis. As we can notice, the null screen
is smaller for plano-convex than convex-plano configuration, due to total internal reflection. Although for the
convex-plano configuration there is no total internal reflection, the illuminated area on the lens under test is not
covered completely for all the bright spots due to an slight area used by an optical mount on the lens. There
is a non-uniformity on the irradiance at the borders of the images recorded on the CCD sensor as are shown in
both Fig.6(b) and (d), and they could be produced by several factors, among we can comment: There are losses
due to Fresnel’s coeflicients on transmission through aspheric surface. The shape of the beam laser is Gaussian
being more intense at the center than the borders of the beam, although we have used a graduated filter behind
of the collimator lens, in order to get a uniform irradiance distribution incident on the CCD sensor, we do not
have a uniform bright spots at the plane of detection as we expected.!!

30mm

(@) (b) (d)

Figure 6. (a) Null screen for a plano-convex aspheric lens. (b) Image recorded at detection’s plane for a plano-convex
lens. (c¢) Null screen for a convex-plano lens. (d) Image recorded at detection’s plane for a convex-plano lens.

Making a first qualitative analysis of figures 6(b) and (d), we can notice that, in general, the images show an
almost regular square grid pattern in the center of the image, except for the borders of the lens where the square
grid pattern are slightly curved, and it is easy to determine that in these zones the lens under test departs from
the ideal aspheric shape more significantly. Furthermore, some points, near the edge of the lens, look blurred
or even more they are vanished. The recorded images deformations are due to the tested surface and not to
deformations of the acetate foil where is printed the null screen or even misalignments of the test surface. Then,
the null screen method can be used to detect tiny shape deformations of the test surface. The centroids of
irradiance of the images recorded are shown in Fig.(7); they were calculated with the image-processing program
ImageJ.!2

Obtaining the experimental centroids from images recorded provided in Fig.6 (b) and (d), and comparing with
the ideal centroids which were considered to design the null screens. As was mentioned above, there are some
deviations from the expected pattern, due to imperfections on the surface under test. As much as we known
from the reference,'® the transversal aberration for an optical system can be expressed in a polynomial form,
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in such a way that the primary aberrations can be analyzed by using the coordinates of the centroids assuming
both meridional and sagittal rays, thus, the transversal aberration is written as

Y [mm] Y [mm]
3 3
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Figure 7. (a) Comparison between ideal and experimental centroids for testing an aspheric lens in plane-convex configu-
ration. (b) Comparison between ideal and experimental centroids for testing a convex-plane aspheric lens.

TAz(hy,0) =—[2(D+C)h, +4AK| R
= alwzhz + aS:va:hi + A57
(6)
TAy(0,hy) = —[E+2(D+3C)hy +3Bh] +4Ah}| R
= aoyy + aryyhy + aZyyh.vz; + a3yyhz + 45

where T'Ax and T'Ay are the transverse aberration along the X and Y respectively, h, and h, are the compo-
nents of the beam in the incidence plane, and the constants for primary aberration are given by A= spherical
aberration, B = Coma, C = astigmatism, and D = defocus, E = Tilt. Making a bit of algebra we can obtain
a relationship between the constants A, B, C, D, E and the primary aberration, finally A5 represent the fifth
spherical aberration order.

TAx , (h, 0) [mm] Ty, (0, h ) [mm]

m Experimental Centroid
— Polynomial Fit -0.15

m Experimental Centroid
— Polynomial Fit

(a) (b)
Figure 8. (a) Polynomial fit for transverse aberration T' Az, for a group of sagittal centroids. (b) Polynomial fit transversal
aberration T'Ay to a group of meridional centroids.
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We make a polynomial fit for the convex-plane configuration, which is shown in Fig. 6, and is expressed as

ATz (hy,0) = —0.00770643h, + 0.000481314h3 — 2.16128 x 10~°h,”,

ATy(0,hy) = 0.0111625h, — 0.000686222h — 0.00047489h (7)
+4.33676 x 107%hy, + 2.17417 x 107},

as we can see we have the influence of spherical aberration of fifth order. By using Eq.(6) we get the values for
primary aberrations qualitatively as, A., = 8.68202 x 1075, B, = —16.50425 x 1076, C., = —3.40361 x 1074,
D, = 6.18381 x 107*, E,, = 0, and A5 = 2.17417 x 1075.

5. CONCLUSIONS

A simple method to design Null Screens type Hartmann by refraction through a plano-convex aspheric lens has
been implemented by using an array of circular spots which were printed on acetate foil by using a laser printer
at 1200dpi. This method opens the door to design null screens to test arbitrary lenses either outside or inside
of the caustic region. The qualitative analysis of the centroids showed that this method is useful for evaluating
the corresponding coefficients for primary aberrations.
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