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Abstract. Substructured Ronchi gratings are used to sharpen and increase the number of fringes in
Ronchigrams, thereby increasing their spatial resolution and allowing greater accuracy in the evaluation of
a surface under test. This work presents a simple method for generating substructured Ronchi gratings and
for calculating the intensity pattern produced by this type of grating. For this, we propose the generation of
this kind of grating from the linear combination of classical gratings; the pattern of irradiance produced by
these Ronchi gratings will be a linear combination of the intensity patterns produced by each combined classical
grating. A comparison between theoretical and experimental Ronchigrams was obtained by analyzing a para-
bolic mirror. © 2014 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.0E.53.11.114111]
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1 Introduction

The Ronchi test is one simple and powerful method used in
optical workshops for measuring deformations in concave
surfaces and optical systems in general, since the errors of
the surface can be estimated by the deviation of the fringe
pattern observed at the exit pupil when it is compared
with the calculated theoretical pattern.' The test setup con-
sists of illuminating with an extended light source the half of
the Ronchi grating placed near the paraxial radius of the cur-
vature of the surface under test, and observing the image pro-
duced with the other half of the grating; this produces an
interference pattern that can be observed at the exit pupil
of the surface of the optical system under test>**® (Fig. 1).

The fringes in the Ronchi test are usually studied using
geometrical theory,” in which Ronchigram fringes are the
result of rays deviating from their ideal path, which is caused
by the errors in the slopes of the surface under test [Fig. 2(a)].
On the other hand, with wave theory, the fringes are caused
by interference between the overlapping of the diffracted
wavefronts'® [Fig. 2(b)]. Therefore, this test can be seen
as a lateral displacement interferometer that measures the
slopes of the wavefront instead of measuring the wavefront
as in conventional interferometry.'

2 Substructured Gratings

The substructured gratings were proposed by Murty and A.
Cornejo'" with the aim of sharpening the fringes observed in
the interference pattern when using the Ronchi test; other
works about the substructured Ronchi gratings were ana-
lyzed in Refs. 12—15, mainly using Katyl’s ruling proposal.'®
An unequal configuration of the width of transparent and
opaque bands on the grating is used for these substructured
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rulings; if the transparent bands are wider than the opaque
ones, the purposed grating is considered positive, and
if the opaque fringes are wider than the transparent ones,
it is considered negative.'>!37

Ronchi substructured gratings have the same period as
conventional gratings; in other words, substructured gratings
are based on classical gratings, but unlike these, each opaque
and transparent band features an internal substructure Fig. 3.

This paper proposes the use of substructured gratings with
different sequences, but constructed with the overlapping of
classical Ronchi gratings; the main purpose is increasing the
contrast of the interference compared with classical Ronchi
rulings.

3 Substructured Gratings Theory

Considering the typical geometry used in the Ronchi test for
analyzing converging wave fronts (Fig. 1), the transmittance
of a classical Ronchi grating can be expressed in the follow-
ing manner:'®

B 27 x, 0 if M(x,) <1
M(x,)-l—kcos( y —ﬁ){l it M(x,) > 1’ (1)

where d is the grating period, and f is a lateral displacement
parameter determined by the initial position of the gra-
ting. 019

Once the grating is placed in the plane where the aberrated
wavefront will be measured, a distorted irradiance pattern
will be obtained due to the aberrations of the wavefront com-
ing from the surface under test; this intensity pattern can be
expressed as
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Fig. 1 Configuration of the Ronchi test.
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I(x,y) = a(x,y) + b(x, y) cos <2ﬂOPD - )

where a(x,y) and b(x,y) are the background and local
contrast coefficients, respectively, while the optical path dif-
ference (OPD) in the lateral displacement interferometer is
determined by the difference between the original wavefront
and the shifted wavefront,>*>19-2!

aW (x,
OPD = %Ax =W(x,y) = W(x + Ax,y);
X
oW (x,
OPD = g—yy)Ay =W(x,y) = W(x,y + Ay); 3)
/ G
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‘{"‘ Aberrated ray \\\ T o
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[‘ \»\ Transversal
\\: \‘\7 aberration
\\:\ . < Reference wavefront

Fig. 2 Ronchi test from the point of view of (a) geometric theory and
(b) wave theory.
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where Ax and Ay are the lateral displacements in both the
x and y axes; W(x + Ax,y) and W(x,y + Ay) represent
the wavefront shifted along the x and y axes, respectively,
while W(x,y) represents the original wavefront.

On the other hand, considering the differences between
the sagittae of the conical surface to be tested [z(x, y)] and

an osculatory sphere [z, (x,y)],>***' we have

2W(x,y) = z(x.y) = 2o(x.y). )

Assuming that the grating lines are parallel to the y axis,
the substructured Ronchi grating can be expressed, in gen-
eral, as the linear combination of classical gratings with
different frequencies,'® therefore

m=1
" 27X 0 ifM(x,)<n
=) 1+4cos LB , 5
Sarreos () e on O
where 6 can take a value of 1,2,3,4,..., c.

Considering that substructured Ronchi gratings are
formed from the linear combination of classical gratings
of different frequencies, it is intuitive to think that the inten-
sity pattern observed at the exit pupil with this type of grating
will also be a linear combination of the interference intensity
patterns produced by each classical grating; therefore, the
intensity function at the exit pupil of a system for a substruc-
tured grating will be given by

. ma OPD
o (2eo

= Z a(x,y) + b(x,y) cos oy

- ﬂ m) . (6)

m=1
Figure 4 shows the two different methods presented in
this work to generate substructured Ronchigrams. The first
way is to generate a substructured grating overlapping two
classical rulings, from Figs. 4(a) to 4(b); introduce the gra-
ting of Fig. 4(b) in the experimental Ronchi’s setup and the
Ronchigram of Fig. 4(d) is registered. This last Ronchigram
is equivalent if two experimental Ronchigrams of Fig. 4(c)
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Fig. 4 Flowchart representing the different ways for obtaining a substructured Ronchigram, (a) to
(d) refer to the combination of classical gratings; (e) and (f) refer to a synthetic ruling.

are added. In Figs. 4(e) and 4(f), using Egs. (5) and (6), a
synthetic Ronchigram is obtained starting with the classical
gratings of Fig. 4(a).

For comparison of the simulated Ronchigram with the
experimental Ronchigram under the criterion of two-dimen-
sional correlation between two images,”> we generate an
algorithm for the calculation of the correlation within the
exit pupil of the system, with the equation

Zm Zn( )(B _ )

C = . (7N
wzzmmn A (B - B
Fig. 5 Experimental setup. m.on m.n
. Synthetic Experimental . Synthetic Experimental
Characteristic Ronchigrams Ronchigrams Characteristic Ronchigrams Ronchigrams
m=2 m=3 "'
51=26=5 61=3:86,=5:0:=6 ‘ !
p1=p2=0 Pr=p2=p=0
(b)
m=2
m=
81 =_4; 52_=05 S1=4: 52 105 =
Pr=p= Pr=p2=ps=0
(© (d)
Fig. 6 Ronchigrams obtained with substructured grating generated Fig. 7 Ronchigrams obtained with substructured grating generated
with m =2, Eq. (5). with m = 3, Eq. (5).
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Fig. 8 Ronchigrams obtained with substructured grating generated
with m = 4, Eq. (5).
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@

where A and B are the matrices of the intensity values of
the simulated and experimental Ronchigrams, respectively;
while A and B are the average intensity levels of their respec-
tive Ronchigrams.22 C takes values between 0 and 1, where O
means that they are not equal and 1 means that the images
are equal.

4 Experimental Results

For this section, we used a spatial light modulator (SLM)
to create the light and dark bands of the Ronchi ruling
due to the various advantages provided by this kind of
device.!*!9232° The substructured Ronchi gratings are
deployed in the SLM with a spatial resolution of 1024 x 768
pixels, giving an active area of 26.6 X 19.9 mm?. The SLM
is on a mount capable of micrometric movements on both

x and y axes; these movements provide defocus and
changes in the S coefficient, respectively. The light source
is a light emitting diode with a predominant wavelength of
700 nm.

A parabolic concave mitror was tested with a curvature
radius of 397.55 mm and a diameter of 57.27 mm. The period
of the Ronchi gratings used in this analysis was 0.847 mm
(equivalent to 30 Ipi in a classical grating). Figure 5 is the
experimental set up used for this Ronchi test.

The images in Fig. 6 were obtained by placing the SLM
at a distance of 370.55 mm from the apex of the surface
under test. This position of the grating is often called intra-
focal, as the grating moves toward the mirror. The number of
classical gratings used for generating a substructured grating
was two with different periods, and the gap between them
was zero.

It can be seen that the experimental Ronchigrams are
qualitatively similar to the synthetic Ronchigrams obtained
with Eq. (6), showing a correlation value >0.8, by using
Eq. (7).

The images shown in Figs. 7 and 8 were obtained at a dis-
tance of 370.55 mm from the apex of the mirror under test.
This position of the grating is often called extrafocal, since
the grating moves away from the mirror. The Ronchigrams
images shown in these figures were generated with substruc-
tured gratings, which are obtained by the combination of three
and four classical gratings with different periods.

Figure 9(a) shows a cross section on the centerline of the
classical (dots) and substructured (line) Ronchigrams; the
figure shows the increase of maximum and minimum values,
which results in an increase of the spatial resolution of
the test.

Furthermore, Fig. 9(b) shows the comparison between the
irradiance profiles of the Ronchigrams shown in Figs. 7(c)
and 7(d), which differ only in background and local contrast.
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Fig. 9 Intensity pattern of a cross section for (a) a classical Ronchigram (dots) and substructured
Ronchigrams shown in Fig. 7(a) (line), and (b) part of the substructured Ronchigrams shown in

Figs. 7(c) (dots) and 7(d) (line).
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(d)

Fig. 10 (a) Classical Ronchigram obtained with 30-Ipi grating;
(b) classical Ronchigram obtained with 75-Ipi grating; (c) sum of
images 4(a) and 4(b); (d) calculated theoretical Ronchigram.

This is due to the conditions of the test in the laboratory,
which reduced the contrast and/or the homogeneity of light-
ing of the Ronchigrams.

5 Linear Combination of Classical Ronchigrams

To experimentally verify that the substructured irradiance
Ronchigrams patterns can be derived by the linear combina-
tion of the classical intensity Ronchigrams patterns produced

for its corresponding combined classical gratings, an n
number of Ronchigrams with classical gratings of different
frequencies were obtained at a distance of 379.55 cm from
the apex of the mirror. The linear combination of classical
Ronchigrams was done with the average of the sum, pixel
by pixel, of the intensity levels of each of the combined
images as follows:

1 n
Ronchigram sub = - E Ronchigram clas,, . ®)
m=1

Figure 10(c) shows the linear combination of two
Ronchigrams taken with gratings of 30 [Fig. 10(a)] and
75 lines [Fig. 10(b)] per inch, which is identical in form
to the Ronchigram theoretically calculated using a substruc-
tured grating [Fig. 10(d)].

The Fig. 11(d) shows the linear combination of three
classical Ronchigrams taken with gratings of 45 [Fig. 11(a)],
75 [Fig. 11(b)] and 90 lines [Fig. 11(c)] per inch, which is
identical in form to the Ronchigram theoretically calculated
using a substructured grating [Fig. 11(e)], with a correlation
value >0.9. The difference of intensity between the images
of Figs. 11(d) and 11(e) is due to lighting problems in
the laboratory when the experimental Ronchigrams were
taken.

6 Synthetic Ronchigrams for Primary Aberrations

Denoting W(x,y) as the aberration polynomial given by
Kingslake®’ for primary aberrations, we could calculate
the irradiance pattern produced by a surface with this type
of aberration in the following form:

W(x,y) = A(x* +y*)* + By(x* +)?)
+ C(x* + 3y?) + D(x* +y?), 9)

(©

|
|
! |
)

Fig. 11 (a) Classical Ronchigram obtained with 45-Ipi grating; (b) classical Ronchigram obtained with
75-Ipi grating; (c) classical Ronchigram obtained with 90-Ipi grating; (d) sum of images 5(a), 5(b) and

5(c); (e) calculated theoretical Ronchigram.
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Sub-structured grating
Classical m=3 Classical
grating 61=8,8:=6;6;=12 grating
30 Ipp B1=8B5=0 30 Ipp
Bs=-1m/2
Focus Focus Spherical Spherical
1'=-0.6 cm I'=-0.6 cm A=0.158 1 A=0.158 A
I'=-1.0 cm I'=-1.0 cm
Coma Coma Astigmatism Astigmatism
B=0.7901 A B=0.7901 A C=3.1606 A C=3.1606 A
I'=-0.6 cm 1I'=-0.6 cm I'=-0.6 cm I'=-0.6 cm

Fig. 12 Synthetic Ronchigrams with different types of primary aber-
rations obtained with a substructured grating m = 3.

where A is the spherical aberration coefficient, B is the coma
coefficient, C the astigmatism coefficient, and D is the defo-
cus coefficient, which may remain constant because it
depends only on the position of the grating / and on the para-
xial radius of curvature r of the surface under test,>?*>!
which is equal to

D=2 (10)

Thus, the intensity pattern at the exit pupil will be given
according to Eq. (6) written as

n

I(x,y) = Za(x, y) + b(x,y) cos

m=1

mr(W(x,y) — W(x + Ax, y))
% ( 2

_ﬂm> (11)

with the OPD written as the difference between the
original and shifted wavefronts W(x,y) and W(x + Ax,y),
respectively.

Figure 12 shows in the left side the synthetic
Ronchigrams intensity patterns produced using the Ronchi
test with a substructured grating with m = 3, as well as
the intensity patterns produced with a classical grating of
30 Ipi for different values of the aberration coefficients.

With a comparison from Fig. 12 between the synthetic
and experimental Ronchigrams using substructured and
classical Ronchi rulings, the main difference is that the
Ronchigrams fringes are sharper when substructure rulings
are used.

7 Conclusions

In this work, we present the equations needed to generate, in
a simple way, substructured Ronchi gratings and to calculate
the irradiance pattern produced with such gratings.

It was demonstrated that the use of substructured gratings
is useful for thinning the fringes and increasing the spatial
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resolution of these gratings, as is evident when comparing
classical Ronchi gratings with substructured Ronchi gra-
tings. Using substructured gratings increases the number
of fringes that appear in the irradiance pattern compared
to classical Ronchi gratings. It is worth noting that this
type of grating was used for the analysis of different conical
surfaces (parabolic, hyperbolic, and spherical), giving simi-
lar results to those presented in Sec. 4.

On the other hand, as an alternative method to produce
substructured gratings and its corresponding Ronchigrams,
it was shown that if two or more Ronchigrams obtained
with classical gratings of different frequencies are combined,
it is possible to generate substructured Ronchi patterns iden-
tical to those obtained when using substructured gratings.
This is important because when an SLM in which the sub-
structured gratings can be deployed is not available, or when
there is no method to make substructured gratings in the
classical manner (engraving glass, acetate sheets, etc.) and
there are only classical gratings of different frequencies, it
is possible to use the method of combining two or more dif-
ferent classical Ronchi rulings by using the corresponding
Ronchigrams of different frequencies and synthetically gen-
erating substructured Ronchigrams.

Then it is possible to use the method of combining two or
more classical Ronchi rulings with different frequencies to
produce a substructured grating. Similarly, Ronchigrams
with substructured gratings can be synthetically generated,
overlapping classical Ronchigrams obtained with classical
rulings.
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