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Ronchi test with variable-frequency rulings
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Abstract. We present a new method for testing an optical surface. It
uses the Ronchi test with variable-frequency rulings and a liquid-crystal
display. The rulings can be formed by substructuring the spacing of a
Ronchi ruling or combining several classical Ronchi rulings in a single
variable-frequency ruling. This change allows us to observe smaller de-
fects on the surface, because it enlarges the spatial-frequency domain of

the ruling, and a larger dynamic range of detection of the Ronchi test can
be obtained instead of increasing the resolution of the detection of the
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1 Introduction

For many years, the Ronchi test has been considered a very
powerful optical test for concave optical surfaces and com-
plete optical systems. Some of its advantages are that it is
quick to understand and simple to assemble in the labora-
tory or optical workshop. According to Cornejo-Rodriguez,
the pattern prouced by the Ronchi test has two equivalent
interpretations.1 One is geometrical, whereby the Ronchi
fringes can be studied as shadows of the ruling bands, and
the other is from a physical point of view, whereby the
fringes are generated by diffraction and interference. More-
over, when a ruling is placed near the center of curvature of
a mirror, the image of the grating is superimposed on the
grating itself, generating a kind of moiré pattern, and it can
be applied to test the quality of an optical surface. If the
angle between the two gratings is increased, then the spac-
ing decreases. On the other hand, Creath and Wyant have
mentioned that if the gratings are not identical straight
lines, then the moiré pattern does not have equal-spaced
fringes.2

In this work, we superimpose Ronchi rulings with dif-
ferent frequencies on an LCD without a tilt angle between
them. Therefore the resulting ruling has variable frequency,
since the spacing has thinner lines than the classical Ronchi
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rulings; thus we can enlarge the spatial frequency of the
ruling in order to test an optical surface within a single
ruling.

This paper is organized as follows: In Sec. 2, back-
ground is given. In Sec. 3 the LCD calibration method is
explained. In Sec. 4 the experimental setup is presented.
The main experimental results are discussed in Sec. 5. Our
conclusions are presented in Sec. 6.

2 Background

According to Mora-Gonzélez and Alcald-Ochoa, the typical
Ronchi ruling has been replace by an LCD as a low-cost
display to test polished mirrorsE Also, Alcald-Ochoa et al.
have used the classical Ronchi test to measure flat surfaces
by modifying the classical Ronchi setup, so that the Ronchi
rulings are computed and displayed by the LCDF Further-
more, Castro-Ras et al. have done phase shifting by
means of an LCDH

We have found advantages in the use of an LCD in that
it is possible to change the structure of the ruling easily
without physical contact. It is important to mention that not
only several classical rulings with unequal widths of line?§|
such as positive or negative rulings (Murty and Cornejo,
Cornejo-Rodriguez et al*) can be displayed by means of an
LCD, but alsp Katyl-type rulings (Katyl)® Cornejo-
Rodriguez et al™).

On the other hand, the LCD introduces some complex
diffraction effects, as when a convergent optical system has
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Fig. 1 (a) Classical Ronchi ruling of 50 lines per inch, and (b)
variable-frequency ruling with three different frequencies of 50, 86,
and 133 lines per inch.

been tested with a Ronchi test and the LCD is used as an
amplitude  sinusoidal  grating (Mora-Gonzélez —and
Acald-Ochoad=). In other work, a qualitative study of the
relation between LCD pixel shape and far-field diffraction
patterns has been obtained by Fernandez et al. Y and also a
novel proposal for optical testing using a single-slit system
with a spatial light modulator (SLM) to avoid several dif-
fraction effects is presented by Liang and Sasian!

An interesting consequence of using a variable-
frequency ruling in optical testing can be observed by com-
parinﬁt with the null Ronchi-Hartmann test used by Luna
et al'™= In that paper, the authors proposed a criterion to
estimate the optimal width of a Ronchi fringe by using
optical and statistical conditions of the deformations on the
surface under test and the detector size. With this method, it
is possible to investigate different magnitudes of peak-
valley errors on the figure of the surface. When a variable-
frequency ruling is used, it is possible to observe simulta-
neously different defects, so that to search for errors on the
order of N/2, a Ronchi ruling of 50 lines per inch is suit-
able. If now we are looking for errors on the order of A/6,
a Ronchi ruling of 86 lines per inch can be used, and for
errors of N/10, a Ronchi ruling of 133 lines per inch.
Therefore, if a variable-frequency ruling with three differ-
ent frequencies is simultaneously contained in a single rul-
ing instead of using a classical Ronchi ruling, it is possible
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surface under test

Point = Y - LCD (displaying a \-/ariable
source frequency ruling)
-—Ft—— CCD

(b)

Fig. 2 (a) Experimental setup for the Ronchi test using an LCD, (b)
setup diagram, and (c) a point illumination source for this test,
mounted on a plastic plate.

simultaneously to observe errors on the surface over a
larger dynamic range of detection from A/2 to N/ 102

In this work we analyze the use of multiple frequencies
within a Ronchi ruling by using an LCD. In the classical
use of this technique, a ruling with only one frequency for
its lines yields information about irregularities on the sur-
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Fig. 3 (a) Zaygo interferogram for the quasiparabola under test; (b)
Zaygo interferogram for the same surface with tip-tilts to measure
the deformations on the holes; (c) unwrapped phase, with the gray
scale (heights) in nanometers; (d) surface shape; and (e) Foucault-
gram. The axis scales are in millimeters.

face being tested, but the size scales, being related to the
spatial frequency, lie within a limited range. Thus, to en-
large the range of spatial frequencies, several rulings must
be employed separately. We generated our variable-
frequency ruling using an LCD, which allows an easy
change of the ruling spacing. Here, we combine several
frequencies within a single ruling; consequently one can
observe a wider range of spatial frequencies (from \/2 un-
til N/ 11).

3 LCD Calibration Method

The proposed LCD calibration method displays a Ronchi
ruling image of 1024 X 768 pixels on an LCD. Our method
is based on two scaling factors. The first one relates the
physical dimensions of the LCD (25.4 mm=1 in.) and the
size of the image produced by the ruling (1024 pixels).
Thus, the first scaling factor is obtained as follows:
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(e) ®

Fig. 4 Ronchigrams obtained with a classical Ronchi ruling of 50
lines per inch to scan the deformations on the mirror.

25.4 mm

———— =0.024 mm = 0.0009 in.
1024 pixels

1 pixel = (1 pixel)
(1)

The second factor is related to the line width (AL) in a

Ronchi ruling of 50 clear lines and 50 opaque lines per
inch,

25.4
AL = (1 line) =20 = 0254 mm), )
p

where p=100 lines. The line width in pixels (AL;) viewed
from the Ronchi ruling image can be obtained when the
size of a pixel and a line are both expressed in millimeters;
thus the following relation is obtained:

_ 0.254 mm

ALy,= 0
0.024 mm

~ 10 pixels. (3)

Accordingly, a computer program displayed on the LCD
50 clear lines and 50 opaque lines, with a spacing of ap-
proximately 10 pixels between them; thus a Ronchi ruling
image of 1024 X768 pixels is input to the LCD. See Fig.

Three types of Ronchi rulings of 50, 86, and 133 lines
per inch were generated digitally, following the two scaling
factors described. Then, the three images were added to
obtain a variable-frequency ruling image on the LCD, such
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Fig. 5 Ronchigrams obtained with a classical Ronchi ruling of 86
lines per inch to scan the deformations on the mirror.

as that shown in Fig. Finally, we notice that the qual-
ity of the Ronchi ruling image can be improved obtaining
the negative of the image by means of digital image-
processing software.

4 Experimental Setup

In Fig. the LCD is shown on a mount, which allowed
sufficient lateral displacement of the ruling to scan the
whole surface. Furthermore, to obtain homogeneous light
an axial displacement is introduced, producing classical de-
focusing in order to generate different numbers of fringes.
The axial displacement was obtained with nanometric
SCrews.

The performance of Ronchi tests using the LCD and the
classical ruling is the same. In Fig. [2(b)| the wavefront
produced by the point source sends the ruling information
to the mirror under test, and when the light returns, it im-
pinges on the LCD, where the image of the ruling is being
displayed. Thus, the Ronchigram is acquired by a CCD
placed in the observation plane in the Ronchi test.

The LCD used for this experiment with the Ronchi test
is a spatial light modulator (XGA2 SLM), which displayed
binary patterns with a spatial resolution of 1024
X768 pixels. In order to observe an image on the LCD,
two additional polarizers rotated 90 deg for maximum con-
trast are required. The first polarizer is placed on the side
that goes to the mirror under test, and the second polarizer
on the side of the observation plane of the Ronchi test; see

Optical Engineering

013604-4

(e) ®

Fig. 6 Ronchigrams obtained with a classical Ronchi ruling of 100
lines pr inch to scan the deformations on the mirror.

Fig. 2(c)l The illumination source consists of a spatially
incoherent (LED), and it is placed as near as possible to the
second polarizer.

5 Experimental Results

The surface under test was a quasiparabolic mirror (QPM)
(re=2400 mm and d=150 mm) in a final polishing process,
and subjected to three particular deformations. The defor-
mations were produced with a polishing tool statically
working with a polisher of 1-um grit for periods of 1 min,
30 s, and 20 s for hole 1, hole 2, and hole, 3 respectively.
See Fig. [3(a)] and [3(b)}

The Zaygo interferometer (essentially a noncontact
Fizeau interferometer with a spherical reference lens) was

(a) (b)

Fig. 7 Ronchigrams obtained with a classical Ronchi ruling of (a)
133 élnd (b) 170 lines per inch, maintaining the initial defocusing of
Fig.
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Fig. 8 Ronchigrams obtained with a variable-frequency ruling
formed by three classical Ronchi rulings of frequency 50, 86, and
133 lines per inch.

used for measuring the defects on the QPM by utilizing the
local distance of the lens and the curvature radii of the
surface under test in an interference plane. The wavelength
of a He—Ne laser (\=632.8 nm) was used as a reference.
The deformations on the mirror were measured using the
software IRAF (developed for astronomical pul’pOﬁ) by
applying a Fourier algorithm to the interferogram™~ The
first order of the obtained Fourier transform is filtered using
an elliptical function, and the inverse Fourier transforma-
tion is applied, generating a wrapped phase. In Fig. @ the
height information, or shape of the optical surface, is de-
rived when the phase is unwrapped, and the grayscale is in
nanometers. Therefore it is easy to sketch a line on the
surface deformations to obtain their maximum and mini-
mum (x,y) coordinates [Fig.|3(d)]]. Thus, the depth of hole
1 was measured as h;=214.64 nm=\/3, with a rms of
Ah;=10.5 nm. For hole 2, h,=56.85 nm=\/11, with a
rms of Ah,=4.71 nm. And finally, for hole 3, i,
=34.74 nm=\/18, with a rms of Ah;=2.85 nm. In Fig.
a zooming of the Foucaultgram image of the surface
under test is shown. Here the three deformations on the
mirror can be observed.

Some Ronchigrams were obtained for the same surface
deformations, displaying on the LCD a ruling of 50 lines
per inch. It was noticed that by the lateral displacement of
the ruling contained on the LCD, hole 1 is presented as a
small spot in Fig. @) 4(c)] i(d ! and Hole 2 is barely
observed in Fig. 4(c)f and 4(f)} and hole 3 is not evi-
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Fig. 9 Ronchigrams obtained with a variable-frequency ruling
formed by three classical Ronchi rulings of frequency 100, 133, and
170 lines per inch.

dent shows the lateral shifting of a classical Ronchi
ruling in the Rochi test.

In Fig. the resolution in the Ronchi test has been
increased by displaying on the LCD a ruling of 86 lines per

Video 1| Lateral shifting of a classical Ronchi ruling in the Ronchi
test. [URL: http://dx.doi.org/10.1117/1.3072956.1
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Lateral shifting of a variable frequency ruling in the Ronchi
test. [URL: http://dx.doi.org/10.1117/1.3072956.2]

inch (one line=0.147 mm). We observe blurred Ronchi-
grams, and therefore the deformations on the mirror can be
confused. Only is hole 1 evident in all Ronchigrams; hole 2
and hole 3 are not evident even when the LCD is laterally
shifted.

In Fig. @ the resolution in the Ronchi test is again in-
creased by displaying on the LCD a ruling of 100 lines per
inch (one line=0.127 mm). As can be seen, hole 1 alone is
evident when the LCD is laterally shifted. Thus we have
similar results to those obtained in Fig.

Also, one Ronchi ruling with 133 lines per inch (one
line=0.095 nm) and another with 170 lines per inch (one
lines= O 074 mm) were displayed on the LCD. In Fig. @l
and )| are shown the corresponding Ronchigrams. In this
ﬁgure, only two images are presented, because lateral dis-
placement of the LCD always generated the same e in

the detection plane. As has been shown in Fig. [SH7| the
dynamic range of detection of the Ronchi test has been
increased by iteratively changing the number of lines per
millimeter in the rulings displayed.

The dynamic range of a new Ronchi ruling is shown in
Fig. |8| when three different frequencies of rulings are com-
bined in a single ruling (substructured ruling) using the
LCD. The rulings used in these Ronchigrams were 50, 86,
and 133 lines per inch. As a result, the small details of hole
1 can be viewed in Fig. [8(a)H8(f)l Hole 2 can be seen as a
small spot in Fig. [8(a)| and [8(c)H8(H)} In Fig_ [8(b)[hole 2 is
not seen; however, in Fig. [8(c)|it is visible. shows
the lateral shifting of variable frequency ruling in the Ron-
chi test.

By means of the lateral shift of the LCD, hole 3 can be
seen in Fig. [8(e)| and This occurs when a fine line of
the variable-frequency ruling is located on hole 3.

Other tests were realized by combining rulings of 100,
133, and 170 lines per inch. As can be seen in Fig. EI, hole
2 and hole 3 were lost in blurred Ronchigrams, whereas
hole 1 is seen when the ruling is laterally shifted. This
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indicates that if we work with a density =170 lines per
inch, then overlap of the different orders of the ruling oc-
curs when the LCD is used as a ruling.

6 Conclusions

In this work, we have introduced an alternative method that
uses a variable-frequency ruling for optical testing. In order
to show the dynamic range of detection of the Ronchi test,
an optical surface was tested and the defects in the surface
were observed when the variable-frequency ruling was lat-
erally shifted. With the variable-frequency ruling it was
possible to observe deformations =\/11. Finally, the ef-
fects of pixelation produced by the LCD were reduced by
moving the LCD far beyond the curvature radii.

The effects of diffraction produced by the LCD in the
experimental setup were not considered in our analysis.
However, a larger dynamic range of detection could be es-
tablished by means of the implemented variable-frequency
ruling.
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