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Abstract

The combination of diffractive and refractive elements in
hybrid optical systems allows for precise control of the lon-
gitudinal chromatic aberration. We provide comprehensive
design strategies for hybrid hyperchromatic lenses that maxi-
mise the longitudinal chromatic aberrations. These lenses are
mainly used in chromatic confocal sensor systems for effi-
cient non-contact profilometry as well as for measurements of
distances and wall thicknesses of transparent materials. Our
design approach enables the tailoring of the sensor properties
to the specific measurement problem and assists designers in
finding optimised solutions for industrial applications. We,
for example, demonstrate a hybrid system that significantly
exceeds the longitudinal chromatic aberration of purely dif-
fractive elements.

Keywords: chromatic confocal sensing; diffractive optics;
lens design; micro-optics; optical metrology.

1. Introduction

Owing to dispersion the focal lengths of refractive and dif-
fractive optical elements (DOEs) vary with wavelength.
Refractive lenses of different materials as well as diffractive
components are commonly combined in achromatic and apo-
chromatic systems with heavily reduced chromatic aberrations
[1-3]. They can also be integrated in optical systems with
maximised longitudinal chromatic aberration. Such systems
are called hyperchromats [4, 5] and are used, for example, in
combination with the confocal principle [6—8] for non-contact
optical metrology. So far, the main applications are surface
profilometry as well as measurements of distances and layer
thicknesses of transparent media [4, 5, 9-37]. Measurement
ranges vary from a few um [17, 29] to several mm [22, 37].

www.degruyter.com/aot

Various authors have used DOEs in confocal imaging systems
to exploit their high dispersion compared to refractive optical
elements [24-37].

We present comprehensive design strategies for chro-
matic confocal sensor systems. Our approach combines
paraxial and collinear theory with the potential of ray-trac-
ing based optimisation. It is suitable for refractive, diffrac-
tive as well as hybrid diffractive-refractive optical systems
and enables novel solutions with unique properties. Power
balancing between the diffractive and refractive compo-
nents gives precise control over the measurement range.
The proposed design strategies can be easily combined with
further application-specific system requirements. Thus, they
are of great importance for the development of optimised
sensor solutions tailored to specific industrial applications.
After an introduction to the chromatic confocal principle we
present our design strategy as well as two design examples.
Specifically, we show that hybrid systems may easily exceed
the longitudinal chromatic aberration of purely diffractive
elements. The power of our approach is proven by experi-
mental results.

2. Chromatic confocal principle

The working principle of a fibre-based chromatic confocal
sensor is shown in Figure 1. Light from a polychromatic,
fibre-coupled source is incident upon the hyperchromatic
objective lens. Owing to dispersion each wavelength is
focussed at a different distance behind the lens. The dis-
tance between the foci for the maximum and the minimum
wavelengths defines the measurement range. If an object
(i.e., a reflecting or scattering surface) is brought within the
measurement range, the light is partially reflected back into
the objective lens. The wavelength focussed onto the object
surface (4, in Figure 1) is also focussed at the fibre exit sur-
face. All other wavelengths (e.g., A, in Figure 1) are subject
to defocus and reduced coupling efficiency. The spectral
distribution of the light coupled back into the fibre is analy-
sed with a spectrometer. Because all but the focussed wave-
lengths are damped, the wavelength of maximum power is
directly related to the distance between the sensor and the
surface to be measured. Thus, the confocal system performs
an efficient depth to wavelength coding. For measurements
of layer and wall thicknesses the reflections from the front
and back surfaces of the object yield two maxima in the
spectral distribution. By evaluating the spectral distance
between these two maxima the layer or wall thickness can
be determined. Three-dimensional (3D) profilometry can,
for example, be realised through lateral scanning of the
object under test.
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Figure 1 Fibre-based chromatic confocal sensor principle.

3. Design strategies for hybrid hyperchromatic
lenses

The main design criteria for chromatic confocal sensor sys-
tems include:

* the working distance,

¢ the measurement range,

¢ axial and lateral resolution,

* the allowed tilt angle of the object under test,
» speed and efficiency, as well as

* size, cost, and stability.

In particular, fibre-based systems are well suited for
constricted industrial environments as they allow for easy
separation of the light source, the spectrometer, and the elec-
tronics from the flexible, small and robust sensor head. In
contrast to the classical confocal setup where the pinhole
size and the object space numerical aperture (NA) can be
defined separately, fibre-based setups are constrained to a
limited range of fibres with predefined core diameters and
numerical apertures. The object and image space properties
of an optical system in air (n’=n, f’=f) are linked through
the sine condition, Newton’s equation, and the lateral
magnification [38]:
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Throughout this paper non-primed symbols are related to
object space while primed symbols represent parameters in
image space. Figure 2 shows the collinear setup of the hyper-
chromatic lens. a, u, y (a’, u’, y') are the object (image) dis-
tance, the object (image) space marginal ray angle, and the
object (image) height. In air, the object and image space
numerical apertures are related to the marginal ray angles by
NA=sinu and NA’=sinu’, respectively. The focal length and
focal power of the lens are given by f’=-fand ® =1/f", respec-
tively. Thus, for a given fibre, working distance and NA” the
basic paraxial properties of the optical system including the
focal power can be determined.

Based on the collinear layout the individual lenses of the
optical system have to be selected. For this purpose a thin
lens model can be used taking into account the dispersive
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Figure 2 Collinear setup of the hyperchromatic lens with principal
planes P and P’.

characteristics of the individual lenses. A schematic sketch of
a possible system of thin lenses is shown in Figure 3. The
measurement range of a chromatic confocal sensor is influ-
enced by the wavelength range of the light source, the paraxial
layout, and the dispersion characteristics of the optical com-
ponents. It is defined as the difference between the working
distances for the minimum wavelength 4, and the maximum
wavelength A, of the source spectrum. Various authors (e.g.,
[1]) have shown that this distance, which is equivalent to the
longitudinal chromatic aberration, can be approximated for a
system of thin lenses by the equation:

, S/2 n q)hZ
Asn Z-LZZ#' (2)
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s/ denotes the distance from the last surface of the system to
the image plane, whereas &, defines the intersection heights
of the paraxial marginal ray with the thin lenses. The focal
powers of these lenses are given by @, and the parameters
s, h‘.’and ®, are evaluated at the reference wavelength /10. The
total focal power of the system is defined as [1]:
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The dispersive behaviour of the diffractive and refractive
optical elements is defined by the Abbe number V. [2, 39]:

Ay)-1
& for refractive elements,
V= ”('11) '”('12)
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/1_0 for diffractive elements. 4
1772

For the standard wavelengths A;=4 , A=A, and A,=4 ., the
Abbe numbers of Schott preferred glasses range approxi-
mately from 21 to 85 [40]. By contrast, diffractive elements
always have an Abbe number of -3.45 for these wave-
lengths. Thus, they are very well suited for the realisation
of an increased measurement range of the confocal system
with a minimum number of optical components. Whereas
a chromatic confocal setup consisting of a single DOE can
be sufficient for some applications, more complex hybrid
diffractive-refractive systems are useful in the majority



Hybrid hyperchromats for chromatic confocal sensor systems 189

Fibre
exit v /
plane D, V1 D, V2

Dy, Vi

Figure 3 Longitudinal chromatic aberration of a system of thin
lenses.

of cases. Even for a given paraxial setup with predefined
parameters (magnification, diameter, numerical aperture,
working distance) and for a given light source (with fixed
values ﬂ.l and 12), a precise control of the measurement range
is possible through the focal power distribution between the
diffractive and refractive elements. By combining positive
diffractive with negative refractive elements (or vice versa),
systems can be built that significantly exceed the longitudi-
nal chromatic aberration of a single diffractive element. It is
worth noting that the measurement range increases with the
squared value of the working distance. Thus, a much larger
measurement range can be realised for systems with long
working distances.

The axial resolution of chromatic confocal sensor systems
depends on several factors. The most important parameters
are the spectral resolution of the spectrometer, the signal-
to-noise ratio of the sensor system, as well as the numerical
aperture and the imaging performance of the objective lens.
To evaluate the distance between the sensor and a single
reflecting or scattering surface the peak wavelength of the
spectral signal has to be determined. For well-corrected
objective lenses the accuracy of this evaluation mainly
depends on the spectral resolution of the spectrometer and
the noise level. Layer and wall thickness measurements
additionally require that the maxima of the reflected sig-
nals can be separated. In this case the spectral bandwidths
of the individual signals have to be small enough. Several
authors have discussed the influence of the numerical aper-
ture on the spectral bandwidth of the reflected signal. An
extensive summary of publications on this topic is provided
by Gu [41] for monochromatic confocal sensor systems.
The image space numerical aperture of the sensor is also
related to the maximum tolerable slope angle of the object
surface under test. According to the law of reflection the
light cone reflected at the surface will be tilted by twice
the slope angle of the surface. As a result, only a portion of
the reflected light passes the aperture of the optical system
and contributes to the spectrometer signal. The theoretical
limit is reached when the half cone angle equals the slope
angle of the surface. Hence, higher numerical apertures also
enable higher tilt angles. Finally, it is worth mentioning that
the numerical aperture usually changes with wavelength.
In this case, it will be higher for the wavelengths focussed
closer to the sensor.

Another important issue in the design of hybrid diffractive-
refractive optical systems is diffraction efficiency. In scalar
diffraction theory the polychromatic diffraction efficiency of
multilevel diffractive optical elements at normal incidence is
given by [42]:
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The number of levels is denoted by P while ¢ specifies
the diffraction order. The wavelength-dependent diffraction
efficiency of 4-level and 8-level fused silica DOEs is visual-
ised in Figure 4. For this simulation we used the simplifying
assumption n (A)=n (4,). As the diffraction efficiency reduces
with increasing distance between the working and the design
wavelength, a small wavelength band has to be selected to
warrant high diffraction efficiency over the full measurement
range. Alternatively, efficiency achromatised diffractive opti-
cal elements could be used [43]. These special components
show nearly constant diffraction efficiency over a long wave-
length band, while Egs. (2) to (4) are still valid.

Whereas an increased longitudinal chromatic aberration
is a necessary property of the sensor, monochromatic aber-
rations should be kept at a minimum for all wavelengths to
warrant the desired resolution. The aberration behaviour of
systems based on a single on-axis fibre or pinhole is domi-
nated by third and higher order spherical aberrations. As
these lead to a lateral spread of the point spread function, a
smaller amount of energy is coupled back into the fibre and
the focused wavelength is partially attenuated. Thus, the
spectral peak recorded by the spectrometer broadens while
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Figure 4 Comparison between the measured diffraction efficiency
of DOE 1 and the results from scalar theory.
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its maximum intensity decreases. In particular, in systems for
wall and layer thickness measurements these effects lead to
lower axial resolution. When the surface under test is tilted,
the double-pass system loses its axial symmetry and can no
longer be accurately described by Seidel aberration theory. A
promising approach to the analysis of optical systems with-
out rotational symmetry is given by nodal aberration theory
[44]. Typically, a decrease of system performance and axial
resolution can be expected for increasing slope angles of the
surface under test. We observed this decrease, for example, in
numerical simulations and practical experiments with a NA
0.4 chromatic confocal sensor optimised for tilt angles up to
20° [19].

As every optical system has specific aberrations, no univer-
sal approach is available. Therefore, balancing between the
different orders of spherical aberrations as well as defocus
is a valid strategy. This can be efficiently done by numerical,
ray-based optimisation with the previously developed para-
xial layout as a starting system. DOEs with aspherical phase
functions can be realised without additional effort and cost.
Thus, it is possible to correct for monochromatic aberrations
[33, 35] and to reduce the number of elements in comparison
to a purely refractive system of spherical lenses. Although an
increased numerical aperture is beneficial with respect to the
diffraction limited resolution and the allowed slope of the sur-
face under test, it is usually related to increasing monochro-
matic aberrations. By contrast, the benefits of an increased
numerical aperture are reversed by the negative effects of
monochromatic aberrations. At the same time the local period
of the DOE decreases with diameter. In paraxial approxima-
tion the minimum feature size w ; of a P-level DOE is given
by [39]:

o =0 )

with NA, . being the numerical aperture of the individual
DOE. As the minimum feature size is restricted by the avail-
able fabrication technology, DOEs can only be realised up to
a specific numerical aperture. Thus, there are several conflict-
ing priorities that have to be resolved during the design pro-
cess. The simultaneous requirements of a high NA and a long
working distance will lead to large systems with correspond-
ing costs and weight. To satisfy the minimum feature size and
efficiency restrictions, the DOEs will have a relatively low
focal power, which is directly related to less longitudinal chro-
matic aberrations and a smaller measurement range. Thus, the
final layout of the sensor will always be application-specific
and dependent on the expertise of the lens designer who has
to find the optimum solution with respect to these constraints.
The development of complex starting systems can be simpli-
fied by collinear dimensioning tools (e.g., [45]).

4. Chromatic confocal sensor designs

To demonstrate the potential of our approach, we dis-
cuss two design examples. The hybrid system 1 is aimed
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Figure 5 Layout of the two demonstrator systems: (A) hybrid sys-
tem 1, (B) diffractive system 2. Dimensions are given in mm.

at maximisation of the longitudinal chromatic aberration.
System 2 consists of two diffractive elements and combines
a long measurement range with a maximum numerical aper-
ture of 0.20. Both systems are designed to perform as point
sensors for distance measurements. For optimum diffraction
efficiency over the full measurement range the spectral band-
width has been restricted to 90 nm. The reference, minimum,
and maximum wavelengths are given by 4, =595 nm, 4, =550
nm, A,=640 nm, respectively. The systems have been designed
for use with a multimode gradient-index fibre of 50 um core
diameter and NA of 0.20. Both systems were optimised with
commercial ray-tracing software and the layouts including
the geometrical dimensions are shown in Figure 5. The DOEs
are described using the continuous phase function:

d=a,p’+a,p'+a,p°, with p=rir,, . ®)

The coefficients of the three DOEs are given in Table 1.
All three DOEs exhibit a minimum local period of 3.2 um at
the outer rims of the elements. With these restrictions we rea-
lised a measurement range of 27.2 mm for system 1, whereas
system 2 has a measurement range of 16.8 mm. The com-
parison between these two values clearly shows that hybrid
systems can easily outperform purely diffractive systems with
respect to longitudinal chromatic aberration. As mentioned
in the design section, the image space numerical aperture
of the sensors is wavelength-dependent (see Table 2). Both
systems show a nearly diffraction limited performance for

Table 1 Coefficients of the DOEs used in the chromatic confocal
system designs.

DOE # anrm al a’_’ (13

1 44 -4287.61206 0.46324364 -0.07827469
2a 8.9 -9999.99997 578.9449802  24.30795403
2b 9.1 -8412.17725 -457.704825 -13.6305263
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Table 2 Nominal performance of the hyperchromatic lenses.

System A (nm) a’ (mm) Strehl ratio NA

1 550 66.6 0.995 0.054
595 50.0 1.000 0.069
640 394 0.993 0.084

2 550 59.7 0.988 0.147
595 50.0 0.938 0.173
640 429 0.980 0.198

all wavelengths. To characterise the imaging performance,
the nominal Strehl ratios [46] of both sensors at the reference
wavelength, as well as at the maximum and minimum wave-
lengths are given in Table 2.

5. Experimental results

In this section, we present experimental results for system 1.
The DOE for the prototype was fabricated in fused silica using
contact lithography and inductively coupled plasma reactive
ion etching (ICP-RIE). For high diffraction efficiency, a three-
step lithographic process with eight resulting phase levels was
used in the centre of the DOE. The outer area from 4.4 mm
to 8.8 mm diameter was manufactured with four phase levels
due to the available minimum feature size of 0.8 um.

The performance of the system was evaluated with respect
to the diffraction efficiency of the DOE, the spectral coding
characteristics, and the axial resolution. The polychromatic
diffraction efficiency was determined at the full diameter of
the DOE using a fibre-coupled monochromator with a xenon
arc lamp. The experimental results are compared to the theo-
retical predictions from scalar diffraction theory in Figure 4.
It is important to note that 75% of the DOE area is restricted
to four phase levels, whereas only the central part of the DOE
was fabricated with eight phase levels. Deviations from the
scalar predictions are caused by the limited validity of scalar
theory for the feature sizes applied here (compare, e.g., [39])
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Figure 6 Comparison between the measured and the predicted
depth-to-wavelength coding of system 1.
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Figure 7 Spectral responses of system 1 at the beginning, the cen-
tre, and the end of the measurement range.

as well as by alignment errors during the fabrication of the
diffractive element.

The spectral coding characteristics were evaluated by mov-
ing a mirror through the measurement range and by record-
ing the wavelengths of maximum intensity at discrete mirror
positions. In Figure 6, the resulting depth to wavelength curve
is compared to the analytical prediction from the ZEMAX®
chromatic focal shift feature. Both curves are in very good
agreement and confirm the proposed design strategies.

The spectral bandwidths of the reflected signals were
determined by placing a mirror at three positions of the mea-
surement range. The spectral response was recorded with
the spectrometer and is shown in Figure 7. Full width at half
maximum (FWHM) bandwidths of 2.87 nm, 2.86 nm, and
2.90 nm translate to axial FWHM-depth responses of 0.53
mm, 0.82 mm, and 1.37 mm at the short end, the centre, and
the long end of the measurement range, respectively. These
values are especially important for layer and wall thickness
measurements and could be heavily reduced in a more com-
plex system with higher NA. For distance measurements, the
axial resolution of the sensor system is limited by the spectral
resolution of our spectrometer. The presented measurements
were performed using a Maya2000Pro spectrometer with a
spectral resolution of approximately 0.67 nm over the range
of 200-1114 nm. This value is related to axial resolutions of
0.13 mm, 0.19 mm, and 0.31 mm at the short end, the cen-
tre, and the long end of the measurement range, respectively.
These values could be improved with a spectrometer adapted
to the 90-nm measurement range.

6. Conclusion

Hyperchromatic lenses employ the inherent dispersion of dif-
fractive and refractive optical components to maximise the
longitudinal chromatic aberration. In combination with the
confocal sensor principle this colour separation behaviour
allows for efficient depth to wavelength coding. The main
applications include non-contact profilometry as well as the
measurement of distances and wall thicknesses of transparent
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materials. Industrial sensors usually demand application-
specific designs that fulfil the specific imaging requirements
with a system of minimum complexity and cost. In this paper,
we presented the first comprehensive treatment of the main
design strategies necessary for the efficient development of
such tailored chromatic confocal sensor systems. Paraxial
and collinear equations were introduced as guidelines for the
generation of suitable starting systems. To determine the best
shape of the optical components with respect to monochro-
matic aberration, tolerances, and cost, subsequent optimi-
sation was proposed. The presented strategy is suitable for
the development of diffractive, refractive, as well as hybrid
diffractive-refractive sensors. Further application-specific
requirements (e.g., telecentricity) can be easily integrated into
the design process. The proposed techniques were success-
fully used for the design of two demonstrator systems, which
are in excellent agreement with the analytical predictions.
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