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Abstract: The use of optical coherence tomography (OCT)
for noncontact three-dimensional aspheric lens profil-
ing and retrieval of aspheric surface parameters is dem-
onstrated. Two commercially available aspheric lenses
with different focal length-to-diameter ratio have been
imaged using OCT, and the measured optical path length
distribution has been least square fitted with the aspheric
lens surface retrieving the radius of curvature, aspheric
constant, and conic constants. The refractive index of
these lenses has also been measured referencing with a
standard Zerodur glass flat. The fitted aspheric surface
coefficients of the lenses are in close agreement with the
manufacturer’s values, thus, envisaging the potential of
OCT in rapid screening, testing of aspheric lenses, and
other micro-optical components such as those used in
illumination optics.
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1 Introduction

Optical coherence tomography (OCT) is a noncontact
non-invasive biomedical optical imaging tool for various
biomedical applications [1, 2]. OCT has been extremely
successful in the field of clinical ophthalmology, and
several applications are emerging rapidly for imaging
other organs as well. Though OCT has been primarily a
biomedical imaging tool, several non-medical applica-
tions have also been demonstrated using OCT. These
include imaging crater depth in laser-induced damage in
optical materials, depth-resolved imaging of microstruc-
tures in composite materials, strain mapping of reinforced
composites, and so on [3]. Recently, OCT has been dem-
onstrated for noncontact profilometric applications of
metallic surfaces with high accuracy compared to a con-
ventional two-beam interferometer [4]. In addition, OCT
has also been used for precision measurement of refractive
index of materials. Gradient in refractive index is widely
used in optical industry in GRIN lenses, GRIN fibers, etc.
A quantitative measurement of such gradient in refractive
index profile is crucial for evaluating such components.
The Graded Index (GRIN) lenses are common feature in
visual systems as well. Aquatic animals like fish have
spherical gradient index lenses. Verma et al. [5] demon-
strated for the first time refractive index profile of crystal-
line lens of fish eye in vivo using OCT. Work on profiling of
human crystalline lens and estimation of its asphericity
was reported by Ortiz et al. [6]. Lv et al. [7] have used OCT
for non-destructive measurement of index profile of GRIN
rod lenses by iterative fitting of optical paths calculated
by ray tracing. Yao et al. [8] developed swept source-based
angular scanned OCT system for imaging polymeric GRIN
performs.

While spherical optics is easy to design and manufac-
ture, it has greater limitations in aberration correction in
an optical system compared to aspherics. Often, several
spherical lenses are replaced by a single aspheric in an
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optical system for a similar or even improved optical perfor-
mance resulting in reduced complexity and weight. In the
recent times, aspheric lenses are increasingly being used
in optical systems with wide ranging applications such as
in LED collimators [9], etc. In view of the heavy produc-
tion volume of aspherics, there has been recent focus on
devising tools for rapid evaluation of aspheric surface and
its characterization with high precision. Conventionally,
null tests have been employed for testing aspherics where
near-perfect plane or spherical wavefronts resulting from
optical arrangements with the aspheric are tested against
plane or spherical standards interferometrically [10].
Several techniques and improvements relating to null tests
for aspherics have been reported in the literature such as
the use of dynamic membranes [11], digital phase-shifting
interferometry [12], sub-aperture stitching interferometry
[13], and null Ronchi test [14] to name a few. Other testing
techniques include using null element computer-gener-
ated holograms [15], Shack-Hartmann sensors [16], simple
ray tracing methods [17], deflectrometric methods [18],
and fringe reflection photogrammetry [19]. However, most
of these methods are suitable for low-aperture and large-
sized optics. Some other techniques for deeply curved
aspheric testing mentioned in the literature include syn-
thetic aperture interferometry, which is based on aperture
scanning interferometry [20] and sub-aperture stitching
interferometry [21] combining many sub-aperture data.
These aim to overcome the limitations of full aperture
interferometric techniques in deep aspheric testing such
as high fringe density and vignetting. Sun et al. [22] have
developed a new approach for three-dimensional fitting of
aspheric data based on nonlinear least-squares algorithm.
Hayeka et al. have proposed new algorithms for form char-
acterization of aspherical surfaces for large-scale volume
data sets [23]. Another technique based on confocal spec-
tral interferometry is implemented in commercially avail-
able metrology systems for aspheric shapes [24].

Laser Fizeau interferometer employing the null
optical arrangement is conventionally used as an effec-
tive technique for aspheric shape error measurements.
However, some drawbacks in this technique are inherent
to the null method itself. While null optical techniques
can be used for measuring fast aspherics with deep curva-
tures, null optic components are required to be tested and
qualified, themselves, and are often expensive. Besides,
a null optical component is specific to the aspheric being
tested. The interferometric method is also very sensitive to
the optical alignment and the positioning of test surface.

Recently, metrology for free-form shapes based on OCT
using swept source scanning has been demonstrated for
400-um surface sag with a maximum slope of 5 arc-degrees
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[25]. In this paper, we demonstrate a new application of
OCT for noncontact three-dimensional depth profiling of
fast (deeply curved) aspheric lenses available off the shelf
from commercial suppliers. The non-requirement of null
optical elements in the OCT technique is advantageous
compared to the interferometric methods. OCT technique
can also be used for surface profile measurements of
partially polished or rough surface in the pre-polishing
stages, as the method relies on the backscattered light
from the surface. In our work, three-dimensional optical
path length data from OCT has been used to iteratively
fit aspheric surfaces to retrieve conic constants, aspheric
coefficients, and radius of curvature. In addition, we also
estimate the refractive index of the lens. The fitted values
closely match with the manufacturer’s values within the
experimental errors for two commercial lenses.

2 OCT experimental setup

Figure 1 shows a schematic of time domain OCT system.
Light from a superluminescent diode (SLD, Dense Light,
Singapore) with a center wavelength of ~ 830 nm and band-
width 30 nm is coupled to a 2x2 fused fiber optic single-
mode fiber coupler with 50/50 splitting ratio. Light from
one path (reference arm) is collimated and coupled to a
reference mirror mounted on a motorized translation stage
(Holmarc, India). The reference mirror stage is repeatedly
scanned back and forth with a uniform speed for generat-
ing time delay. Light from the other path (sample arm) is
collimated and passed through a 10 x microscopic objec-
tive [Newport, M10X, focal length ~16.5 mm, numerical
aperture (NA) ~0.25]. The sample aspheric lens is placed
at the focal plane of the objective lens and is mounted on
another motorized stage for generating lateral scanning.

Figure 1: Schematic of time domain optical coherence tomography
(OCT) system. BPF, Band pass filter; C, collimator lens; D, photodi-
ode; DAQ, data acquisition card; FC, fiber coupler; MO, microscopic
objective; MTS, motorized translation stage; SLD, superluminescent
diode.
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The light reflected from both the sample and reference
arms is collected by a photoreceiver whose output is band
pass filtered and fed to a lock-in amplifier for demodulat-
ing the interferometric signal. A data acquisition board
(National Instruments PCI 6110) digitized the demodulated
interferometric signal. The reference arm scan generates
the axial (depth-resolved) profiles of the sample termed
as A-scans along the Z direction. Lateral scanning of the
sample by two translation stages (moved in XY plane) is
used to generate A-scans at different lateral positions over
the test lens. A-scans at different Y positions of the sample
aspheric for a fixed X position generates two-dimensional
cross-sectional images in the YZ plane. The position of
the sample aspheric is also varied in the X direction by
another translation stage for acquiring three-dimensional
tomographic data. The setup is controlled using LabVIEW
for obtaining two-dimensional cross-sectional images.
The axial (depth) resolution of the system is estimated to
be ~11 um by measuring the full width half maximum of
the autocorrelation envelope when the sample aspheric
is replaced by a high-reflecting mirror. The lateral resolu-
tion of the system is given by the focal spot size on the
sample, which is estimated to be ~ 20 um. As the reference
plane of the measurement in the system is defined by the
scanning plane (XY plane), the planarity of the XY stage
determines the accuracy limit. This was ascertained to be
less than one step (11 um) by measuring the surface shape
of a standard optical flat (flatness ~1/10) across a scan of
50-mm length. SNR (signal-to-noise ratio) of the TD-OCT
setup is ~95 dB at incident power of 1.5 mW, when high-
reflecting mirror was used as a sample.

3 Shape measurement of aspheric
lens

The test aspheric lens samples consisted of lenses with
two different aspheric curvatures from Thorlabs, USA
(www.thorlabs.com) for imaging with OCT. These are
plano-convex Thorlabs model ACL1815 (focal length
15 mm and diameter 18 mm) and ACL1210 (focal length
10 mm and diameter 12.5 mm) made of B270 Superwite®
glass. The lens ACL1815 has an aspheric surface with a
sag of 4.48 mm and a maximum surface slope of 51.8°,
whereas the lens ACL1210 has an aspheric surface with a
sag of 3.88 mm and a maximum surface slope of 88.7°. As
the aim is to measure the full shape of the lens and not
to image any microstructures in the lens, we have taken
lateral scanning steps somewhat higher than the focal
spot size. For example, for imaging 10-mm focal length
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aspheric lens, we have taken 500 lateral scans over 15-mm
range giving a lateral step of 30 um. For imaging 15-mm
focal length aspheric lens, we have acquired 500 scans
over 20 mm in the lateral direction giving a lateral step
of 40 um. For three-dimensional tomographic data, about
20 YZ cross-sectional images have been acquired, in the X
direction with a typical step of 0.75 mm.

An aspheric surface can be mathematically expressed
as a departure from a spherical surface by the equation [26]

cp’

zZ=
14:1-(1+ k) p’

+Ap +A P +... o))

where p?=(+y?)

Here, x, y, z are the surface coordinates with z being
in the longitudinal direction and y in the lateral direction
and (x, y, z)=(0, 0, 0) at the pole of the aspheric. Also,
c is the curvature, k is the conic constant, and A ’ and A,
are the aspheric constants. The coordinates of the various
surface points acquired in the experiment is fitted to the
surface equation (1) by nonlinear least square fitting to
obtain the best-fit values of ¢, k, and A,. We have used the
Newton-Gauss method as the fitting algorithm for the non-
linear least square fitting and obtained a convergence in
10 and 14 iterations for ACL1815 and ACL 1210 lens surface,
respectively. The expected values of the parameters from
the manufacturer’s data sheet were chosen as the initial
estimate. The standard errors in the parameters obtained
in the fitting indicate the range of these parameters, which
will still result in the same overall residual error in the fit
and can be taken as uncertainties in the determination
of the parameters. A few clearly noisy data points of the
surface, which occur due to saturation of demodulation in
the signal acquisition, environmental disturbances, etc.,
had to be eliminated for the fitting.

Figure 2 shows the OCT images of the aspheric lens
ACL1815 with the probe beam incident from the top. In
Figure 2A, the aspheric surface of the lens is on the top
side facing the probe beam. The bottom profile is the flat
surface as imaged through the lens. Figure 2B shows the

A B

Figure 2: OCTimages of aspheric lens (ACL1815) with probe beam
incident from the top. (A) Aspheric surface on top facing the probe
beam and (B) flat surface on top facing the probe beam. The scale
bar shown at the bottom of the image is 1 mm.
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Figure 3: (A) Three-dimensional plot of the surface data points acquired for the lens ACL1210. (B) Plot of surface form deviation with respect
to the nominal designed value for the lens ACL1210. (C) Table indicating the fitted aspheric surface parameters.

OCT image of the same lens with a flat surface on the top
side facing the probe beam.

The scans of Figure 2 are taken along a line passing
through the lens center. Figure 3A shows the three-dimen-
sional plot of the surface data points acquired for the
lens ACL1210 using the setup with the convex aspheric
surface facing the probe beam along with the parameters
obtained by surface fitting (shown in Figure 3C). The
surface form deviation is defined as the departure of
the actual surface of the lens from the ideal (designed)
aspheric form. Quantifying form deviation can be used to
improve surface profile closer to the ideal aspheric form
in fabrication of aspherics. Figure 3B shows the surface
form deviation with respect to the nominal designed
value for the lens ACL1210. Form deviation was obtained
by the difference between the profiles computed from
fitted aspheric coefficients of the experimental data and
that from manufacturer’s aspheric constants. Figure 4A
shows the 3-dimensional plot of the surface data points
acquired for the lens ACL1815 using the setup with the
convex aspheric surface facing the probe beam along

with the parameters obtained by surface fitting (shown
in Figure 4C). Figure 4B shows the surface form deviation
with respect to the nominal designed value for the lens
ACL1815. Note that the form deviation shown in Figures 3B
and 4B is not the error in the measurement of the surface
profile. Table 1 shows the comparison of the obtained
parameters with respect to the manufacturer’s values for
the two lenses. Tables 2 and 3 show the measured surface
parameters for the lens ACL1210 and the lens ACL1815,
respectively, according to the ISO 10110-5 format.

4 Refractive index measurements

As can be seen in Figure 2, the technique also measures
the optical path of the second surface of the lens from the
top surface and can be used for determining the refrac-
tive index of the lens. However, as a low coherence light
having a band of wavelength is used as the source, the
optical path measured corresponds to group refractive
index and not phase refractive index [27].
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Figure 4: (A) Three-dimensional plot of the surface data points acquired for the lens ACL1815. (B) Plot of surface form deviation with respect

to the nominal designed value for the lens ACL1815. (C) Table indicating the surface fitting parameters.

Table 1: Experimentally fitted aspheric lens parameters and manufacturer’s values for two different aspheric lenses.

Parameter Lens ACL1815 Lens ACL1210
Manufacturer’svalue  Experimentalvalue Standard error Manufacturer’s value Experimentalvalue Standard error
C(mm™Y) 0.12650 0.1260 0.00165 0.18207 0.18217 0.00188
K -0.675762 -0.63654 0.0576 -0.623014 -0.71254 0.0561
A, (mm-1) -2.0269%x10™ -1.96x10™* 3.79%x10°° 8.7%x107°® 4.74%x107 6.39x10°°
Table 2: Experimentally measured surface parameters for the lens ACL1210 (as per ISO 10110-5 format).
Aperture (h) Sag (2) Sag deviation Slope (S) Slope deviation (AS)
(mm) (mm) (AZ) (mm) (degree) (degree)
0 0 - 0 -
1 0.09 0.0003 10.60 0.08
2 0.38 0.0052 22.15 0.59
3 0.88 0.0257 35.68 1.93
4 1.64 0.0790 52.31 4.38
5 2.73 0.1855 73.38 7.99
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Table 3: Experimentally measured surface parameters for the lens ACL1815 (as per ISO 10110-5 format).

Aperture (h) Sag (2) Sag deviation (A2) Slope (S) Slope deviation (AS)
(mm) (mm) (mm) (degree) (degree)
0 0 - 0 -
1 0.06 0 7.20 -0.025
2 0.25 -0.0007 14.25 -0.028
3 0.56 -0.0009 21.03 0.015
4 0.98 0.0002 27.44 0.133
5 1.51 0.0043 33.41 0.366
6 2.15 0.0140 38.96 0.771
7 2.87 0.0328 44.26 1.445
8 3.69 0.0669 49.72 2.560
9 4.61 0.1268 56.28 4.474

The group refractive index (ng) iscalculated as theratio
of the optical path length to the geometrical thickness:

n=" @

where D is the optical thickness at the center of the lens,
and t is the corresponding physical thickness. The error
estimates in this calculation can be made by differentiat-
ing equation (2). If the errors in the D and t values are 6D
and dt, respectively, the maximum error in determining n,
will be

[o(n )| |oD| |6t

8" | | + u (3)

n D t
g

where 5(ng) is the maximum error in the group index.

The phase refractive index can then be obtained by
the relation given by [28]:

dn

np—lOd—lzzng 4)

where n, and n, are the phase refractive index and the
group refractive index at the wavelength 4 , respectively.

4.1 Verification using Zerodur® standard

The method for determining the group refractive index has
been verified using a standard parallel plate of Zerodur®
glass (SCHOTT) with a thickness of 12.55+0.002 mm
having a parallelism of 10 arc-sec. Figure 5 is the plot of the
OCT data obtained by scanning the Zerodur plate showing
the surface points of the Zerodur top surface, glass base
plate, and the Zerodur bottom surface.

The optical thickness measured is 19.44+0.024 mm
giving a group refractive index of n,=15490+0.002

Zerodur glass parallel plate scan plot

Zerodur top surface

254 / =25
|I‘ i
20 | 420
|
£ 154 || Glassbase |15
= surface
§ 1 |
=
b =] |
£ 104 - 410
[= %
@
a Zerodur bottom
5| surface 15
0 T . T ¥ T . T 0
0.0 25 50 75 10.0

Lateral scan (mm)

Figure 5: A plot of the data obtained from the OCT depth profile for
a Zerodur® glass parallel plate showing the various surfaces.

from equation (2). The dispersion of Zerodur at 830 nm
is —0.02 um™ resulting in the phase refractive index of
n,=1.532410.002 from equation (4). The value is in close
agreement with the value of 1.5346 in the SCHOTT glass
catalog:
[http://www.schott.com/advanced_optics/english/
download/schott_tie43_properties_of_zerodur_eng.pdf].

4.2 Refractive index of the aspheric lens

Estimation of the refractive index of the aspheric lens is
done using OCT data obtained at the center of the lens.
As the lens is not a graded index lens, refractive index is
measured at the center as it has the highest optical path
length. Considering the lens ACL1815, the optical path
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difference between the front surface and the back surface
of the aspheric lens at the center of lens (D) is 10.896 mm.
The physical thickness at the center of the lens (f) is
71 mm. The group index from equation (2) is calculated
as 1.5346 at 830 nm wavelength. In order to determine the
phase refractive index of the lens, the dispersion (dnp/ di,)
for the B270 Superwite glass at 4 =830 nm is found out
from the dispersion curve for this glass plotted using the
refractive indices at other wavelengths available in the
literature [http://www.jnsglass.com/pdf/B270.pdf]. The
dispersion curve of the B270 Superwite glass is shown in
Figure 6.
The Sellmeier equation for dispersion is given by:

A AN AN

n’(A)-1= + +
*) -B A-B i -B,

®)

The values of the Sellmeier coefficients for the B270
Superwite glass obtained from the fitting of Figure 6 are:

A,=1.27457; B,=0.01071 pm? A,=0.09101; B,= - 1.94057
um? A, =-5229 and B,=- 186,611 um”.

Hence, from the refractive index data for a few wave-
lengths available in the literature, the phase index n, at
830 nm is found to be 1.5163, whereas the dispersion at
A=830nmis (dnp/ d,)=-0.01760122 um.

The experimental phase refractive index (np) for the
lens ACL1815 is 1.520+0.005 using Eq. (4). Similarly, the
phase refractive index for the lens ACL1210 is derived to be
1.521£0.006. The maximum error in the estimation of the
optical path length (D) is 0.018 mm. The maximum error
in the estimation of the physical thickness (6t) is 0.01 mm,
which is the least count of the screw gauge micrometer

1.54 4 -0.00
n e
A '
: ’ » Refractive index of B270 glass
. 1:531 % o Fitting curve 4-0.06
— i

§ ,{ ispersion (dn /di) ~
2 [ s
= ! a —
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D | [} L™ o c
8152 : =7 012 §

!
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.
L]
1.51 ; : . ; -0.18
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Figure 6: The refractive index and dispersion for the B270 Superwite
glass from the refractive indices at various wavelengths taken from
the literature.
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Table 4: Experimentally measured group and estimated phase
refractive indices of two aspheric lenses.

Aspheric lens ACL1815 ACL1210

5.87£0.01 mm
9.00+£0.018 mm
1.5332+0.006
1.521+0.006

Physical center thickness () 7.1+0.01 mm
Optical center thickness (D) 10.896+0.018 mm
Group index at 830 nm (ng) 1.5346+0.005
Phase index at 830 nm (np) 1.520£0.005

used for the measurement. The errors in estimation of the
group index 6(ng) calculated using equation (3) are 0.005
and 0.006 for the lenses ACL1815 and ACL1210, respec-
tively. The refractive index as measured from the OCT data
for the two lenses are summarized in Table 4.

5 Accuracies of shape
measurements

Repeatability of the optical path length measurements for
our custom-built OCT setup was studied using the standard
Zerodur glass parallel plate of thickness 12.55+ 0.002 mm.
Thirty-four successive axial scans were performed on the
Zerodur plate at the same spot, and the standard devia-
tion of the optical path length of Zerodur glass plate was
found to be 18 um.

Similarly, to estimate the errors contributed by the
translational stage toward the optical path length meas-
urement, the Zerodur glass plate surface was scanned by
the setup, and the optical path difference between two
surfaces of the Zerodur plate was obtained at 100 nearby
points. The standard deviation of the data was found to be
18 um. The error in the optical path length measurement
using our set up is 18 um.

Finally, we estimate the accuracies involved in the
determination of aspheric coefficients. In order to esti-
mate the error in the determination of ¢ and k from the
surface coordinate measurements, consider the equation
defining a conic surface of revolution along the z axis

p°=2rz+(k+1)z°=0 (6)

where we use polar coordinates (p, 6) to define a point
over the aperture with p?=x2+y? x=pcos; y=psinf, and

. . . 1
ris the radius of curvature with r=—.
c

The relations between small variations in the para-
meters can be written down by partially differentiating
equation (6) as

2p 0p—2r6z—2z 0r+2z(k+1) 6z+2z* k=0 )
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Rearranging the terms, we get

2
zér—% Ok =p p+(z(k+1)-r)oz 8

If dp and 0z are the small uncertainties in the position
coordinates on the surface, then dr and dk are the uncer-
tainties in the radius of curvature and the conic constant
of the surface, respectively. The values of dx and dy are
the accuracies of the translation stage displacements in
the x and y directions, respectively, which in our case is
O0x=0y=0.01 mm.

As dp =0xcosf+0Jysinf, we can write in the present
case,

dp=0x(cos6 +sindh), 9)

the maximum value of dp is 6p‘max =2 ox for O=am/4.

For the measurement on lens ACL1815, the minimum
step size in the z direction was dz=0.02 mm. If we substi-
tute the values of the various parameters for this meas-
urement as p=9.0 mm; z=4.7 mm; r=(1/c)=7905 mm;
k=-0.675762 and dp =0.014 mm, the maximum value of
the left hand side of equation (8) is 0.338 mm?.

For a rough estimation of the errors in r and k, we
first assume that k=0 so as to get the maximum possible
uncertainty in r as dr=0.0719 mm, resulting in uncertainty
in cas 6¢=0.0011 mm™.

Similarly, assuming 6c=0, we get the maximum
uncertainty in the conic constant k as dk=0.0306.

The uncertainties in the experimentally determined
values of ¢ and k from the least square fit of the coordi-
nate data points of the surface can be considered to be
the standard errors for these parameters in the fitting.
The standard error in the least square fit of the data gives
0c=0.00165 mm™ and 0k=0.0576. The experimental
values are in the same orders of magnitude as roughly
estimated theoretical values.

6 Conclusion

To summarize, we have demonstrated the use of OCT for
noncontact three-dimensional profiling of two commer-
cially available deeply curved aspheric lenses (ACL1210
and ACL1815) from Thorlabs, USA. The surface shape
parameters viz., radius of curvature, conic constant, and
aspheric constant have been retrieved from the measured
optical path length OCT data using two-dimensional non-
linear least squares fitting. The data is used for measuring
the form deviation with respect to the manufacturer-spec-
ified values. The measured group refractive index and
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estimated phase index of these lenses have also been deter-
mined after validating the method with a standard refer-
ence plate of Zerodur® glass. The index values compare
very well for the B270 Superwite glass material used in
the lenses. Error analysis has been carried out to express
the relative accuracies of the aspheric coefficients and
refractive index of the lenses by this method. In this work,
we have used a conventional time domain OCT system,
which essentially demonstrates the proof of principle of
aspheric shape and index measurement for fast aspherics.
The accuracy of technique can be further improved using
current state-of-the-art OCT systems offering resolutions
of ~1-3 um resulting in better accuracies, which may be
comparable to that of the measurements carried out using
contact-type coordinate measuring machines (CMM). The
speed of our TD-OCT system is 1 axial scan per second
at full reference arm sweep of 24 mm. However, with the
state-of-the-art OCT systems, high data acquisition (axial
scans at a few hundred kHz rate) is possible [29].

To the best of our knowledge, this is the first appli-
cation of OCT demonstrating the noncontact quantitative
metrology of fast aspheric with potential applications
for rapid screening of micro-aspheric optics and related
applications. Considering the accuracy of the measure-
ments, this method can provide fast measurements for
low-end aspherics such as illumination optics. Current
OCT technology with real-time volumetric imaging OCT
systems may soon find utilization in aspheric lens indus-
try for routine metrological applications.
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