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(57) ABSTRACT

An apparatus for measuring the optical performance charac-
teristics and dimensions of an optical element comprising a
low coherence interferometer and a Shack-Hartmann wave-
front sensor comprising a light source, a plurality of lenslets,
and a sensor array is disclosed. The low coherence interfer-
ometer is configured to direct a measurement beam along a
central axis of the optical element, and to measure the thick-
ness of the center of the optical element. The light source of
the Shack-Hartmann wavefront sensor is configured to emit a
waveform directed parallel to and surrounding the measure-
ment beam of the interferometer, through the plurality of
lenslets, and to the sensor array. A method for measuring the
optical performance characteristics and dimensions of a lens
using the apparatus is also disclosed.
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APPARATUS AND METHOD FOR
EVALUATION OF OPTICAL ELEMENTS

CROSS-REFERENCE TO RELATED PATENT
APPLICATIONS

[0001] This application is a continuation of copending U.S.
patent application Ser. No. 14/674,748, filed on Mar. 31,2015
and issued as U.S. Pat. No. 9,341,541 on May 17, 2016, which
is a continuation of copending U.S. patent application Ser.
No. 13/794,577, filed on Mar. 11, 2013 and issued as U.S. Pat.
No. 9,019,485 on Apr. 28, 2015, the disclosures of which are
incorporated herein by reference.

BACKGROUND
[0002] 1. Technical Field
[0003] The present invention relates to the metrology of

optical elements, and in particular, the measurement of thick-
ness, optical power and optical aberrations of lenses.

[0004] 2. Description of Related Art

[0005] In the manufacturing of lenses, obtaining fast and
accurate measurements of lens dimensions is a challenging
problem. This is particularly the case for small low cost high
volume lenses, such as contact lenses for the eye. Low-coher-
ence interferometry (LCI) is one measurement technology
that may be applied to this measurement problem.

[0006] LCI has applications in many fields from medical
imaging to glass manufacturing. The low-coherence interfer-
ometry is based on using a light source with a very short
coherence length. The light is split between two arms of an
interferometer and then recombined and directed onto a
detector. Interference occurs when the path lengths of the two
arms of the interferometer are equal to within the coherence
length of the light from the source.

[0007] There are numerous known configurations of such
interferometers, such as the Michelson, Mach-Zehnder, and
Fizeau interferometers, and others described in the text, Prin-
ciples of Optics: Electromagnetic Theory Of Propagation,
Interference and Diffraction of Light, M. Born and E. Wolf,
Cambridge University Press, Cambridge; N.Y., 1999, 7th ed.
Another example of such an interferometer is described in
U.S. Pat. No. 6,724,487 of Marcus et al., “Apparatus and
method for measuring digital imager, package and wafer bow
and deviation from flatness,” the disclosure of which is incor-
porated herein by reference. (“Marcus 487" subsequently
herein.)

[0008] The interferometer disclosed therein by Marcus
’487 is based on the use of piezo fiber stretching technology
as the means of changing the optical path-length. A narrow
beam of low-coherent light is directed onto the surface of the
test object. It is common to focus the beam inside or in
proximity to the test object. The reflected light from all of the
object interfaces, which the beam traverses, is then collected
and analyzed by the interferometer. The interferometer is
used to extract the optical distances between the interfaces.
The physical distances are obtained by dividing the optical
distances by the group refractive indices of the material which
makes up the space between the interfaces.

[0009] In a typical application, the light beam is directed
along the optical axis of a lens. The axial thickness of the lens
is then obtained by dividing the measured optical distance by
the group refractive index of the glass or plastic material of
the lens. Such measurement represents a point measurement,
since only the distance between the two points (point of entry
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and exit of the measurement beam) is measured, while the
information about the rest of the object (lens) is unknown.
[0010] Whenusing L.CL itis possible, in principle, to move
the measurement beam laterally with respect to its axial
propagation, and to measure the thickness of the object (lens)
at different locations. However, this approach is associated
with difficulties, arising from the L.CI requirements. One such
requirement is to orient the measurement beam perpendicu-
larly to the interfaces, to maximize the collection efficiency of
the reflected beam. Not only is this difficult to do when just
one interface is present, but in the case of two or more non-
parallel interfaces (such as in a lens) such a requirement
cannot be fundamentally satisfied. For most lenses, the only
locations in which the two lens surfaces are parallel and able
to be positioned perpendicular to the measurement beam are
near the center of the lens. In order for the LCI to be able to
measure effectively, the reflected light coming back from the
lens must be within the numerical aperture of the lens and
optical fiber. For most lenses, only the central region of the
lens can be measured by using L.CI. This is insufficient for the
characterization of many lens products.

[0011] A wavefront sensor is a device for measuring the
optical aberrations of an optical wavefront. This is accom-
plished by measuring the irradiance and phase distribution of
the light beam at a particular plane in space. Although there
are a variety of wavefront sensing technologies, including
lateral shearing interferometers, curvature sensors, pyramid
wavefront sensors, Focault knife-edge test, Ronchi test, and
Shack-Hartman Wavefront Sensor (SHWFS), the SHWFS
has been the most frequently employed, since it is capable of
measuring both irradiance and phase distributions in a single
frame of data.

[0012] U.S. Pat. No. 5,936,720 by Daniel R. Neal et al.
entitled “Beam Characterization By Wavefront Sensor”
issued on Aug. 10, 1999 and U.S. Pat. No. 6,130,419 by
Daniel R. Neal “Fixed Mount Wavefront Sensor” issued on
Oct. 10, 2000 describe the basics principles of operations of a
wavefront sensor employing a two dimensional Shack-Hart-
man lenslet array; the disclosures of these patents are incor-
porated herein by reference. Further details on the use of
Shack-Hartman wavefront sensors in optical metrology may
be found in “Application of Shack-Hartmann wavefront sens-
ing technology to transmissive optic metrology” by R. R.
Rammage et al., Proc. SPIE Vol. 4779, Advanced Character-
ization Techniques for Optical, Semiconductor, and Data
Storage Components, pp. 161-172, (2002).

[0013] U.S. Pat. No. 7,583,389 by Daniel R. Neal et al.
entitled “Geometric Measurement System And Method Of
Measuring A Geometric Characteristic Of An Object” issued
on Sep. 1, 2009, describes a white light interferometer to
measure surface curvature and or thickness of an object. This
patent discloses the requirement of tilting of the object with
respect to the interferometer apparatus and measuring at a
variety of tilt angles in order to characterize a single surface of
the object. The disclosure of this patent is incorporated herein
by reference.

[0014] U.S. Pat. No. 7,623,251 by Daniel R. Neal et al.
entitled “Geometric Measurement System And Method Of
Measuring A Geometric Characteristic Of An Object” issued
on Nov. 24, 2009 describes the use of wavefront sensing to
measure surface curvature of an object on one or more sur-
faces. The measurement requires moving the object relative
to the measurement apparatus and measuring at a variety of
positions and/or angles in order to characterize the curvature
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of the one or more surfaces. The disclosure of this patent is
incorporated herein by reference.

[0015] The disclosures of these patents notwithstanding,
there remains an unmet need for a measurement apparatus
and method that enables the non-contact measurement of lens
or other optical element thickness and surface curvature of the
top and bottom surfaces across a broad range of locations on
the lens surface, along with the measurement of the optical
aberrations of the lens or other optical component without the
need of moving the lens or optical element with respect to the
measurement apparatus during measurement. There also
remains an unmet need to be able to measure the physical
dimensions and optical performance parameters of multifocal
and toric lenses. Such a measurement would inherently be
faster since the sample would be static or not moving during
the entire measurement procedure.

SUMMARY

[0016] Inaccordance with the present disclosure, the prob-
lem of measuring the physical dimensions and optical perfor-
mance parameters of a lens or other optical element without
contacting the lens or other optical element using a single
instrument is solved by an apparatus comprising a low coher-
ence interferometer, a wavefront sensor and an analyzer. The
apparatus may further include a computer in signal commu-
nication with the low coherence interferometer and the wave-
front sensor. The computer may include an algorithm to cal-
culate a plurality of thickness dimensions of the optical
element.

[0017] In a first aspect of the invention, an apparatus for
measuring the physical dimensions and one or more optical
performance parameters of an optical element is provided.
The apparatus comprises a low coherence interferometer con-
figured to direct a first beam of light along a defined axis of the
optical element. The low coherence interferometer is adapted
to measure the optical thickness of the optical element along
the defined axis. The apparatus further comprises a wavefront
sensor comprised of a light source and a sensor array. The
light source is configured to emit a second beam of light
surrounding the first beam of light which is directed through
the optical element, and onto the sensor array. The wavefront
sensor is adapted to measure wavefront deviations due to the
presence of the optical element. The apparatus also comprises
an analyzer to determine at least one of a physical dimension
or an optical performance parameter of the optical element
from the interferometer optical thickness measurement and
the wavefront sensor wavefront deviations measurement.

[0018] In a second aspect of the invention a method for
measuring the physical dimensions and one or more optical
performance parameters of an optical element is provided.
The method comprises the steps of providing a low coherence
interferometer configured to direct a first beam of light along
a defined axis of the optical element, and providing a Shack-
Hartmann wavefront sensor comprising a light source, a plu-
rality of lenslets, and a sensor array. The light source is
configured to emit a second beam of light surrounding the first
beam of light. The method also comprises the steps of direct-
ing the first beam of light along the defined axis of the optical
element and measuring the thickness of the optical element
along its defined axis using the low coherence interferometer.
The method further comprises the steps of measuring the
wavefront deviations due to the presence of the optical ele-
ment using the Shack-Hartmann wavefront sensor and calcu-
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lating at least one of a physical dimension or optical perfor-
mance parameter of the optical element.

[0019] In a third aspect of the invention, a method for
measuring the dimensions of a lens comprising a first surface
and a second surface is provided. The method comprises the
steps of measuring the thickness of the lens at the center of the
lens with a low coherence interferometer; measuring the focal
length of the lens with a Shack-Hartmann wavefront sensor;
communicating the thickness of the lens and the focal length
of'the lens to a computer; calculating the radius of curvature
of'the first surface of the lens and the radius of curvature of the
second surface of the lens using an algorithm contained in the
computer to obtain the dimensions of the lens, and perform-
ing at least one of storing in in a non-transitory computer
storage medium, communicating externally, or displaying the
dimensions of the lens on a display.

[0020] These and other aspects, objects, features and
advantages of the present invention will be more clearly
understood and appreciated from a review of the following
detailed description of the preferred embodiments and
appended claims, and by reference to the accompanying
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] The present disclosure will be provided with refer-
ence to the following drawings, in which like numerals refer
to like elements, and in which:

[0022] FIG. 1 shows a schematic block diagram of'a lens or
other optical component measurement apparatus in accor-
dance with one embodiment of the invention;

[0023] FIG. 1A shows an enlargement of the cuvette and
lens under test shown in FIG. 1;

[0024] FIG. 1B shows an exemplary low coherence inter-
ferometer in a standard mode configuration in accordance a
first embodiment of the invention;

[0025] FIG. 1C shows an exemplary low coherence inter-
ferometer in an autocorrelation mode configuration in accor-
dance with a second embodiment of the invention;

[0026] FIG. 2 shows an example of low coherence interfer-
ometer data obtained during measurement of a lens using the
LCI apparatus of FIG. 1B;

[0027] FIG. 2A shows an example of low coherence inter-
ferometer data obtained during measurement of a lens using
the LCI apparatus of FIG. 1C;

[0028] FIG. 3 shows a schematic illustration of a lens that
may be measured by the Applicants’ measurement apparatus;
[0029] FIG. 4 shows an enlargement of a modified cuvette
to measure a double convex lens using the apparatus shown in
FIG. 1,

[0030] FIG. 5 shows a flow diagram showing the steps used
for characterization of symmetric optical elements according
to an embodiment of the invention;

[0031] FIG. 6 shows a flow chart detailing the reference
measurement step shown in FIG. 5 according to an embodi-
ment of the invention; and

[0032] FIG. 7 shows a flow chart describing the steps used
for characterization of arbitrary optical elements according to
an embodiment of the invention.

[0033] The present invention will be described in connec-
tion with certain preferred embodiments. However, it is to be
understood that there is no intent to limit the invention to the
embodiments described. On the contrary, the intent is to cover
all alternatives, modifications, and equivalents as may be
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included within the spirit and scope of the invention as
defined by the appended claims.

DETAILED DESCRIPTION

[0034] The present description is directed in particular to
elements forming part of, or cooperating more directly with,
apparatus in accordance to the invention. For a general under-
standing of the present invention, reference is made to the
drawings. It is to be understood that elements not specifically
shown or described may take various form well known to
those skilled in the art. Figures shown and described herein
are provided in order to illustrate key principles of operation
of'the present invention and are not drawn with intent to show
actual size or scale. Some exaggeration, i.e., variation in size
or scale may be necessary in order to emphasize relative
spatial relationships or principles of operation.

[0035] In the drawings, like reference numerals have been
used throughout to designate identical elements. In the fol-
lowing disclosure, the present invention is described in the
context of its use as an apparatus and method for measuring
the thickness of lenses. However, it is not to be construed as
being limited only to use in lens measurement. The invention
is adaptable to many other uses for measurement of transpar-
ent objects having non-parallel surfaces. Additionally, this
description may identify certain components with the adjec-
tives “top,” “upper,” “bottom,” “lower,” “left,” “right,” etc.
These adjectives are provided in the context of use of the
apparatus as a lens measurement device, and in the context of
the orientation of the drawings, which is arbitrary. The
description is not to be construed as limiting the apparatus to
use in a particular spatial orientation. The instant apparatus
may be used in orientations other than those shown and
described herein.

[0036] Turning now to FIG. 1, an exemplary embodiment
of the Applicants’ apparatus 100 for measuring the physical
dimensions and one or more optical performance parameters
of a lens or other optical component is shown. Using this
apparatus 100, the absolute thickness distribution over the
entire surface area of the lens 101 or other optical element 101
can be determined as well as the top and bottom surface
profiles and radii of curvature of each of the outer surfaces
116 and 118 of the optical element 101. The index of refrac-
tion of the optical element 101 is also measured. The optical
performance characteristics that can be measured using this
apparatus include optical power, focal length and optical
aberrations including spherical aberration, chromatic aberra-
tion, astigmatism, coma, field curvature, and distortion.
[0037] The apparatus 100 is comprised of a low coherence
interferometer (LCI) 108 and a Shack-Hartman wavefront
sensor (SHWFS) 120. The optical element 101 under test is
placed in a cuvette 102 or another type of holder used to
position the optical element 101 into the measurement loca-
tion in the apparatus 100.

[0038] The optical element 101 may be a lens, e.g., a con-
tact lens 101 for fitment to an eye. The low coherence inter-
ferometer 108 includes a low coherence light source which
transmits low coherence light through optical fiber 136 which
is input into optical probe 130. Optical probe 130 directs and
focuses the low coherence light, herein called a first beam of
light 107, onto the optical element 101. Some of the first beam
oflight 107 passes through the optical element 101, and some
of the first beam of light 107 is reflected off of each optical
interface 116 and 118 of the optical element 101. A transport
mechanism 131 comprising a pair of perpendicular transport
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stages and controllers is coupled to the optical probe 130
which allows positioning of the optical probe 130 so the first
beam of light 107 is directed along a defined axis of the
optical element 101 during measurement. The term “defined
axis” is used to denote locations on the optical element 101
where the top and bottom surfaces 116 and 118 of the lens/
element 101 are most parallel.

[0039] The low coherence interferometer 108 is configured
to direct a first beam of light or low coherence measurement
beam 107 along an axis which coincides with the defined axis
of'the optical element 101, and to measure the thickness of the
optical element 101 along the defined axis. When testing an
axially symmetric optical element such as a spherical lens, the
defined axis is preferably the center of the lens. When testing
a cylindrical lens the defined axis may be centered anywhere
along the cylinder’s length. When testing an arbitrary optical
element, the defined axis is any location where two or more
surfaces of the optical element are parallel. Multifocal and
toric lenses can have more than one defined axis.

[0040] The light source 103 of the Shack-Hartmann wave-
front sensor 120 is configured to emit a second beam of light
or wavefront light beam 104 surrounding and encompassing
and preferably directed parallel to the measurement beam 107
of the interferometer 108, through a plurality of lenslets 115,
and to a sensor array 106. The wavefront sensor 120 is
adapted to measure wavefront deviations due to the presence
of the optical element 101. The wavefront deviations are
measured over the measurement window of the optical ele-
ment 101 which is defined by the region of the optical element
101 that is imaged onto the wavefront sensor’s sensor array
106.

[0041] During operation, an analyzer 112, which may be a
computer, analyzes data obtained by the wavefront sensor
120 and low coherence interferometer 108 to determine the
physical dimensions and optical performance parameters of
the optical element 101. The analyzer 112 can also be utilized
to determine the locations of the defined axes and to provide
feedback to the transport mechanism 131 to properly position
the first beam of light 107 so that the LCI measurement can be
performed at the defined axes locations. The transport mecha-
nism 131 has an encoder (not shown) which is calibrated to
position the first beam of light 107 at the same absolute
locations onto the optical element 101 as determined by the
wavefront sensor’s sensor array 106. The wavefront sensor
120 and the low coherence interferometer 108 share the same
measurement window.

[0042] FIG. 1B and 1C show further detail of exemplary
dual low coherence interferometers 108 that can be used in
accordance with embodiments of the invention. FIG. 1B
shows a standard mode interferometer 20 and FIG. 1C shows
an autocorrelation mode interferometer 20A. Parts with the
same number in these two figures serve the same purpose.
“Dual” refers to the fact that the instrument combines a laser
interferometer with a low coherence interferometer as dis-
closed in Marcus *487. In a standard mode interferometer 20
as shown fin FIG. 1B, the sample arm is in one arm of a
Michelson interferometer, while in the autocorrelation mode
interferometer 20A shown in FIG. 1C, light that is sent to the
sample is reflected back into the Michelson interferometer.

[0043] In the standard mode dual interferometer 20 shown
in FIG. 1B, low coherence light from a low coherence light
source 21 is coupled into optical fiber 27. Coherent light from
coherent light source 22, typically a laser, is coupled into
optical fiber 26. The coherent light and low coherence light
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are combined by light combiner 23 and travel together along
optical fiber 32 which is input into optical circulator 24. An
optical circulator is a three port device that functions as an
optical isolator and allows light to propagate in one direction
from the first port to the second port of the circulator and from
the second port to the third port of the circulator, but not in the
reverse direction. The clockwise arrow inside circulator 24 is
to indicate the direction in which light will propagate. As an
example, light entering from optical fiber 32 can travel into
optical fiber 28, but not into optical fiber 31.

[0044] The combined light traveling along optical fiber 32
which is input into the optical circulator 24 exits the optical
circulator 24 and travels along optical fiber 28 which is input
into 2 by 2 coupler 36. The combined light passing through 2
by 2 coupler 36 is split and part of the combined light passes
through each of the pair of fibers 37 which make up the two
arms of a Michelson interferometer labeled R and S for ref-
erence arm and sample arm. Each arm of the Michelson
interferometer has a fiber stretcher 25 which is comprised of
an optical fiber wrapped around a piezoelectric cylinder
which is used to change the path length in each of the two
interferometer arms. The combined light travels through
fibers 37 then through the fiber stretchers 25 into optical fibers
38 and through Faraday rotators 39. The Faraday rotators 39
function to rotate the polarization of the beam to compensate
for the changes in phase of light which occur when light
reflects from a surface.

[0045] In the reference arm R of the Michelson interferom-
eter, the combined light passing through the Faraday rotator
39 becomes combined reference light beam 40. Combined
reference light beam 40 is incident upon mirror 41 and is
reflected back through the Faraday rotators 39 into optical
fiber 38, fiber stretcher 25, back along fiber 37 and back into
2 by 2 coupler 36. In the sample arm S of the Michelson
interferometer, the combined light traveling through the Fara-
day rotator 39 becomes combined light beam 42 which is
incident upon a dichroic beam splitter 43. The dichroic beam
splitter 43 is designed to reflect the coherent light as laser light
beam 45 and to transmit the low coherence light as low
coherence light beam 46. The coherent light beam 45 is inci-
dent onto mirror 41 and is reflected back into the dichroic
beam splitter and back into the combined light beam 42, back
through Faraday rotator 39, back into optical fiber 38, back
into fiber stretcher 25, back along fiber 37 and back into 2 by
2 coupler 36. The low coherence light beam 46 passes through
optical probe 130 and is incident on the sample chamber 44.
Sample 44 is equivalent to the cuvette 102 shown in FIG. 1
and can be utilized with or without the optical element 101
under test installed in it.

[0046] Light is reflected from each of the optical interfaces
of'the sample 44 back into low coherence light beam 46, back
through the optical probe 130, passing back through the dich-
roic beam splitter 43, back through combined light beam 42,
back through Faraday rotator 39, back through optical fiber
38, back into fiber stretcher 25, back along fiber 37 and back
into 2 by 2 coupler 36. The low coherence light that returns
from each optical interface in the sample arm S of the inter-
ferometer and the reference arm of the interferometer R are
recombined and made to interfere with each other as they
enter 2 by 2 coupler 36. Constructive interference occurs
when the optical path lengths of the two arms of the interfer-
ometer are equal and when they differ by the distance
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between the first and each of the other optical interfaces in the
sample as described below with reference to the discussion of
FIG. 2.

[0047] Similarly the coherent light returning from the mir-
rors 41 in the reference arm R and the sample arm S of the
Michelson interferometer are recombined as they reenter 2 by
2 coupler 36 and interfere with each other. Since the light is
coherent, the interference pattern is sinusoidal with a period
of' A/2 where A is the wavelength of the coherent light source.
Typically the zero crossings of the coherent light interferom-
eter signal is used as a constant distance interval distance
scale for sampling ofthe low coherence interferometer signal.
Since the coherent light and the low coherence light are in
different wavelength bands and are independent there is no
mutual interference between the two types of light. Thus the
coherent light interference is independent of the low coher-
ence light interference.

[0048] After passing back through 2 by 2 coupler 36, the
interfering coherent light and the interfering low coherence
light are each split into two components traveling into optical
fiber 29 and back through optical fiber 28. The interfering
light returning through fiber 28 then passes back into the
circulator 24 and is sent into optical fiber 31. The light trav-
eling through optical fiber 32 is incident on a laser blocking
filter 62, which passes the low coherence light as low coher-
ence light beam 65, which is incident into one of the inputs of
a balanced detector 30. The laser light beam is blocked by
laser blocking filter 62.

[0049] The light traveling through optical fiber 29 is inci-
dent on a dichroic filter 66, which transmits the low coherence
light as low coherence light beam 35 and reflects the coherent
light as coherent light beam 34. The low coherence light beam
35 is incident onto the second input of the balanced detector
30, while the coherent light beam 34 is incident onto laser
detector 33. FIG. 2 shows an example of low coherence
interferometer data obtained while measuring a lens mounted
in a cuvette after amplifying and filtering the signal received
from the balanced detector 30 using the LCI apparatus of FIG.
1B.

[0050] FIG. 1C shows a dual interferometer in an autocor-
relation mode. In this case light reflecting from the sample is
input to both arms of a Michelson interferometer M1 and M2.
Light from low coherence light source 21 is coupled into
optical fiber 27, then passes through circulator 24 into optical
fiber 28 through wavelength division multiplexer 55 into opti-
cal fiber 54, and then passes through optical probe 130 to form
a low coherence light beam 46 which is incident on the
sample 44. Low coherence light reflected off of each optical
interface in the sample returns opposite to low coherence light
beam 46 back through optical probe 130 into optical fiber 54,
then wavelength division multiplexer 55, then back through
optical fiber 28 and back into circulator 24. The light reflected
off of each optical interface of the sample passes through
circulator 24 into optical fiber 49 and then into the dual
Michelson interferometer section of the interferometer appa-
ratus 20A as it passes through wavelength division multi-
plexer 57 where it is combined with coherent light from
coherent light source 22 traveling along optical fiber 26.

[0051] Combined light consisting of the low coherence
light reflected from each of the optical interfaces in the
sample 44 and the coherent light from coherent light source
22 from wavelength division multiplexer 57 travels along
optical fiber 58 and into 2 by 2 coupler 36 where the light is
split into 2 beams to travel along optical fibers 59 which make
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up the two arms M1 and M2 of the Michelson interferometer.
Combined light traveling along optical fibers 59 are sent
through the fiber stretchers 25 into optical fibers 38 and
through Faraday rotators mirrors 47. The Faraday rotator
mirrors 47 combine a Faraday rotator with a mirror. The
combined light in each interferometer arm is reflected off of
the Faraday rotator mirrors 47 and travels back along optical
fibers 38 through fiber stretches 25 and optical fibers 59.
[0052] The respective reflected combined light streams in
each arm M1 and M2 are recombined as they enter 2 by 2
coupler 36. The low coherence light returning from both arms
M1 and M2 of the interferometer are recombined and made to
interfere with each other as they enter 2by 2 coupler 36.
Constructive interference occurs when the optical path
lengths of the two arms of the interferometer are equal and
when they differ by the distance between different optical
interfaces in the sample as described below with reference to
the discussion of FIG. 2A. Similarly the coherent light return-
ing from both arms M1 and M2 of the interferometer are
recombined as they reenter 2by 2 coupler 36 and interfere
with each other. As in the case of the apparatus 20 shown in
FIG. 1 B, the coherent light interference pattern is sinusoidal
with a period of A/2 where A is the wavelength of the coherent
light source, and the zero crossings can be used as a constant
distance interval scale for sampling of the low coherence
interferometer signal.

[0053] As described previously for interferometer 20 of
FIG. 1B, the low coherence light interference and the coher-
ent light interference are mutually independent. Combined
interfering coherent and low coherence light which passes
back through 2by 2 coupler 36 is coupled into optical fiber 53
and enters wavelength division multiplexer 48 which sepa-
rates the low coherence light from the coherent light. The
interfering low coherence light is sent through optical fiber 52
and is incident on detector 50 through optional filter 61 which
blocks any remaining coherent light from entering the low
coherence light detector 50. The interfering coherent light is
sent through optical fiber 51 and is incident on detector 33
through optional filter 63 which blocks any remaining low
coherence light from entering the coherent light detector 33.
FIG. 2A shows an example of low coherence interferometer
data obtained while measuring a lens mounted in a cuvette
after amplifying and filtering the signal received from detec-
tor 50 using the LCI apparatus of FIG. 1C.

[0054] Using the apparatus 100, the optical power, the
physical dimensions and optical aberrations of a contact lens
may be measured. Optical power and optical aberrations
define the optical performance parameters of a lens.
Examples of optical aberrations are spherical, chromatic,
astigmatism, coma, field curvature, distortion and others. In
optics, the term waveform is used to denote the amplitude and
phase of a light beam as a function of time and position. The
wavefront of a light beam is defined as the locus of points
having the same optical phase. The wavefront of a light beam
can be defined as the virtual surface defined by the points on
all possible rays in a light beam having equal optical path
length from a spatially coherent source. As examples the
wavefront of light emanating from a point light source is a
sphere, and the wavefront created by an ideal collimating lens
mounted at its focal length from a point source is a plane.
[0055] Referring again to FIG. 1, the SHWFS 120 is com-
prised of an array 105 of closely spaced microlenses 115
(referred to herein as a lenslet array) to probe the incoming
wavefront, i.e., the light directed to the array 105. The lenslet
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array 105 focuses the incoming light into an array of focal
spots 117. The location of the spots 117 depends on the
orientation of the incoming wavefronts. As such, the lenslet
array 105 translates the phase of the incoming light into a
lateral shift of the focal spots 117.

[0056] The SHWFS 120 is further comprised of a sensor
array 106 such as a 2-dimensional CCD or CMOS imager,
whichisused to determine the locations and extent of the shift
of the focal spots 117. The amount of shift of each spot 117
may then be used to find wavefront orientation at each respec-
tive lenslet 115 location. From this information, the overall
wavefront can then be reconstructed. Further details on the
use of a Shack-Hartman wavefront sensor in optical metrol-
ogy may be found in “Application of Shack-Hartmann wave-
front sensing technology to transmissive optic metrology,” R.
R. Rammage et al., Proc. SPIE 4779, Advanced Character-
ization Techniques for Optical, Semiconductor, and Data
Storage Components, 161. One may also refer to U.S. Pat.
Nos. 5,936,720, “Beam characterization by wavefront sen-
sor,” and 6,130,419, “Fixed mount wavefront sensor,” the
disclosures of which are incorporated herein by reference.

[0057] When an optical element 101, such as contact lens
101, is tested and measured using the apparatus 100, a known
waveform is directed onto the element 101. The transmitted
waveform is analyzed using the SHWFS 120, and the differ-
ence between the incident and transmitted waveforms is used
to extract optical properties of the element 101. As an
example, the lens focal length can be calculated from data
provided by the SHWFS 120 as described in the article,
“Measurement of lens focal length using multi-curvature
analysis of Shack-Hartmann wavefront data”, Daniel R. Neal,
James Copland, David A. Neal, Daniel M. Topa, Phillip
Riera, Proc. of SPIE Vol. 5523, pp. 243-255, (2004), subse-
quently referred to herein as Neal et al. When the physical
information about the element 101 is not known exactly, i.e. it
is not possible to construct the physical model of the element
101 based purely on the wavefront analysis performed by the
SHWES 120 alone. For example, the lens thickness and thick-
ness variations throughout the lens 101 as well as the lens
index of refraction and individual radii of curvature of the
surfaces 116 and 118 making up the lens cannot be obtained
using only the SHWFS 120.

[0058] Advantageously, however, the combination of the
LCI108 and the SHWFS 120 in the Applicants’ apparatus 100
enable the measurement of optical element thickness and
optical performance parameters. This will now be explained
with reference to FIG. 1 and FIG. 1A, using the example of
measurement of a contact lens. It is to be understood that that
the defined axis is the center of the lens 101 for the purposes
of the discussion that follows.

[0059] Referring to FIG. 1A, details of the lens 101
mounted into the cuvette or holder 102 are shown. The lens
101 having an index of refraction n, and central thickness t, is
placed inside the glass or plastic cuvette 102 with its concave
surface 116 oriented downwardly, and its outer edge in con-
tact with an inner surface 113 of the cuvette bottom section
102B. During measurement, the cuvette 102 is filled with a
solution 121 having index of refraction n,. Referring also to
FIG. 1, the SHWFS 120 is further comprised of a light source
103 and a lens 114, which produce a second beam of light 104
with a known incident waveform having incident wavefront
indicated by arrows 132. The light beam 104 passes through
a dichroic mirror 109 and illuminates the lens 101. The light
beam 104 passes through the top section 102T of the cuvette,
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the lens 101 and the bottom section 102B of the cuvette and is
focused by the lenslet array 105 onto the sensor array 106.

[0060] In cases where all surfaces of the cuvette 102 are
precision parallel surfaces they will have no effect on the
wavefront of the light transmitted through the cuvette. In
cases where the surfaces are not exactly flat and parallel, the
wavefront W, can be measured with the cuvette 102 alone, and
then with the lens present inside the cuvette, W, , .. The dif-
ferences between the wavefronts measured with the lens
inside the cuvette and the cuvette alone are then analyzed to
arrive at the wavefront deviations W, due to the lens. As a
general practice, a reference wavefront W, is first measured
through the cuvette without the lens being present before
measuring the wavefront W,,, with the lens or other optical
element being present.

[0061] The wavefront deviations due to the lens are then
calculated and then analyzed to determine the lens focal
length and optical performance parameters of the lens which
include the optical aberrations of the lens. The optical perfor-
mance parameters of the lens that can be analyzed include
spherical aberration, chromatic aberration, astigmatism,
coma, field curvature and distortion. Of particular importance
is the slope of the wavefront deviations due to the lens. Loca-
tions on the lens surface at which the slope of the wavefront
deviations is zero are locations where the two surfaces of the
lens are parallel. The locations at which the slope of the
wavefront deviations are zero coincide with the defined axes
of'the lens. The locations of the defined axes are locations at
which the thickness of the lens will be measured with the low
coherence light interferometer. For a spherical lens the loca-
tion at which the slope of the wavefront deviations from the
lens is zero corresponds to the center of the lens.

[0062] The low coherence light from L.CI 108 is coupled to
optical fiber 136 and is transmitted through optical probe 130
to direct a low coherence light beam 107 to the dichroic
mirror 109 or other coupler, thereby combining the low
coherence light beam 107 with the wavefront sensor light
beam 104. In order to allow concurrent operation of the low
coherence interferometer 108 and the SHWFS 120 the first
beam of light 107 and the second beam of light 104 should be
in distinctly different wavelength regions of the optical spec-
trum.

[0063] For example, the low coherence interferometer 108
may have a light source centered at around 1300 nm with a
bandwidth of 30-100 nm and the SHWFS may have a light
source in the visible part of the spectrum (400-700 nm). In
this case, as shown in the embodiment of FIG. 1, the dichroic
mirror 109 transmits light at wavelengths below a cutoff
wavelength and reflects light at wavelengths above the cutoff
wavelength. The light source 103 in apparatus 100 is used
produce light of wavelengths predominately below the cutoff
wavelength while the low coherence light beam is comprised
of light entirely of wavelengths above the cutoft wavelength.

[0064] Inasecond example it is possible for the low coher-
ence light source to be centered in the visible part of the
spectrum and the SHWFS to be in the NIR part of the spec-
trum. In this case, the dichroic mirror 109 would transmits
light at wavelengths above a cutoff wavelength and reflect
light at wavelengths below the cutoff wavelength. The first
beam of light 107 is then sent through the top section 102T of
cuvette 102, the lens 101, and the cuvette bottom section
102B. A portion of the light beam 107 is reflected off of each
of the optical interfaces that light beam 107 passes through
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and the reflected light that couples back into the optical probe
130 and back through optical fiber 136 and into the interfer-
ometer 108 is analyzed.

[0065] Optical probe 130 is preferably designed to focus
light inside of the cuvette or holder 102. The optical reflec-
tions that are analyzed include the bottom or inner surface 124
of the cuvette top section 102T also called the first inner
surface, the lens convex surface 118, the lens concave surface
116 and the top or inner surface 113 of the cuvette bottom
section 102B also called the second inner surface. For the
purposes of this discussion it is assumed that the thickness of
the top and bottom surfaces of the holder 102T and 102B
respectively are large enough so that the only reflections that
occur in the interferometer scans from the holder 102 are from
the optical interfaces that at the first inner surface 124 and the
second inner surface 113.

[0066] The LCI 108 is used to calculate the central thick-
ness 110 of lens 101 defined as t,, as well as the distance 111
between concave surface 116 of lens 101 and inner cuvette
surface 113 of cuvette bottom section 102B defined as S and
distance 123 between the convex surface 118 of lens 101 and
inner cuvette surface 124 of cuvette top section 102T defined
as G in FIG. 1A. During operation, the low coherence inter-
ferometer 108 measures optical distances between each of the
optical interfaces in the sample. The cuvette physical path
length is d, at the location of the measurements. This can be
measured in air first providing a result of n,d, for the mea-
sured cuvette optical path length. The cuvette’s physical path
length d, is then determined by dividing the cuvette’s mea-
sured optical path length (n,d,) by the known index of refrac-
tion of air n, at the wavelength of the low coherence light
source.

[0067] The index of refraction of the solution n; at the
measurement wavelength of the low coherence light source
can then be determined by filling the cuvette 102 with solu-
tion 123. The measured optical path is now nd,. The solu-
tion’s index of refraction n, atthe wavelength of measurement
is then determined by dividing the measured optical path
length of the cuvette filled with solution (nd,) by the
cuvette’s physical path length d,. Once the physical path
length d, of the cuvette and the index of refraction n, of the
solution are known, they can be used as constants in the
calculations for lens index of refraction n, and lens thickness
t,.

[0068] When alens is inserted into the measurement appa-
ratus 100 and is properly centered, the measured optical dis-
tances are n,G, the optical thickness corresponding to dis-
tance 123, n,t, the measured optical thickness corresponding
to lens center thickness 110 of lens 101 and n S, the measured
optical distance corresponding to distance 111 as shown in
FIG. 1A. FIG. 2 shows sample L.CI data obtained using a
standard mode interferometer such as the one shown in FIG.
1B during the measurement of a lens mounted in a cuvette
filled with solution. The x-axis is in units of relative difference
in length between the two arms of the interferometer in
microns and the y axis is the intensity measured. Successive
peaks in the interferometer trace occur when the path length
of the reflected beam in the reference arm R is equal to the
path length of the reflected beam from the sample arm S,
which occur at each optical interface in the sample.

[0069] We define the measurement region as the region of
interest in the test optical component plus optical component
holder (lens surfaces+cuvette inner surfaces). The first peak
from left to right shown in the interferometer trace of FIG. 2
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is from the optical interface occurring at the inner surface 124
of cuvette top 102T. Similarly, the second peak from left to
right is from the lens convex surface interface 118, the third
peak from left to right is from the lens concave surface 116
and the fourth peak from left to right is from the top surface
113 of cuvette bottom 102B. The measured parameters n G,
nz; and n,S which are defined as the distances between adja-
cent peaks in the interferometer data are shown in FIG. 2
using a standard mode low coherence interferometer. FIG. 2A
shows similar data for a low coherence interferometer con-
figured in an autocorrelation mode. The lens thickness t; and
index of refraction n, are calculated from the relationships

17=d = (n,S)/n; (1) and

n=ut) ()]

in which the parameters shown in parenthesis are the mea-
sured values shown in FIG. 2 and FIG. 2A.
[0070] FIG. 2A shows sample LCI data obtained using an
interferometer configured in the autocorrelation mode such as
the one shown in FIG. 1C during the measurement of a lens
mounted in a cuvette filled with solution with the measured
parameters which are defined as the distances between adja-
cent peaks in the interferometer data. The x axis is the path
length difference between the two arms of the interferometer
in microns and the y axis is the intensity measured. Since the
sample is in the input arm of the interferometers, reflections
occurring at each of the optical interfaces of the sample inter-
fere with each other in the autocorrelation interferogram as
shown in FIG. 2A. The interferogram is symmetric about the
origin which is defined as the location at which the path
lengths of the two arms of the interferometer are equal. When
the two arms of the interferometer M1 and M2 in FIG. 1C
have equal path lengths all of the optical interfaces in the
sample interfere with each other causing the zero crossing
beak to have the largest amplitude. As the path lengths of the
two arms in the interferometer are changed, peaks occur in the
autocorrelator interferogram at optical path differences equal
to optical distances between the various surfaces in the mea-
surement region in order of increasing optical path difference
between the surfaces. For the case of the lens shown in FIG.
1A mounted in cuvette 102, peaks occur at optical path dif-
ferences of xnjt, +n S, £(n,S+nt;), +n G, +(n,G+nzt,) and
+(n,S+nt4n,G) in order of increasing (decreasing) optical
path difference between optical interfaces in the measure-
ment region of the optical component under test.
[0071] The data from the SHWFS 120 and the L.CI 108 are
communicated to an analyzer which may be comprised of a
computer 112, which further analyzes the data and displays
the results on display 119. The computer can be used for
external communications and also comprises a non-transitory
storage medium such as a hard drive which can be used for
permanent storage of the data. (As used herein, the term
“non-transitory storage medium” is meant to include all com-
puter-readable media except for a transitory, propagating sig-
nal.) The analyzer also is used to provide feedback to the
transport mechanism 131 to adjust the position of optical
probe 130 to the proper defined axes measurement locations
at which LCI measurements are performed.
[0072] On afundamental level, the following equation may
be used to determine the dimensions of the lens 101:

L (m =D _ 3

1 1
=) — - —
f =D R R * mRi Ry
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where P is the optical power of the lens, fis the focal length of
the lens, R, is the radius of curvature of the lens surface
closest to the light source and R, is the radius of curvature of
the lens surface farthest from the light source. The sign of'the
lens’ radii of curvature indicate whether the corresponding
surfaces are convex or concave. R, is positive if the first
surface is convex, and R, is negative if the first surface is
concave. The signs are reversed for the second surface of the
lens: R, is positive if the second surface is concave, and R, is
negative if the second surface is convex. Additionally, refer-
ring to FIG. 3, the convex surface 118 of the lens 101 being
measured is defined by sphere 201 having a radius of curva-
ture 203 shown as R, . Correspondingly, the concave surface
116 of the lens being measured 101 is defined by sphere 202
having a radius of curvature 204 shown as R,. Also, n, is the
refractive index of the lens material, and t, is the central
thickness 110 of the lens 101.

[0073] When R, R,, and t; are known, all physical dimen-
sions of the lens can be determined. If the lens outer diameter
a, and inner diameter a, defined in FIG. 1A as 126 and 127
respectively are measured along with the lens thickness t,and
the distance S, the radii of curvature R, and R, can be calcu-
lated from the relationships

2 4
RI:(% +(S+t,)2]/2(S+t,) @
and

2 5
R2=(%+s2]/zs )
[0074] The lens inner and outer diameters a, and a, can be

measured using the SHWFS or with an optional external
image sensor 134 combined with the SHWFS as shown in
FIG. 4. An optional beam splitter 128 is used to reflect a small
percentage of the light beam 104 as reflected light beam 135.
Referring also to FIG. 1, reflected light beam 135 passes
through imaging lens 133 to form an image of the lens or
optical element in the cuvette or holder on external image
sensor 134. An image analyzer (not shown) is associated with
the external image sensor 134 which receives images from the
external image sensor 134 and can be configured to determine
the diameter of the optical element 101. The diameters a, and
a, canbe calculated by counting the number of pixels between
the inner diameters and outer diameters respectively and the
known magnification factors of the imaging lens 133.
[0075] The image analyzer associated with the external
image sensor 134 can also be configured to receive images
from the external image sensor 134 in order to inspect the
optical element 101 for defects. The focal length of a concave,
convex lens or a double concave lens can be determined from
the lens diameter measurement and the interferometer center
thickness and index of refraction measurement. The external
image sensor 134 can also be used to determine the location of
the center or defined axis of'the lens under test or other optical
element. The coordinates can then be communicated via the
analyzer 112 to move the transport mechanism 131 to prop-
erly position the first beam of light 107 at the defined axis
location.

[0076] The apparatus shown in FIG. 1 can also be used to
measure the physical and optical properties of double convex
lenses as shown in FIG. 4. The lens 101 in FIG. 1 and FIG. 1A
has been replaced with a double convex lens 137 having top



US 2016/0252425 Al

convex surface 140 with radius of curvature R, and bottom
convex surface 129 with radius of curvature Rz. The cuvette
102 now includes a lens holder insert 138 having an inner
diameter 139 defined as a; and having a height h,,. The radius
of curvature Rz of lens 137 bottom convex surface 129 can be
calculated using the relationship

Rs =(%§ +(hh—S)2]/2(hh—S) ©

[0077] Inthe case of measurement of double convex lenses,
the low coherence interferometer 108 is used to measure S,
the thickness of the lens t; and the index of refraction of the
lens n,. The radius of curvature Ry of the bottom convex
surface 129 is calculated using the known values for a; and h,,
and the measured value of S. The focal length of the lens can
be measured from analysis of the wavefront data obtained
with the wavefront sensor 120 as described in the reference by
Neal etal. The radius of curvature R ,of the upper convex lens
surface 140 can then be calculated using equation 3.

[0078] When measuring double convex lenses, the external
image sensor 134 is not required to measure the lens diameter.
If the lens diameter is known, or measured with the external
image sensor 134, then the top and bottom radii of curvature
of the double convex lens 137 can be determined using the
diameter information and the interferometer thickness and
index of refraction measurement. The above equations can be
programmed into an algorithm contained in computer 112,
such that the dimensions of the lens 101 or other lenses can be
calculated, stored in memory, communicated externally, and/
or displayed on display 119.

[0079] Incircumstances where the surfaces of the lens can-
not be accurately described by two perfect intersecting
spheres, corrections must be added to the above equations, to
account for the deviations from perfect spheres. Such correc-
tions may also be included in the algorithm executed by the
computer 112.

[0080] The above method can be generalized to the mea-
surement of thickness of any arbitrary shaped lens or optical
component as a function of position on the optical compo-
nent. This can be accomplished as long as the number of
variables that are needed to analytically describe the top and
bottom surfaces of the optical component is less than the
resolution provided by the wavefront sensor.

[0081] Referring againto FIG. 1, the optical probe 130 may
be mounted onto a transport mechanism indicated by arrows
131 to properly position the first beam of light 107 so that it
coincides with the defined axis or center of the lens when
thickness measurements are performed with the low coher-
ence interferometer 108. In the case of the contact lens 101,
the center of the lens would have the largest measured optical
thickness. When the optical element under test has more than
one defined axis, lens thickness measurements can be per-
formed at each of the defined axes locations on the optical
element. The thickness around a small region around each
defined axis may also be measured to determine the position
of the minimum or maximum thickness and to maximize or
minimize the gap S. The transport mechanism 131 is may
operate along two axes, and may include a position encoder
(not shown) that is calibrated so that the position of first beam
of'light 107 on the optical element under test corresponds to
the same position on the optical element 101 as determined
from the SHWFS data. Alternatively, the optical cell or
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cuvette 102 could be mounted onto the transport mechanism
131 to position the lens at the defined or center axis or axes.

[0082] FIG. 5 and FIG. 6 show tlow diagrams 300 and 310
describing the steps used for characterization of symmetric
optical elements according to the embodiment of the inven-
tion shown in FIG. 1. For the purposes of the discussion of the
flow chart in FIG. 5, it is assumed that the symmetric optical
element under test can be readily centered in the cuvette or
measurement cell, and that the defined axis can be readily
located. Arrows between adjacent steps in the flow diagrams
indicate the order that the steps are performed while dotted
arrows between adjacent steps indicate that there is one or
more steps that may be performed concurrently or in any
order or after the preceding step as described below. Arrows
318 indicate steps that can be performed concurrently or in
any order, and arrows 319 are calculation dependency indi-
cators. Steps with calculation dependency indicator arrows
319 entering the step box are dependent on previous calcu-
lated or measured values. The step sequences shown in FIGS.
5 and 6 are example sequences and are not meant to be
limiting as will be described in the ensuing discussion of FIG.
5 and FIG. 6.

[0083] The first step 310 shown in FIG. 5 measures and
calculates the reference parameters d_, n, and the reference
wavefront W, and is called the reference measurement step.
Further details of reference measurement step 310 are shown
in FIG. 6. The reference measurement step detail shown in
FIG. 6 is broken up into further steps 320-327. In step 320 a
cuvette 102 appropriate for the size of the optical elements to
be measured is installed in the instrument shown in FIG. 1.
Step 320 is shown to be followed by Step 321 in which the
optical path length in air (n,d,) of the cuvette is measured
using the low coherence interferometer 108. Step 322 follows
Step 321 in which the cuvette’s physical path length d  is then
calculated by dividing the cuvette’s measured optical path
length in air by the index of refraction of air at the measure-
ment wavelength of the LCI. Step 323 follows Step 322 in
which lens measurement solution is added to the cuvette. Step
324 follows Step 323 in which the cuvette’s optical path
length in solution (n,d,) is measured using the low coherence
interferometer. Following Step 324 is Step 325 in which the
index of refraction of the solution n, is calculated by dividing
the cuvette’s measured optical path length in solution by the
cuvette’s physical path length d . The reference wavefront W,
is measured in Step 326 using the Shack Harman Wavefront
Sensor (SHWFS). The reference values are saved and stored
for later use in subsequent calculations using the computer
(step 327). Step 326 is independent of steps 321-325 as indi-
cated by concurrent step indicator 318 and can occur either
concurrently or before or after any of the steps 321-325 in
sequence. Optional concurrent step indicator 318A is used to
show that step 326 can be performed with the cuvette filled
with either air or solution since it is assumed that the solution
is homogeneous and will not affect the reference wavetront.

[0084] Referring back to FIG. 5, once the reference param-
eters d,, n, and W, are measured, the details of the further
operations are dependent upon the shape of the bottom sur-
face of the lens or other optical component under test. Step
301 of FIG. 5 is a decision step in which steps 302-307 shown
on the left side of FIG. 5 are performed if the bottom surface
of'the lens under test is concave, while step 312-317 shown on
the right side of FIG. 5 are performed if the bottom surface of
the lens under test is convex or flat. Types of optical elements
in which Steps 302-307 are followed include concave-planar,
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convex-concave and double concave lenses. For the case of a
lens with at least one concave surface the lens is centered in
the cuvette as indicated in Step 302 with the concave surface
facing downward as shown in FIG. 1A. Step 303 is shown to
follow Step 302 in which the lens inner diameter a, and the
lens outer diameter a, are measured using either the SHWFS
or external imager. As indicated by the concurrent step indi-
cator 318, steps 304 and/or 306 can also be performed simul-
taneously with Step 303. Also steps 303, 304 and 306 may be
performed in any order. In Step 304 which is shown to follow
Step 303, the low coherence interferometer (L.CI) measures
the optical thickness of the lens njt,, the optical distance n,G
and the optical distance n,S as described above in the discus-
sion of FIG. 1A and FIG. 2. The measurements made in Step
304 can also be used to verity that the LCI measurement is
being performed at the center of the lens by adjusting the
position of the first beam of light 107 using transport mecha-
nism 131 to maximize the distance n,S. Step 305 follows Step
304 in which the parameters tl, n,, S, G, R,, R, and f are
calculated using equations 1-5 described above. In step 306,
the SHWFS measures the wavefront W, , of the lens centered
in the cuvette. Step 306 is followed by Step 307 in which the
wavefront deviations due to the lens W, are calculated and the
lens aberrations are quantified using a wavefront analysis
algorithm. The focal length of the lens f which was calculated
in step 305 from the [.CI data can also be calculated using the
wavefront analysis algorithm during the performance of Step
307. If the two independent calculations of lens focal length f
disagree, the lens most likely is not centered properly during
the LCI measurement. During the performance of Step 307,
the location at which the slope of W,, the wavefront deviations
of the lens is zero can also be used to verify that the LCI
measurement is being performed at the center of the lens. If
the location is incorrect, the position of the first beam of light
107 can be adjusted to the proper location using transport
mechanism 131 as determined from the slope measurement
of'the SHWFS. The LCI measurements in Step 304 can then
be repeated and the data reanalyzed. Although Step 306 with
following step 307 are shown to occur after Step 305 in FIG.
5, they are independent of steps 303-305 and can occur either
concurrently or before or after any of the steps 303-305 in
sequence. Also, Step 304 is independent of Step 303 and they
can occur either concurrently or in any order. The calculation
dependency indicator 319 on the left side of FIG. 5 shows that
the parameters obtained during performance of step 303 are
required for obtaining the parameters in steps 305 and the
values obtained during the performance of step 305 are useful
for the calculations performed in step 307.

[0085] Referring again to step 301 in FIG. 5, when the
bottom surface of the lens or other optical element is not
concave, Steps 312-317 are performed to carry out the
method of this embodiment of the invention. Types of optical
elements in which steps 312-317 of FIG. 5 are performed
include planar convex and double convex lenses. If the lens
does not have a concave surface, Step 312 is performed by
installing a lens holder insert into the cuvette with known
height by, and diameter between the insert posts a5 as shown in
FIG. 4. The lens is then centered on the lens holder insert. Step
312 is shown to be followed by step 313 in which the low
coherence interferometer measures the optical thickness of
the lens nt,, the optical distance n,G and the optical distance
n,S as described above in the discussion of FIG. 1A and FIG.
2. Step 313 can also be used to verify that the LCI measure-
ment is being performed at the center of the lens by adjusting
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the position of the first beam of light 107 using transport
mechanism 131 to minimize the distance n S and maximize
the optical thickness njt, of the lens. As indicated by the
concurrent step indicator 318, steps 313 and 315 can also be
performed simultaneously or in any order. Step 314 follows
Step 313 in which the parameters t,, n,, S, G, and Ry are
calculated using equations 1-2 and equation 6 described
above. In step 315, the SHWFS measures the wavefront W, .
of the lens centered in the cuvette. Step 315 is followed by
Step 316 in which the wavefront deviations due to the lens W,
are calculated and the lens aberrations are quantified using a
wavefront analysis algorithm. The lens focal length is also
determined during step 316 from the wavefront analysis algo-
rithm. During the performance of Step 315, the location at
which the slope of W, the wavefront deviations of the lens is
zero can also be used to verify that the LCI measurement is
being performed at the center of the lens. If the location is
incorrect, the position of the first beam of light 107 can be
adjusted to the proper location using transport mechanism
131 as determined from the slope measurement of the
SHWES. The LCI measurements in Step 313 can then be
repeated and the data reanalyzed. Step 316 is followed by
Step 317 in which the radius of curvature of the top surface of
the lens R, is determined. R, can be determined from equa-
tion 3 by substituting R,=Rz and R,;=R ,and using the calcu-
lated values for f and R. Although Step 315 with following
Step 316 are shown to occur after Step 314 in FIG. 5, they are
independent of Steps 313-314 and can occur either concur-
rently or before or after any of the Steps 313-314 in sequence.
As above, the calculation dependency arrow 319 on the right
side of FIG. 5 shows the interdependencies between the vari-
ous measured and calculated values.

[0086] FIG. 7 shows a flow chart 400 describing the steps
used for characterization of arbitrary optical elements accord-
ing to an embodiment of the invention. The first step 410
shown in FIG. 7 measures and calculates the reference param-
eters d,, n, and the reference wavefront W, and is called the
reference measurement step in the same manner as Step 310
in FIG. 5§ and FIG. 6. Step 410 is followed by step 420 in
which the optical element is installed into the test fixture
which may be an optical cell or cuvette. Step 420 is followed
by Step 430. In Step 430 the wavefront of the optical element
is measured using the SHWF'S or other wavefront sensor. Step
430 is followed by Step 440 in which the wavefront deviation
due to the lens is calculated as well as the slopes of the
wavefront deviation. Locations of the zeros in the slope are
determined to identify the positions of the one or more
defined axes. Step 440 is followed by Step 450. In step 450 the
transport mechanism 131 is positioned so that the first beam
of light 107 passes through the location of the first defined
axis. The LCI measurement is then performed at the location
of the first defined axis of the optical element. The optical
thickness, gaps and index of refraction of the optical element
atthe location of the first defined axis are then calculated from
the LCI data. If there is more than one defined axis, Steps 450
and 460 are repeated until all the defined axes locations have
been measured. This is indicated by repeat dotted arrow Step
455. Once all of the defined axes locations have been mea-
sured to provide the physical thickness and height of the
bottom surface and top surface of the optical element at the
defined axes locations, Step 470 is performed which com-
bines and analyzes the wavefront data obtained in step 430
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together with the LCI data obtained in step 460 to calculate
the physical dimensions and optical performance parameters
of the optical element.

[0087] The apparatus and method of this invention provide
much more information concerning the physical dimensions
and optical performance parameters of an optical element
than can be determined by wavefront sensing and low coher-
ence interferometry alone or when measured independently
of each other. The low coherence interferometer and the
wavefront sensor share the same measurement window on the
optical element and work in collaboration with each other to
provide recursive feedback between the two measurement
devices.

[0088] As an example in the measurement of a spherical
lens, the wavefront sensor is used to determine the location of
the defined axis and also measures the focal length and diam-
eter of the lens. The first beam of light of the low coherence
interferometer is moved to the defined axis location and the
index of refraction n, and thickness of the lens at the defined
axis location t, is measured and the focal length fofthe lens is
calculated from the diameter of the lens G, S and n, along
with the calculated radii of curvature R, and R, of the lens.
The focal lengths of the lens determined from the wavefront
sensor alone and from the interferometer alone are then com-
pared, and the measurement location of the defined axis is
readjusted recursively until the two sets of measurements
agree.

[0089] In the case of measurement of multifocal optical
elements, the collaborative nature of the instruments allows
the location of each of the defined axes to be determined along
with the shape and physical dimensions of the optical ele-
ment. Combining the instrument with location feedback
between the two instruments allows for improved accuracy
and precision, since the same measurement locations can be
determined and the L.CI data can be used to provide an abso-
lute distance scale for the wavefront data at defined locations
on the optical element. The physical dimensions that are
determined include the absolute thickness profile of the opti-
cal element across its surface, the top and bottom surface
profiles, and radii of curvature of each of the outer surfaces of
the optical element. The index of refraction is also measured.
The optical performance characteristics that can be measured
include optical power, focal length, and optical aberrations
including spherical aberration, chromatic aberration, astig-
matism, coma, field curvature, and distortion.

[0090] Although the apparatus and examples have been
described herein as including a Shack-Hartmann wavefront
sensor SHWFS, it is to be understood that other types of
wavefront sensors may be utilized in the apparatus shown in
FIG. 1. When using other wavefront sensors, lenslet array 105
may be replaced with another type of element. As an example
in the case of a lateral shearing type interferometer setup,
lenslet array 105 could be replaced with a birefringent crystal.
[0091] It is, therefore, apparent that there has been pro-
vided, in accordance with the present invention, a method and
apparatus for measuring the dimensions of an optical ele-
ment, such as a lens. Having thus described the basic concept
of the invention, it will be rather apparent to those skilled in
the art that the foregoing detailed disclosure is intended to be
presented by way of example only, and is not limiting. Various
alterations, improvements, and modifications will occur to
those skilled in the art, though not expressly stated herein.
These alterations, improvements, and modifications are
intended to be suggested hereby, and are within the spirit and
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scope of the invention. Additionally, the recited order of pro-
cessing elements or sequences, or the use of numbers, letters,
or other designations therefore, is not intended to limit the
claimed processes to any order except as may be specified in
the claims.

PARTS LIST
[0092] 20 Dual Interferometer
[0093] 20 A Autocorrelation Mode Dual Interferometer
[0094] 21 Low Coherence Light Source
[0095] 22 Laser
[0096] 23 light combiner
[0097] 24 Circulator
[0098] 25 Fiber Stretchers
[0099] 26 Optical Fiber
[0100] 27 Optical Fiber
[0101] 28 Optical Fiber
[0102] 29 Optical Fiber
[0103] 30 Balanced Detector
[0104] 31 Optical Fiber
[0105] 32 Optical Fiber
[0106] 33 Laser Detector
[0107] 34 Laser Light to Detector
[0108] 35 Low Coherence Light to Detector
[0109] 36 2 By 2 Coupler
[0110] 37 Optical Fibers
[0111] 38 Optical Fibers
[0112] 39 Faraday Rotators
[0113] 40 Combined Reference Light Beam
[0114] 41 Mirror
[0115] 42 Combined Light Beam
[0116] 43 Dichroic Beam Splitter
[0117] 44 Sample
[0118] 45 Laser Light Beam
[0119] 46 Low Coherence Light Beam
[0120] 47 Faraday Rotator Mirrors
[0121] 48 Wavelength Division Multiplexer
[0122] 49 Optical Fiber
[0123] 50 Detector
[0124] 51 Optical Fiber
[0125] 52 Optical Fiber
[0126] 53 Optical Fiber
[0127] 54 Optical Fiber
[0128] 55 Wavelength Division Multiplexer
[0129] 56 Visible laser
[0130] 57 Wavelength Division Multiplexer
[0131] 58 Optical Fiber
[0132] 59 Optical Fiber
[0133] 61 Laser Blocking Filter
[0134] 62 Laser Blocking Filter
[0135] 63 Low Coherence Light Blocking Filter
[0136] 65 Low Coherence Light to Detector
[0137] 66 Dichroic Filter
[0138] 100 Lens Measurement Apparatus
[0139] 101 Lens Being Measured
[0140] 102 Cuvette
[0141] 102B Cuvette Bottom Section
[0142] 102T Cuvette Top Section
[0143] 103 Light Source
[0144] 104 Second Beam of Light
[0145] 105 Lenslet Array
[0146] 106 Sensor Array
[0147] 107 First Beam of Light
[0148] 108 Low Coherence Interferometer
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[0149] 109 Dichroic Mirror

[0150] 110 Lens Central Thickness

[0151] 111 Distance between lens bottom surface and
cuvette

[0152] 112 Computer

[0153] 113 Inner Surface of Cuvette Bottom

[0154] 114 Lens

[0155] 115 Microlens

[0156] 116 Lens Concave Surface

[0157] 117 Focal Spots

[0158] 118 Lens Convex Surface

[0159] 119 Display

[0160] 120 Shack-Hartman Wavefront Sensor

[0161] 121 Solution

[0162] 123 Distance Between Lens Top Surface And
Cuvette

[0163] 124 Inner Surface of Cuvette Top

[0164] 125 Cuvette Path Length

[0165] 126 Lens Inner Diameter

[0166] 127 Lens Outer Diameter

[0167] 128 Beam Splitter

[0168] 129 Lens Bottom Convex Surface

[0169] 130 Optical Probe

[0170] 131 Transport Mechanism

[0171] 132 Wavefront

[0172] 133 Camera Lens

[0173] 134 External Image Sensor

[0174] 135 Reflected Light Beam

[0175] 136 Optical Fiber

[0176] 137 Double Convex Lens

[0177] 138 Lens Holder Insert

[0178] 139 Lens Holder Inner Diameter

[0179] 140 Lens Top Convex Surface

[0180] 201 Convex Surface Sphere

[0181] 202 Concave Surface Sphere

[0182] 203 Convex Surface Radius of Curvature

[0183] 204 Concave Surface Radius of Curvature

[0184] 300 Flowchart

[0185] 301 Decision Step

[0186] 302 Step

[0187] 303 Step

[0188] 304 Step

[0189] 305 Step

[0190] 306 Step

[0191] 307 Step

[0192] 310 Reference Step

[0193] 312 Step

[0194] 313 Step

[0195] 314 Step

[0196] 315 Step

[0197] 316 Step

[0198] 317 Step

[0199] 318 Concurrent Step Indicator

[0200] 318A Optional Concurrent Step Indicator

[0201] 319 Calculation Dependency Indicator

[0202] 320 Step

[0203] 321 Step

[0204] 322 Step

[0205] 323 Step

[0206] 324 Step

[0207] 325 Step

[0208] 326 Step

[0209] 327 Step

[0210] 400 Flowchart
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[0211] 410 Step
[0212] 420 Step
[0213] 430 Step
[0214] 440 Step
[0215] 450 Step
[0216] 455 Repeat Step
[0217] 460 Step
[0218] 470 Step

1. A method for measuring a lens having a focal length and
comprising a first surface and a second surface defining a lens
thickness therebetween, the method comprising the steps of:

a) measuring the thickness of the lens at a center of the lens
with a low coherence interferometer;

b) measuring the focal length of the lens with a wavefront
sensor;

¢) communicating the thickness of the lens and the focal
length of the lens to an analyzer computer;

d) calculating a radius of curvature of the first surface of the
lens and aradius of curvature of the second surface of the
lens using an algorithm executed by the computer to
obtain dimensions of the lens; and

e) performing at least one of storing in a non-transitory
computer storage medium, communicating externally,
or displaying the dimensions of the lens.

2. The method of claim 1, wherein the low coherence
interferometer is configured to direct a first beam of light
along a defined axis of the lens and wherein the wavefront
sensor is a Shack-Hartmann wavefront sensor further com-
prising a light source configured to emit a second beam of
light and a plurality of lenslets placed in front of a sensor
array.

3. The method of claim 2, wherein the diameter and loca-
tion of the center of the lens is measured with an image sensor
which receives a portion of the second beam of light.

4. The method of claim 1, further comprising the step of
calculating at least one optical performance parameter of the
lens.

5. The method of claim 4, wherein the at least one optical
performance parameter of the lens is selected from optical
power, spherical aberration, chromatic aberration, astigma-
tism, coma, field curvature, prism, and distortion.

6. The method of claim 1, wherein measuring the thickness
of'the lens at the center of the lens further comprises measur-
ing the optical thickness of the lens and calculating the thick-
ness and index of refraction of the lens.

7-17. (canceled)

18. The method of claim 6 wherein the step of measuring
the thickness of the lens at the center of the lens with a low
coherence interferometer further comprises installing the lens
in the inner volume of a cuvette and measuring the optical
thickness of the lens.

19. The method of claim 18, wherein measuring the optical
thickness of the center of the lens with the low coherence
interferometer further comprises measuring an optical path
from a top inner surface of the cuvette to a top of the center of
the lens and an optical path from a bottom of the center of the
lens to a bottom inner surface of the cuvette, and calculating
the thickness and index of refraction of the lens.

20. The method of claim 19, further comprising measuring
the optical path from the top inner surface of the cuvette to the
bottom inner surface of the cuvette at the location of the center
of the lens measurement location with the lens absent from
the cuvette.

21. The method of claim 18 wherein the inner volume of
the cuvette contains a liquid medium.
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