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INTERFEROMETRIC SYSTEM WITH 
REDUCED VIBRATION SENSITIVITY AND 

RELATED METHOD 

CROSS-REFERENCE TO RELATED 

APPLICATION(S) 

This application is a National Phase Patent Application of 
International Application Number PCT/ US03/ 3 8005, ?led on 
Nov. 26, 2003, Which claims priority of US. Provisional 
Application Ser. No. 60/459,149, ?led Mar. 31, 2003, and 
US. Provisional Application Ser. No. 60/429,669, ?led Nov. 
27, 2002. 

FIELD OF THE INVENTION 

The instant invention is directed to an interferometric sys 
tem and method, in particular, an interferometric system and 
related method for enabling measurements of a Wavefront in 
the presence of vibration or other disturbances that impede 
accurate measurements. 

BACKGROUND OF INVENTION 

Interferometers have been knoWn and used for a long time. 
They are used for many purposes, including measuring char 
acteristics of gases, liquids, and materials, through the use of 
transmitted or re?ected light. There exist many types of inter 
ferometers that are classi?ed by their optical design. A feW of 
the most Widely used interferometer types include FiZeau, 
TWyman-Green, Michaelson, and Mach-Zender. Each of 
these optical designs produces interference patterns called 
interferograms Which are generated by the optical interfer 
ence of test and reference Wavefronts. In a typical interfer 
ometer, test and reference beams are obtained by appropri 
ately splitting an incoming source beam (“beams” and 
“Wavefronts” used interchangeably herein, With a “Wave 
front” being understood by one of ordinary skill in the art as 
propagating along the optical axis and sWeeping out a volume 
that de?nes the light beam). One of the beams interacts With 
an object under test (hence commonly referred to as the “test 
beam”) thus carrying information about the test object being 
measured, While the other interacts With a knoWn reference 
object (hence, commonly referred to as the “reference 
beam”). Interfering or otherWise coherently superimposing 
these tWo Wavefronts produces an interferogram. 

Information about a measured object can be extracted from 
a single interferogram. This technique alloWs for fast data 
acquisition, hoWever, it typically suffers from poor spatial 
resolution, time consuming and complex data processing and/ 
or non-uniform data sampling. Thus, it is often desirable to 
use other techniques instead. The most common techniques 
use three or more phase-shifted interferograms (typically 
three to tWelve). Using multiple phase-shifted interferograms 
provides additional information that can be used to greatly 
increase the accuracy of the analysis. 

Phase-shifting is a method used to change the phase 
betWeen the test and reference Wavefronts in a controllable 
Way. During the last 20 years, various methods have been 
used to practically implement phase shifting techniques, 
including mechanically moving the reference object small 
distances comparable to the Wavelength of light, or placing 
photo-elastic modulators and crystal retarders in the beam 
path. Almost all of these methods use a sequential approach 
(serial in time) to generate phase-shifted interferograms, 
Which is accomplished by introducing prescribed changes to 
the Wavefront phase While a detector acquires a series of data 
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2 
images. For example, the sequence of acquiring temporal 
phase-shifted interferograms occurs as folloWs: acquire inter 
ferogram, then shift the phase, acquire interferogram, then 
shift the phase, and so on. HoWever, these knoWn time-de 
pendent methods are sensitive to environmental conditions 
during the span of time in Which series of interferograms are 
acquired. Environmental conditions that can introduce errors 
include vibration, air?oW, temperature changes, object move 
ments, etc. Vibration is usually the major cause of error. 
Elaborate mounts or expensive vibration isolation tables are 
commonly used to isolate temporal phase-shifted interferom 
eters from the physical environment. 

To enable interferometric measurements under normal 
environmental conditions, Without special isolation equip 
ment, instruments have been developed to acquire multiple 
phase-shifted interferograms simultaneously. This eliminates 
or greatly reduces the effect of these errors on measurements. 
HoWever, such simultaneous phase shifting methods have to 
date been limited to particular types of interferometers, such 
as the TWyman-Green or Mach-Zender types discussed 
beloW. 
US. Pat. No. 4,583,855 (issued to Barekat) entitled “Opti 

cal Phase Measuring Apparatus” relates to use of a polariza 
tion type TWyman-Green interferometer With quarter-Wave 
plates and polariZers. (“Quarter-Waveplates” and “half 
Waveplates” used herein are understood by one of ordinary 
skill in the art as equivalent to quarter-Wave retarders and 
half-Wave retarders, respectively). Koliopulos in a paper 
entitled “Simultaneous Phase Shift Interferometer”, Proc. 
SPIE Vol. 1531, p. 119 (1992), described the use of a polar 
iZation type TWyman-Green interferometer. A. HettWer, J. 
Krantz and J. SchWider in a paper titled “Three Channel 
Phase-Shifting Interferometer Using PolariZation Optics and 
A Diffraction Grating” Opt. Eng., 39(4) (April 2000) 
described a TWyman-Green interferometer. German Patent 
DE 196,52,113, A1 aWarded to J. SchWider discloses the 
invention that is described in his above-cited paper, based on 
a TWyman-Green interferometer. US. Pat. No. 6,304,330 
entitled “Method and Apparatus for Splitting, Imaging and 
Measuring Wavefronts in Interferometry” and US. Pat. No. 
6,552,808 are directed to a modi?ed polariZation type Mach 
Zender and TWyman-Green interferometers. 
As intimated above, optical interferometers are typically 

constructed of optical components such as lenses, mirrors, 
beamsplitters, and Waveplates. These components usually 
have slight imperfections or deviations from an ideal perfect 
component. From a practical standpoint, TWyman-Green 
type interferometers can suffer from a con?guration having a 
reference arm and a test arm that are of separate paths. 
Because the interfero gram generated by the interferometer is 
an image or pattern that registers differences betWeen the test 
and reference Wavefront, a separation of the test and reference 
path such as in a TWyman-Green type interferometer, can 
cause imperfections and aberrations in the optical compo 
nents encountered in one path, but not in the other path, to 
register as measurement errors. That is, Where the beam paths 
are separate, an error in one path not present in the other path 
can register in the ?nal comparison result (the interfero gram). 
Because the aforementioned interferometers have TWyman 
Green type con?gurations, they are susceptible to the disad 
vantages of separate paths betWeen the test and reference 
beams. 
A Well recogniZed advantage of a FiZeau interferometer is 

the feature of a common path shared by the test and reference 
Wavefronts throughout mo st of the interferometer. Where the 
test and reference Wavefronts both travel through the same 
optical components, imperfections and aberrations in com 
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ponents are common to both Wavefronts, and do not register 
as measurement errors in the interferogram. Thus imperfect 
components do not impart “difference errors” in the ?nal 
comparison of the test object to the reference object. As such, 
the Fizeau con?guration is signi?cantly more tolerant and 
robust compared to other interferometry systems. Imperfect 
components in its construction have little or no effect on the 
accuracy and precision of the ?nal measurement results. This 
and other typical features of the Fizeau, including an align 
ment mode, ability to measure large ?at optics, zoom capa 
bilities, and ease of use With corrective null optics, have made 
the Fizeau a very popular, if not the most popular, interfer 
ometer con?guration for practical applications. 

HoWever, despite such advantages of the Fizeau-type inter 
ferometers, there has been little, if any, ability or method 
knoWn to construct or use a Fizeau interferometer that is 

capable of simultaneous phase-shifting. 
Accordingly, there is a desire for a Fizeau-type interferom 

eter capable of simultaneous phase shifting, and, further, for 
a simultaneous phase shifting Fizeau-type interferometer that 
uses orthogonally polarized beams. 

SUMMARY OF THE INVENTION 

The instant invention is directed to an interferometric sys 
tem having a source module, an interferometry module and a 
simultaneous phase shifting module. In particular, the source 
module generates mutually orthogonally polarized beams of 
light that are received by the interferometry module for inter 
action With a reference object and a test object. The interfer 
ometry module is con?gured With various optical elements 
that de?ne a common beam pathWay so as to minimize the 
introduction of measurement errors. Test and reference 
beams exiting the interferometry module then enter the 
simultaneous phase shifting module Where at least tWo phase 
shifted interferograms are generated substantially simulta 
neously. 
More speci?cally, the present invention is directed to an 

interferometric system, having a source module With a source 
of polarized light, a polarization beamsplitter element con 
?gured to act on the polarized light to generate mutually 
orthogonally polarized beams of light, an interferometry 
module that includes a mechanism for overlapping a test 
beam and a reference beam, and a phase shifting module that 
generates at least tWo phase-shifted interferograms substan 
tially simultaneously from overlapping test and reference 
beams. 

The present invention may further provide a source module 
having a polarization beamsplitter element con?gured to gen 
erate mutually orthogonally polarized beams as emanating 
from tWo spatially separated point sources (either real or 
virtual). The present invention also contemplates an interfer 
ometry module having a test object and a reference, a beam 
splitter and a collimator, Where the beamsplitter and the col 
limator de?ne a substantially common path for the tWo 
orthogonally polarized beams, and the mechanism for over 
lapping permits a selection of a speci?c pair of mutually 
orthogonally polarized reference and test beams for process 
ing by the simultaneous phase-shifting module. 

The present invention speci?cally contemplates an inter 
ferometric system With a Fizeau or Fizeau-type front end 
assembly that processes orthogonally polarized test and ref 
erence Wavefronts for input to a simultaneous phase-shifting 
module for purposes of generating tWo or more phase-shifted 
interferograms, Where the phase shifting may be accom 
plished by a variety of simultaneous phase shifting methods. 
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4 
The simultaneous acquisition of multiple Wavefronts results 
in robust measurements in the presence of vibration and other 
environmental conditions. 
The foregoing and other objects, features and advantages 

of the invention Will be apparent from the folloWing more 
particular description of the preferred embodiments, taken in 
conjunction With the accompanying draWings, Which illus 
trate, by Way of example, the principles of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a plan vieW of an embodiment of the present 
invention using a polarization beamsplitter element; 

FIGS. 2A-2J are plan vieWs of different embodiments of 
the polarization beamsplitter element of FIG. 1; 

FIGS. 3A and 3B are plan vieWs of an image displayed on 
an alignment camera of the invention of FIG. 1, shoWing, 
respectively, Wavefronts Without overlap before alignment, 
and Wavefronts With overlap after alignment; and 

FIG. 4 is a plan vieW of another embodiment of the present 
invention using a quarter Waveplate betWeen a reference 
object and a test object. 

DESCRIPTION OF THE INVENTION 

An interferometric system 10 of the present invention is 
shoWn in FIG. 1. The illustrated embodiment of the system 10 
has, in optics parlance, a front end or front end assembly 11 
and a back end or back end assembly 13. The front end 11 
includes at least a source or source module 12 and an inter 

ferometry module 14. The back end 13 includes at least a 
simultaneous (or substantially simultaneous) phase-shifting 
module 20 for generating multiple phase-shifted interfero 
grams suitable for a Wide variety of applications in many 
different ?elds. Some examples include, Without limitation, 
generating 3-D surface pro?les, computing aberrations for 
tested optical systems, distribution of velocity of a gas ?oW 
chamber and distribution of refractive index Within optical 
materials. The embodiment of the back end 13 shoWn in FIG. 
1 also includes an alignment module 16 and an imaging 
system 18. In accordance With the present invention, the 
source 12 is con?gured to generate mutually orthogonally 
polarized beams that enter the interferometry module 14 for 
purposes of interacting With a test optic or object (and a 
reference optic or object) Whose characteristics are to be 
acquired. That is, the characteristics of the test and reference 
object are imparted, respectively, to test beams and reference 
beams emerging from the interferometry module 14. Advan 
tageously, the interferometry module 14 is con?gured as a 
Fizeau or a Fizeau-type characterized by a substantially com 
mon optical path for both reference and test beams, betWeen 
at least the non-polarizing beamsplitter 40 and reference sur 
face Ra. 

In the embodiment of FIG. 1, the reference and test beams 
emerging from the interferometry module 14 encounter the 
alignment module 16 and the imaging system 18 before enter 
ing the phase shifting module 20, Which is preferably a simul 
taneous phase shifting module, such as the module that is 
subject of a co-pending application entitled “SIMULTA 
NEOUS PHASE SHIFTING MODULE FOR USE IN 
INTERFEROMETRY,” the contents of Which are incorpo 
rated herein by reference. HoWever, it is understood by one of 
ordinary skill in the art that any simultaneous phase shifting 
module capable of processing mutually orthogonally polar 
ized beams may be used With the present invention. In accor 
dance With the present invention, measurement results are 
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complied from tWo or more (preferably three to six) interfero 
grams obtained simultaneously by the module 20. 

The embodiment of the source 12 as shoWn in FIG. 1 has a 

polarized source 24 generating a beam of linearly polarized 
light (or Wavefront) B that passes through a lens 28 Which 
focuses the light through an aperture or pinhole 30 con?gured 
in a spatial ?lter 36. The Wavefront B then travels through 
polarization beamsplitter element 38 Which generates (or oth 
erWise splits the Wavefront B into) tWo mutually orthogonally 
polarized Wavefronts V and W. The optical element 38 Which 
operates as a polarization beamsplitter on the light beam B to 
produce the mutually orthogonally polarized Wavefronts V 
and W can assume a number of different con?gurations and/ 
or embodiments not limited to those discussed in detail fur 
ther beloW. 

In accordance With the present invention, the tWo mutually 
orthogonally polarized Wavefronts V and W exiting the polar 
ization beamsplitter element 38 are displaced With respect to 
each other as if they originated from tWo slightly spatially 
separated (virtual or real) sources Sv and SW, respectively. 
With respect to the embodiment of FIG. 1 and for ease of 
discussion, the sources Sv and SW are horizontally displaced 
from each other. That is, using the Cartesian coordinate sys 
tem X-Y shoWn in FIG. 1, Where the X axis is in the plane of 
the draWing and theY axis is perpendicular out of the plane, 
the sources Sv and SW have the sameY coordinate, but have 
different X coordinates. 

Entering the interferometry module 14, the tWo Wavefronts 
V and W (mutually orthogonally polarized and emanating 
from spatially separated sources Sv and SW, respectively) 
travel through various optics, including a non-polarizing 
beamsplitter 40, a quarter Waveplate 42, a collimator 44 
(Whose focal plane de?nes the location of the virtual sources 
Sv and SW), before they encounter a reference or knoWn 
object R. There, a percentage of each of the tWo Wavefronts V 
and W re?ects off a surface Ra of the reference object R, While 
another percentage of the Wavefronts V and W travels (to the 
left) toWard a test object T. The percentage re?ected off the 
surface Ra forms reference Wavefronts Vr and Wr Which 
(traveling to the right in FIG. 1) transmit back through the 
collimator 44 and the quarter Waveplate 42 and re?ect off the 
non-polarizing beamsplitter 40 to exit the interferometry 
module 14. As such, the reference Wavefronts Vr and Wr noW 
carry characteristics or information about the reference sur 
face Ra Which Were imparted to these Wavefronts as they 
re?ected off or otherWise interacted With the reference sur 
face. 

The other percentage of the tWo Wavefronts V and W that 
transmitted completely through the reference object R con 
tinues to travel toWard the test object T (to the left in FIG. 1). 
A re?ection off the test object T forms test Wavefronts Vt and 
Wt (traveling to the right in FIG. 1) Which then return through 
the reference object R, the collimator 44 and the quarter 
Waveplate 42 before re?ecting off the non-polarizing beam 
splitter 40 to exit the interferometry module 14. The test 
Wavefronts Vt and Wt noW carry characteristics or informa 
tion about the test object T Which Were imparted to these 
Wavefronts as they re?ected off or otherWise interacted With 
the test object T. It is understood by one of ordinary skill in the 
art that depending on the optical properties of the test object 
T, Wavefronts incidental on the test object T can also can 
transmit through the test object T and re?ect off a second 
reference object R' (to create Vt' and Wt', not shoWn). In the 
latter event, the Wavefronts Vt' and Wt' are treated by the 
system 10 in a fashion similar to that described herein for the 
Wavefronts Vt and Wt. 
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6 
It is understood by one of ordinary skill in the art that the 

collimator 44 can be obviated from the module 14 Where the 
reference object R is con?gured With appropriate surface 
curvature to direct or focus the Wavefronts Vt, Wt (or Vt' or 
Wt') back along the same path traveled by the Wavefronts V 
and W entering the object R. It is further understood by one of 
ordinary skill in the art that the quarter Waveplate 42 is an 
optional component of the interferometry module 14 and is 
commonly used to produce circularly polarized light Which is 
often preferred for measurements. 

In the embodiment of FIG. 1, a portion of the four Wave 
fronts Vr, Wr, Vt and Wt exiting the interferometry module 14 
are diverted to the alignment module 16, by re?ection off a 
mirror 50 toWard an alignment camera 52. The mirror 50 is 
positioned or ?ipped out of the beam path When the system 10 
is operating in the measurement mode, and positioned or 
?ipped back in the beam path during the alignment mode. It is 
understood by one of ordinary skill in the art that the align 
ment module 16 is provided primarily for the user’s conve 
nience and is not a necessary component of the present inven 
tion for purposes of generating effective interferograms. 
Whenused, the alignment camera 52 is positioned at the focal 
point of the portion of the Wavefronts Vr, Wr, Vt and Wt 
re?ected off the mirror 50 so that each of these re?ected 
portions of the Wavefronts forms a localized image or spot on 
an image sensor of the camera 52. 
As shoWn in FIG. 3A, an image 70 of the camera 52 

displays a plurality of four localized images or spots, each of 
Which corresponds to one of the Wavefronts Vr, Wr, Vt and 
Wt. The relative positioning and plurality of the spots, namely 
four, are due to the spatial separation betWeen the sources Sv 
and SW, the angular tilt position of the reference object R and 
the test object T (or the reference object R', as the case may 
be). In particular, the x displacement betWeen the dots of the 
Wavefronts Vr and Wr (or Vt and Wt) corresponds With the x 
displacement betWeen the virtual sources Sv and SW (see 
FIG. 1) and the displacement along the y axis betWeen the 
dots of the Wavefronts Vr and Vt (or Wr and Wt) corresponds 
to the relative tilt orientation of (or angle betWeen) the refer 
ence object R and the test object T (or the reference object R', 
as the case may be). 

In order to generate an interferogram purposeful for reveal 
ing information about the test object T, a test Wavefront is to 
at least overlap a reference Wavefront. Consequently, 
orthogonally polarized Wavefronts are to overlap suf?ciently 
at the input of the simultaneous phase-shifting module 20, in 
order for simultaneous phase-shifted interferograms to be 
generated. Accordingly, of the four polarized Wavefront 
spots, either the orthogonal pair Vr and Wt are to overlap, or 
the orthogonal pair Wr and Vt are to overlap. To that end, the 
alignment camera 52 provides the user With a vieW of the 
relative positioning of the four Wavefronts and any visible 
degree of overlap betWeen them. 

In the situation shoWn in FIG. 3A, the four spots of the 
Wavefronts Vr, Wr, Vt and Wt of image 70 are Without any 
visible degree of overlap. In that regard, the reference object 
R and the test object T are mounted on tip-tilt mechanisms, as 
understood by one of ordinary skill in the art, to enable the 
user to adjust the relative positioning or orientation angle of 
the objects R and T so as to manipulate the four spots into an 
overlapping position or relationship on the image 70. By 
tipping and/ or tilting either the reference object R or the test 
object T, the user can move and reposition the spots so that the 
pair of the Wavefronts Wr and Vt are superimposed, or that the 
pair of the Wavefronts Wt and Vr are superimposed. 
As shoWn in the FIG. 3B, the user has adjusted the tip-tilt 

mechanisms of the interferometry module 14 such that the 
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image 70 indicates an overlap between the spots of the Wave 
fronts Wr and Vt. The remaining tWo spots Vr and Wt in FIG. 
3B are separated, and their spacing is such that they Will not 
pass through the aperture hole 54 in the spatial ?lter 56. The 
spatial separation of Sv and SW and the size of the aperture 
hole 54 are selected such that When tWo orthogonal spot pairs 
(either Wr and Vt, or Wt and Vr) are overlapped, the remain 
ing tWo spots are blocked by the spatial ?lter 56. If these 
blocked Wavefronts Were alloWed to pass the spatial ?lter 56, 
they Would contribute undesirable coherent background light 
in the module 20, resulting in noise in the ?nal measurement 
result. (The size of the aperture hole 54, and the spatial sepa 
ration of Sv and SW can be constructed to be adjustable, so 
they can be varied for special applications.) 

The Wavefronts Wr and Vt are noW appropriately posi 
tioned relative to each other as shoWn in FIG. 3B. Portions of 
the four Wavefronts Vr, Wr, Vt and Wt have bypassed the 
mirror 50, and proceeded to enter the imaging system 18. 
Wavefronts Vr and Wt are blocked by the spatial ?lter 56 (see 
FIG. 3B). The tWo overlapped Wavefronts Wr and Vt pass 
through the aperture hole 54 of the spatial ?lter 56, and 
transmit through collimator 58, before encountering a dif 
fuser 60. It is understood by one of ordinary skill in the art that 
the user could have selected the alternative the pair of the 
spots Vr and Wt by operating the tip-tilt mechanisms accord 
ingly. 

Because the diffuser 60 maintains the polarization, the 
overlapped orthogonal Wavefronts Wr and Vt, Which form a 
disc of light 62 on the diffuser, Will remain orthogonally 
polarized as they propagate beyond the diffuser 60. It is 
understood by one of ordinary skill in the art that the diffuser 
60 is optional and that it is used to reduce speckle in the 
resulting interferograms. That is, the diffuser 60 can be desir 
able, but is not a necessary component of the present inven 
tion for the purpose of simultaneously sets of phase-shifted 
interfero grams. In any case, the Wavefronts Wr and Vt form 
ing the disc of light 62 on the diffuser 60 are then imaged or 
otherWise relayed by lenses 64 (e.g., zoom lenses) to the 
simultaneous phase-shifting apparatus 20, With their mutu 
ally orthogonal polarizations maintained in the state they 
Were in on the surface of the diffuser 60. The Wavefronts Wr 
and Vt can noW be manipulated and processed by the module 
20 to interfere and produce interferograms, of Which tWo or 
more (preferably three to six) phase-shifted interferograms 
may be produced substantially simultaneously and used for 
?nal analysis. 

FIGS. 2A-2J shoW various examples of embodiments of 
the polarization beamsplitter element 38 of the source 12. In 
particular, FIGS. 2A and 2B illustrates a Wollaston prism. 
FIGS. 2C and 2D illustrate a single calcite beam displacer. 
FIG. 2E illustrates dual calcite beam displacers With a half 
Waveplate. FIG. 2F illustrates dual ?ber optics. FIGS. 2G and 
2H illustrate a ?ber optic splitter. FIG. 2I illustrates a polar 
izing lateral displacement beamsplitter and FIG. 2] illustrates 
a polarizing cube beamsplitter and mirror. 

In accordance With an aspect of the present invention, the 
polarization type beamsplitter element 38 functions to pro 
duce the tWo mutually orthogonally polarized beams V and 
W, and further to produce such beams as originating from 
spatially separated sources (virtual or real). As understood by 
one of ordinary skill in the art, the possible embodiments of 
the polarization beamsplitter element 38 With the aforemen 
tioned functions is not limited to the embodiments discussed 
in detail beloW. 

Referring to FIG. 2A, a prism 90 of the Wollaston type is 
shoWn positioned after the focusing lens 28 (and after the 
spatial ?lter 36 shoWn in FIG. 1, but not shoW here). The 
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8 
focusing lens 28 focuses incoming polarized light B (from a 
source, not shoWn) to its focal point 94 from Which the light 
diverges and enters the prism 90 Which is positioned beyond 
the focal point 94. The prism 90 acts on the polarized light and 
splits it into tWo orthogonally linearly polarized beams V and 
W that are angularly displaced With respect to each other by a 
small angle, thereby creating the virtual sources Sv and SW. 
This angle is de?ned by the geometry of the prism 90 and its 
birefringent material from Which it is made. By specifying the 
type of material and geometry of the prism, it is possible, as 
understood by one of ordinary skill in the art, to control the 
separation of the virtual sources Sv and SW in the focal plane 
of the collimator 44 (FIG. 1). This embodiment is desirable 
for its simplicity, but the use of a diverging beam incidental on 
the prism may introduce aberrations including astigmatism 
that normally should not be present in the illuminating beams 
V and W, because it Would typically affect the measurements 
results. These aberrations can be compensated for With optics 
(or calibrated out of the measurements) as understood by one 
of ordinary skill in the art. 

Referring to FIG. 2B, the prism 90 of this embodiment is 
positioned in the collimated beam B after the source 24. To 
eliminate astigmatism from the illuminating beams V and W, 
Which can arise from the prism 90 as discussed above, the 
prism 90 is placed in the polarized collimated beam before the 
focusing element 28. The narroW collimated beam after pass 
ing through the Wollaston prism 90 becomes tWo orthogo 
nally polarized collimated beams that are angularly displaced 
With respect to each other by a small angle Which is de?ned by 
the geometry of the prism and properties of the birefringent 
material from Which the prism is made. After pas sing through 
the prism 90, the tWo angularly separated beams pass through 
the focusing lens 28, and are focused to tWo separate points Sv 
and SW. The separation distance betWeen the points is deter 
mined by the angular separation of the beams in the prism 90 
and the focal length of the focusing lens 28. With this con 
?guration, the resulting beams V and W are generally free 
from astigmatism. Moreover, the prism 90 can be of a rela 
tively smaller size since it is used With a collimated beam, and 
the direction and divergence of the tWo beams can be better 
controlled. HoWever, if the beams are to be spatially ?ltered, 
tWo spatial ?lter pinholes 136 and 13619 are used along With 
the associated mechanisms for placement and adjustment of 
tWo pinholes in the focal plane of the focusing lens 28. Fur 
thermore, better optical aberration correction of the focusing 
lens 28 may be appropriate due to the difference in incident 
angle of the illuminating beams on lens 28. 
The embodiment of FIG. 2C uses a calcite beam displacer 

100 positioned after the focusing lens 28. The calcite beam 
displacer 100 is a single block of calcite (or other birefringent 
material With similar beam displacing effect), cut With the 
proper orientation of its fast axis. The beam displacer 100 is 
placed after the focal plane of the focusing lens 28 and pin 
hole 30. The calcite block 100 separates properly oriented 
linearly polarized diverging beam 102 into tWo orthogonally 
polarized Wavefronts V and W (dotted ray tracing represent 
ing the optical axis of the diverging beam With a polarization 
vector perpendicular to the plane of the draWing and solid ray 
tracing representing the optical axis of the diverging beam 
With a polarization vector parallel With the plane of the draW 
ing) that are laterally displaced from each other. The tWo 
beams after passing through the calcite block 100 create tWo 
virtual sources Sv and SW in the focal plane of the collimator 
44 (see FIG. 1). The separation betWeen the sources is a 
function of the designed length of the calcite crystal 100. 
HoWever, the diverging beam 102 upon passing through the 
calcite crystal 100 acquires astigmatism that typically affects 
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the measurement results. Again, as understood by one of 
ordinary skill in the art, these aberrations can be compensated 
for With optics (or calibrated out of the measurements). 

Referring to FIG. 2D, the calcite beam displacer 100 of this 
embodiment is placed in the collimated beam after the source 
24. That is, in order to eliminate astigmatism from the illu 
minating beams V and W When using the single calcite beam 
displacer 100, it is placed in the polariZed collimated beam 
path before the focusing elements 28a and 28b. The narroW 
collimated beam after passing through the beam displacer 
100 Will separate into tWo orthogonally polariZed collimated 
beams that are laterally displaced With respect to each other. 
After the beam displacer 100, the tWo parallel beams then 
pass through tWo separate focusing lenses 28a and 28b, and 
are focused to tWo separate points Sv and SW. The separation 
distance betWeen the tWo points is a function of the designed 
length of the calcite crystal 100. As mentioned above, the 
resulting beams of this con?guration are generally free from 
astigmatism, and the beam displacer can be made smaller. 
However, tWo lenses are needed and they are required to be 
nearly identical, so as not to introduce different aberrations in 
the test and reference beams. TWo spatial ?lter pinholes 137a 
and 1371) Would be used to spatially ?lter the beams, along 
With associated mechanisms for placement and adjustment of 
tWo pinholes in the focal plane of the focusing lens 28a and 
28b. 

Referring to FIG. 2E, dual calcite beam displacers 100a 
and 10019 and a half Waveplate 106 are used in the illustrated 
embodiment, Which may be a preferred embodiment of the 
polariZation beamsplitter element 38 of the present invention. 
This con?guration or assembly is located after the focal plane 
of the focusing lens 28 and the pinhole 30. The second beam 
displacer 10019 is selected to have the same (effective) length 
as the ?rst beam displacer 10011, but With a rotation of 1800 
about its optical axis. The half-Wave-plate 106, or other polar 
iZation rotation device, is placed betWeen the tWo beam dis 
placers 100a and 10019 oriented With the fast axis at 45° With 
respect to both of the linearly polariZed beams. With this 
orientation, the half Waveplate 106 rotates the polariZation 
directions of both incoming beams by 90°, thereby enabling 
the assembly to cancel out the astigmatism that Would be 
present With either block 10011 or 10019 acting alone. It is 
further understood by one of ordinary skill in the art that the 
length of the calcite beam displacers 100a and 1001) can be 
customiZed to control the spacing betWeen virtual sources Sv 
and SW that are produced. 

The embodiment illustrated in FIG. 2F uses a polariZing 
cube beamsplitter 108 (or other device that separates the 
polariZations in a similar Way), Which splits the source beam 
102 into tWo orthogonally polariZed Wavefronts V and W that 
are coupled into proximal ends of tWo polariZation preserving 
optical ?bers 112 and 114. The distal ends of the ?bers 112 
and 114, the outputs, are positioned proximately to each 
other, but With a spatial separation, in the focal plane of the 
collimator 44. Light leaves the outputs of the ?bers 112 and 
114 as mutually orthogonally polariZed Wavefronts V and W. 
Advantageously, the ?bers 112 and 114 by their structure and 
con?guration obviate the need for spatial ?lter pinholes and 
readily enable adjustment of the spatial separation betWeen 
the sources Sv and SW. 

Referring to FIG. 2G, the illustrated embodiment has a 
polariZation maintaining y-coupling ?ber 120 to split the 
polariZed source beam 102 into tWo Wavefronts in ?bers 122 
and 124. One of the Wavefronts (the Wavefront traveling in the 
?ber 124 in the case of FIG. 2G) is then orthogonally polar 
iZed With respect to the other Wavefront (the Wavefront trav 
eling in the ?ber 122 in the case of FIG. 2G) by an inline 
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polariZation rotation device 126. The resulting orthogonally 
polariZed Wavefronts V and W are outputted from the y-cou 
pling ?ber 120. 

Referring to FIG. 2H, the illustrated embodiment also has 
the polariZation maintaining y-coupling ?ber 120 to split the 
polariZed source beam 102 into tWo Wavefronts in the ?bers 
122 and 124. HoWever, a half Waveplate 130 or other similar 
or equivalent device is provided to rotate the polariZation of 
the Wavefront exiting the ?ber 126 With respect to the Wave 
front exiting the ?ber 122. 

It is understood by one of ordinary skill in the art that for 
each of the ?ber optic methods above of FIGS. 2G and 2H, the 
tWo ?ber optics 122 and 126 may be con?gured to alloW 
Wavefronts V and W to be spaced adjacent (With a relative 
spatial displacement betWeen Sv and SW) and parallel as 
shoWn in FIG. 2F or adjacent and adjust angularly as shoWn in 
FIGS. 2G and 2H as desirable or appropriate. It is further 
understood by one of ordinary skill in the art that the system 
use any of the folloWing to provide orthogonally polariZed 
output Wavefronts V and W: a polariZation splitter based on 
photonic crystal ?bers, a ?ber optic Polarization Beam Split 
ter/Combiner With polariZation maintaining ?ber pigtails, or 
an integrated Waveguide polariZation splitter. 
The embodiments illustrated in FIG. 21 and FIG. 2] repre 

sent tWo variations of a lateral displacement beamsplitter. The 
lateral displacement beamsplitter 140 placed after the pinhole 
36 splits the incoming beam 102 into tWo orthogonal polar 
iZed beams V and W, originating from virtual sources Sv and 
SW. The separation betWeen the sources is de?ned by the 
geometrical siZe of the beamsplitter. The polariZing cube 
beamsplitter 141 With mirror 142 (FIG. 2]) is a variation of 
the lateral displacement beamsplitter 140. The tWo Will have 
similar performance. 

Referring to FIG. 4, yet another alternative embodiment of 
the system 10 of the present invention is shoWn, having a 
quarter Waveplate 45 in lieu of both the polariZation beam 
splitter element 38 and quarter Waveplate 42 (although the 
system Will still function With the quarter Waveplate 42 in 
place). The optical path of the system 10 as substantially as 
that described in reference to the embodiment of FIG. 1, 
although the treatment and manipulation of the beam travel 
ing the optical path differs from that of the embodiment of 
FIG. 1 HoWever, despite these differences, the Wavefronts 
that exit the interferometry module 14 of the embodiment of 
FIG. 4 are nevertheless mutually orthogonally polariZed in 
accordance With the present invention. 

In the embodiment of FIG. 4, the polariZed source 24 
generates the polariZed beam of light (or Wavefront) B that 
passes through the lens 28, Which focuses the light through an 
aperture or pinhole 30 con?gured in a spatial ?lter 36. The 
Wavefront B, as emanating from a single polariZed source S, 
then enters the interferometry module 14 Where it passes 
through the non-polariZing beamsplitter 40, the collimator 
44, and counters the reference or knoWn object R. There, a 
percentage of the Wavefront B re?ects off a surface Ra of the 
reference object R, While another percentage of the Wavefront 
B travels toWard the quarter Waveplate 45. The percentage 
re?ected off the surface Ra forms reference Wavefront Br 
Which (traveling to the right in FIG. 4) transmits back through 
the collimator 44 and re?ects off the non-polariZing beam 
splitter 40 to exit the interferometry module 14. As such, the 
reference Wavefront Br noW carries characteristics or infor 
mation about the reference object R Which Were imparted to 
this Wavefronts as it re?ected off or otherWise interacted With 
the reference object. 
The other percentage of the Wavefront B that is transmitted 

completely through the reference object R continues to travel 
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toward the quarter Waveplate 45 Where it is converted to 
circular polarization before re?ecting off the test object T and 
forms test Wavefront Bt (traveling to the right in FIG. 1). Then 
it again counters the quarter Waveplate 45. It is understood by 
one of ordinary skill in the art that the quarter Wave plate 45 
could alWays be oriented in such a Way that the beam Bt after 
passing through the quarter Wave plate 45 Will be orthogo 
nally polarized With respect to the reference beam Br. The 
Wavefront Bt then continues through the reference object R 
and the collimator 44 before re?ecting off the non-polarizing 
beamsplitter 40 to exit the interferometry module 14. 

The Wavefronts Br and Bt noW carry characteristics or 
information about the test object T Which Were imparted to 
these Wavefronts as they re?ected off or otherWise interacted 
With the test object T, and are mutually orthogonally polarized 
before entering the simultaneous phase shifting module 20 
for processing to produce interferograms suitable. Again, it is 
understood by one of ordinary skill in the art that depending 
on the optical properties of the test object T, the other per 
centage incidental on the test object T can also can transmit 
through the test object T and re?ect off a second reference 
object R' (to create Br', not shoWn). In the latter event, the 
Wavefront Br' is treated by the system 10 in a fashion similar 
to that described herein for the Wavefronts Vt and Wt. 

It is understood by one of ordinary skill in the art that the 
interferometer described in the present invention can be used 
as a standard phase shifting Fizeau-type interferometer pro 
viding that a standard phase shifting mechanism is present. 
Additionally, because the system of the present invention 
produces and uses orthogonally polarized test and reference 
beams (Which can be in the visible light spectrum or other 
regions of the electromagnetic spectrum With longer or 
shorter Wavelengths), it is possible to use a variable phase 
retarder after the source 12 to induce phase shifts. This Would 
normally alleviate the need in a standard Fizeau to phase shift 
by physically moving the reference element, Which can be 
large for testing large optics. 

Additionally, an important aspect of the present invention 
alloWs for a variable intensity ratio betWeen reference and test 
beams by rotating the polarization of the source 24. This 
Would normally alloW for measurements of a variety of 
objects With different coe?icients of re?ection (or transmis 
sion) Without the use of an attenuator. The polarization from 
the source 24 can be rotated by physically rotating the source, 
or by optically rotating the polarization of the source. Where 
the source is linearly polarized, the polarization can be rotated 
by inserting a half Waveplate after the source 24 and adjusting 
its rotation. This Would normally change the amount of inten 
sity in the tWo orthogonally polarized beams W andV, making 
one brighter than the other. If the test object is relatively more 
re?ective, then it Would typically be advantageous to decrease 
the intensity delivered to the test object so the re?ected 
beam’s intensity is roughly equal to the beam re?ected from 
the reference object. This produces fringes of higher contrast 
in the interferograms. 

In yet another embodiment of the present invention (refer 
ring to FIG. 1.), the laser 24 is replaced by an appropriate 
multi-Wavelength source, or multi-Wavelength source assem 
bly for dual Wavelength interferometry. Examples of these 
types of sources include a source With a broad enough band 
Width such that select Wavelengths can be ?ltered out for use 
(either simultaneously or temporally for individual simulta 
neous measurements at each Wavelength), a tunable laser, at 
least tWo separate sources that are combined so that their 
beams are substantially coincident, and multiple sources 
coupled in to a ?ber or ?bers. 
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Optical components of interferometer front-end and back 

end Would be modi?ed if necessary to provide achromatic 
properties. Phase-shifting module 20 Would then be replaced 
With a phase-shifting module capable of processing multiple 
Wavelengths for dual-Wavelength interferometry. Among 
other applications, this Would increase the dynamic range or 
height measuring capabilities of the invention, When measur 
ing 3D pro?les. 

It is further understood by one of ordinary skill in the art 
that any simultaneous phase shifting apparatus that uses 
orthogonally polarized test and reference beams at its input, 
can be used in lieu of the module 20, to produce multiple 
interferograms. 

It is also further understood by one of ordinary skill in the 
art that other types of interferometers, common path interfer 
ometers, and differential interferometers, can be adapted in a 
similar Way (as the classical Fizeau-type Was here), to be 
converted to a simultaneous phase shifting con?guration. 

It is understood by one of ordinary skill in the art that the 
scope of the invention is not limited to the embodiments 
described above. Many other modi?cations and variations 
Will be apparent to those of ordinary skill in the art, and it is 
therefore, to be understood that Within the scope of the 
appended claims the invention may be practiced otherWise 
than as speci?cally described. 
What is claimed is: 
1. An interferometric system, comprising: 
a reference object; 
a test object; 
at least a ?rst and a second mutually orthogonally polarized 
beam of light, the ?rst beam interacting With a series of 
optical components including a reference object and a 
test object along a ?rst path and the second beam inter 
acting With the series of optical components along a 
second path Wherein the ?rst path-is spatially displaced 
from the second path at each component of the series of 
optical components, Wherein the reference object has a 
surface curvature that focuses the ?rst and the second 
beams back along a same path travelled by the beams 
entering the test object; 

a simultaneous phase shifting module that receives at least 
a portion of the ?rst and second beams after the ?rst and 
second beams have interacted With said reference object 
and said test object; and 

at least tWo phase-shifted interferograms generated sub 
stantially simultaneously from the portion of the ?rst 
and second beams received at the simultaneous phase 
shifting module. 

2. An interferometric system of claim 1, Wherein said por 
tion of said beams comprises mutually orthogonally polar 
ized reference and test beams. 

3. An interferometric system of claim 2, Wherein said ref 
erence beam emanates from one of said spatially separated 
sources and said test beam emanates from another of said 
spatially separated sources. 

4. An interferometric system of claim 2, Wherein said ref 
erence and test beams received by said simultaneous phase 
shifting module substantially overlap each other. 

5. An interferometric system of claim 1, Wherein the mutu 
ally orthogonally polarized beams are coherent. 

6.An interferometric system of claim 1, further comprising 
tWo spatially separated sources. 

7. An interferometric system of claim 6, Wherein the at least 
tWo spatially separated light sources are comprised of a lin 
early polarized light source and a polarization beamsplitter 
con?gured to split linearly polarized light into said tWo mutu 
ally orthogonally polarized beams. 



US 8,004,687 B2 
13 

8. An interferometric system of claim 6, Wherein said 
sources are virtual. 

9. An interferometric system of claim 6, Wherein said 
sources are real. 

10. An interferometric system of claim 6, Wherein the at 
least tWo spatially separated light sources are comprised of a 
polarization beamsplitter con?gured to interact With a beam 
from a source to provide said mutually orthogonally polar 
ized beams. 

11. An interferometric system of claim 10, Wherein said 
polarization beamsplitter comprises a prism. 

12. An interferometric system of claim 10, Wherein said 
polarization beamsplitter comprises a calcite beam displacer. 

13. An interferometric system of claim 10, Wherein said 
polarization beamsplitter comprises tWo calcite beam dis 
placers and a half Waveplate. 

14. An interferometric system of claim 10, Wherein the 
polarization beamsplitter comprises tWo ?ber optics and a 
cube polarizing beamsplitter. 

15. An interferometric system of claim 10, Wherein the 
polarization beamsplitter comprises a polarizing lateral dis 
placement beamsplitter. 

16. An interferometric system of claim 10, Wherein the 
polarization beamsplitter comprises a cube polarizing beam 
splitter and mirror. 

17. An interferometric system of claim 6, Wherein at least 
one of said sources is virtual. 

18. An interferometric system of claim 1, further compris 
ing an alignment module. 

19. An interferometric system of claim 18, Wherein the 
alignment module is positioned to intercept the beams 
betWeen the test object and the simultaneous phase-shifting 
module. 

20. An interferometric system of claim 1, further compris 
ing an imaging module. 

21. An interferometric system of claim 20, Wherein the 
imaging module is positioned to intercept the beams betWeen 
the test object and the simultaneous phase shifting module. 

22. An interferometric system of claim 3, Wherein a non 
polarizing beamsplitter is positioned substantially betWeen 
the light sources and the reference object. 

23. An interferometric system of claim 1, further compris 
ing a quarter Waveplate positioned betWeen the light sources 
and the reference object. 

24. An interferometric system of claim 23, Wherein the 
quarter Waveplate is positioned substantially betWeen a non 
polarizing beamsplitter and a collimator. 

25. An interferometric system of claim 1, Wherein the 
interferometric system is of a Fizeau con?guration. 

26. An interferometric system of claim 1, further compris 
ing a ?lter to block said other portion of the beams from 
entering the simultaneous phase shifting module. 

27. An interferometric system of claim 26, Wherein said 
?lter is con?gured With an aperture to permit passage of said 
portion of the beams received by the simultaneous phase 
shifting module. 

28. An interferometric system of claim 1, further compris 
ing a variable phase retarder inserted betWeen said light 
sources and said reference object. 

29. An interferometric system of claim 1, Wherein said 
beams folloW a substantially common path through said inter 
ferometric system. 

30. An interferometric system of claim 1, Wherein the ?rst 
path is substantially common to the second path in a location 
betWeen the reference object and the test object. 

31. An interferometric system of claim 1, further compris 
ing at least one beam-reference object interaction location for 

14 
each of the ?rst beam and the second beam, Wherein the 
beam-reference object interaction location for the ?rst beam 
is substantially common With the beam-reference object 
interaction location for the second beam, and Wherein the 

5 beam-reference object interaction location for the ?rst beam 
is spatially displaced from the beam-reference object inter 
action location for the second beam at least a ?rst beam. 

32. An interferometric system of claim 1, Wherein the ?rst 
path is spatially displaced from the second path along an 
entire distance betWeen a non-polarizing beamsplitter and the 
reference object. 

33. An interferometric system of claim 1, Wherein the 
reference object is located substantially betWeen the test 
object and a non-polarizing beamsplitter. 

34. An interferometric system, comprising: 
a reference object; 
a test object; 
a source of polarized light and a polarization beamsplitter; 
at least a ?rst and a second mutually orthogonally polarized 
beam of light, the ?rst beam interacting With a series of 
optical components including a reference object and a 
test object along a ?rst path and the second beam inter 
acting With the series of optical components along a 
second path, and Wherein the ?rst path is spatially dis 
placed from the second path at each component of the 
series of optical components, Wherein the reference 
object has a surface curvature that focuses the ?rst and 
the second beams back along a same path travelled by 
the beams entering the object; 

means for overlapping a test beam and a reference beam; 
a phase shifting module that receives at least a portion of 

the ?rst and second beams after the ?rst and second 
beams have interacted With the reference object and the 
test object; and 

at least tWo phase-shifted interferograms generated sub 
stantially simultaneously from the portion of the ?rst 
and second test and reference beams received at the 
phase shifting module. 

35. An interferometric system of claim 34, Wherein said 
40 polarized light from said source is linearly polarized. 

36. An interferometric system of claim 34, further com 
prising means for vieWing said test and reference beams. 

37. An interferometric system of claim 34, further com 
prising means for selecting said test and reference beams. 

38. An interferometric system, comprising: 
a reference object; 
a test object; 
a source of linearly polarized light, and a polarization 

beamsplitter; 
at least a ?rst and a second mutually orthogonally polarized 

Wavefront, the ?rst beam interacting With a series of 
optical components including a reference object and a 
test object along a ?rst path and the second beam inter 
acting With the series of optical components along a 
second path, and Wherein the ?rst path is spatially dis 
placed from the second path at each component of the 
series of optical components, Wherein the reference 
object has a surface curvature that focuses the ?rst and 
the second beams back along a same path travelled by 
the beams entering the test object; 

at least one orthogonally polarized reference Wavefront 
and at least one orthogonally polarized test Wavefront is 
re?ected from said reference object and said test object, 
respectively; 

means for overlapping one of said at least one orthogonally 
polarized reference Wavefront With one of said at least 
one orthogonally polarized test Wavefronts; and 
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a simultaneous phase shifting module that receives said 
overlapping at least one reference Wavefront and said at 
least one test Wavefront; 

at least tWo phase-shifted interferograms generated sub 
stantially simultaneously at the simultaneous phase 
shifting module from the received overlapping at least 
one reference Wavefront and the at least one test Wave 
front. 

39. An interferometric system comprising: 
a FiZeau interferometer comprising a source of a ?rst and a 

second polariZed beam each having polariZation rotated 
With respect to each other and each emanating from 

16 
spatially separate origins, the ?rst beam interacting With 
a series of optical components including a reference 
object and a test object along a ?rst path and the second 
beam interacting With the series of optical components 
along a second path, Wherein the ?rst path is spatially 
displaced from the second path at each component of the 
series of optical components, and Wherein the reference 
object has a surface curvature that focuses the ?rst and 
the second beams back along a same path travelled by 
the beams entering the test object. 

* * * * * 


